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Foreword

Since the late 1960s, there has been considerable debate 
about the best way to provide respiratory support for 
preterm infants with RDS. Early attempts to ventilate 
infants met with limited success and survivors often 
suffered from chronic lung disease. In the early 1970s, 
Gregory et al. reported success in using CPAP to care for 
preterm infants with RDS; however, despite its simplic-
ity, there was little interest in using that technology. As 
ventilators increased in sophistication (and complexity), 
noninvasive ventilation was viewed as a modality that 
could supplement invasive ventilation, but not as a pri-
mary mode. Furthermore, the randomized clinical trials 
of surfactant suggested that most premature infants with 
RDS should be intubated and administered surfactant. 
The pendulum began to swing back toward noninvasive 
ventilation in the last decade as randomized clinical trials 
demonstrated that early application of CPAP was better 
than routinely intubating infants and given surfactant. In 
2018, the choices for respiratory support are even greater. 
Not only are there newer generation of ventilators, but the 
choices for noninvasive support commonly include nasal 

intermittent positive pressure ventilation and high-flow 
nasal cannula. This textbook, Essentials of Neonatal Ven-
tilation, edited by Rajiv, Satyan, and Vidysagar, offers cli-
nicians a complete source for the latest developments in 
respiratory care of critically ill newborn infants. This book 
is a unique addition because of its comprehensive nature 
and practical approach to respiratory care. The authors for 
each chapter are leaders in their fields. It is noteworthy 
that the book also addresses complications of mechani-
cal ventilation (e.g., bronchopulmonary dysplasia) and 
includes sections on common neonatal problems, ECMO 
and nursing care. The editors should be congratulated on 
assembling such a wonderful book.

Richard A. Polin, MD
William T. Speck, Professor of Pediatrics,  

College of Physicians and Surgeons,  
Columbia University, New York, NY, United States

Director, Division of Neonatology, Morgan Stanley 
Children’s Hospital of New York-Presbyterian, New York, 

NY, United States
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Preface

The evolution of assisted ventilation in newborn intensive 
care has made a unique paradigm shift. Noninvasive ven-
tilation, a significant milestone in the 1970s, has made a 
comeback in the current decade. Newer methods of syn-
chronization, gentle ventilation, and permissive hyper-
capnia using both invasive and noninvasive modes are 
the standard of care in neonatal intensive care today. This 
book is a Herculean attempt to standardize and optimize 
ventilatory care at the bedside. Each chapter is written by 
international experts in the field, hoping to ignite a path 
to the successful resolution of the pulmonary dysfunction, 
without lung and brain morbidity. Technologies of promise 
of the future are incorporated, and noninvasive monitoring 
and assessment are given significant emphasis. The neona-
tal intensivist is currently exposed to a huge arena of ever-
evolving technologies. The bedside practitioner will find 
this book helpful in knowing the benefits and limitations 
of these technologies and support neonatal gas exchange 
without compromising neurodevelopmental outcome.

More advanced technology is not always better. Sim-
ple techniques such as nasal CPAP with noninvasive 

monitoring have great outcomes in preterm and term 
infants with lung injury. This book gives great emphasis to 
this basic technology.

The chapters are designed to evolve from the basics to 
applied physiology and graduate through the assisted venti-
lation technologies. A section on cardiac issues in respiratory 
care, nutritional support, and ancillary care is deliberately 
magnified for the intensivist to manage accurately and objec-
tively a critical neonate with respiratory distress.

This book with E-Book facilities of videos on critical 
chapters supplemented by lecture presentations would 
prove to be a handy and reliable bedside companion for all 
NICUs all over the world. The presentations and illustra-
tions are provided to assist in education of a new genera-
tion of neonatal providers. We gratefully acknowledge the 
authors for contributing to these chapters, and providing 
videos and illustrations to enhance the book.

P.K. Rajiv 
Dharmapuri Vidyasagar

Satyan Lakshminrusimha 
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Introduction

This book was conceived several years ago, when there 
appeared to be a distinct lacuna of comprehensive bed-
side ventilatory management guides in neonatal care his-
tory. Currently, there are excellent textbooks to refer to 
and obtain broad concepts on the approach to providing 
respiratory assistance to a baby in distress, but a detailed 
evidence-based book on bedside management is miss-
ing. In this book we attempted to provide the readers 
an evidence-based practice bedside guidelines. In doing 
so, we sought the contributions from the most experi-
enced leaders in the field. This book is an honest attempt 
to get the world’s best pioneers in each area to contrib-
ute their signature chapters of their research to give the 
neonatal intensivist, detailed bedside ventilation navi-
gation in critical situations. We earnestly hope readers 
will find these guidelines useful in managing critically 
ill neonates.

This book is divided into eight sections. Here are some 
of the highlights of these sections. Section I reviews the 
history of neonatal ventilation. Section II deals with basic 
chapters covering embryology and physiology of pulmo-
nary disease, with the time frame from extreme prematurity 
at the limits of viability to dysmorphology in the full-term 
infant. The delivery process and golden first hour are 
addressed in detail, due to its long-term impact on respira-
tory and neurological morbidity.

Section III deals with the basics of neonatal ventilation and 
evolves through the genesis of lung injury to lung mechan-
ics. The chapters on ventilator give deep insight to the 
reader on the limitations and benefits of its application. 
The chapters progress to the provision of mechanical ven-
tilation and its attendant complications, which are again 
discussed in detail.

Section IV is an in-depth analysis in real time of the 
various respiratory care devices currently available for the 
neonate. These chapters give an operating framework and 
the bedside navigation in critically ill babies with trouble 
shooting algorithms by authentic authors.

Section V is the heart of this book with comprehensive 
bedside management guidelines of the common respiratory 
conditions faced in neonatal intensive care. They offer 
detailed flowcharts, algorithms, and case scenarios in com-
plicated respiratory care management. There is a separate 
chapter on the management of the 23–25 weeks’ gestation 
babies: “micropremies”—a challenge for any intensivist.

Section VI deals in-depth for all the common cardiac 
conditions complicating respiratory care. Management of 
shock and cyanotic heart disease, PDA, and arrhythmias are 
discussed. Functional echo is comprehensively discussed as 
it is evolving as the new standard of care.

No ventilator support will be successful without strong 
ancillary support. Section VII details all critical aspects of 
ancillary care of the ventilated neonate, including monitor-
ing, infection control, nutrition, and procedures.

It is heartening to note that there is emergence of an 
increasing number of neonatal intensive care units (NICUs) 
to improve survival among low- and middle-income coun-
tries (LMCs). Ventilatory support is an essential part of the 
neonatal intensive care. Proper ventilator care requires a 
combination of skilled personnel, appropriate equipment, 
and ancillary support which are the prerequisites for opti-
mal outcome but are difficult to fulfill in some LMCs. Sev-
eral chapters in the book offer guidelines to assist pioneers 
in LMCs in establishing ventilatory support in their pro-
spective units and teach physicians, trainees, and nurses.

Besides the rich evidence-based content of the book, it 
has several unique features to help the practitioner better 
manage infants requiring ventilatory care. This book is digi-
tally enhanced with illustrations and videos linked to their 
respective chapters and lecture PowerPoint to most chapters 
of this book to give the intensivist a 360-degree compre-
hension of neonatal ventilation.

This book is intended for neonatologists, intensivists, 
postgraduates (residents and fellows), respiratory thera-
pists, and neonatal nurses as a ready bedside reckoner for 
urgent consult.
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Evolution of Neonatal Ventilation 
a Retrospective View
Dharmapuri Vidyasagar, PhD (Hon)

Introduction

The author of this article is fortunate to have personally 
seen the evolution of improved neonatal intensive care and 
neonatal ventilation in the United States over last half cen-
tury [1]. He along with Dr. George F. Smith, a geneticist 
and Head of the Department of Pediatrics at the Illinois 
Masonic Hospital and Professor at the University of Illinois, 
Chicago, were interested in medical history and organized 

a symposium on “Historical Perspective of Perinatal Medi-
cine in 1980.” Many giants in the field of neonatology 
participated in this symposium. The proceedings were sup-
ported and published by the Mead Johnson, Nutritional 
Division in two volumes (Fig. 2.1A–B); however, they were 
not copyrighted [2]. Fortunately, later they were placed on 
the website “Neonatology on the Web” created by Dr. Ray 
Duncan of Mount Sinai Hospital, Los Angeles. The two 
volumes on the Internet are readily available for interested 
readers at the website [3] (permission to reproduce figures 
by personal communication).

These books contain valuable historical information 
that would have been lost but for the ingenious method 
of placing the proceedings on the web. I am grateful to 
Dr. Duncan for this innovative method of preserving the 
historical volumes. The material from these books in part 
form the basis of the current chapter.

The history of assisted ventilation of a newborn is closely 
intertwined with evolution of neonatology. Therefore, it 
would be appropriated first to review the evolution of the 
specialty of neonatology then delve into the evolution of 
neonatal ventilation.

The story of development of neonatology and respiratory 
care of a newborn, particularly of the premature babies, has 
been told by several authors in the past [1,4–10].

The chapter is written from the perspective of both a 
witness and participant of these developments over the 
past 50 years. Following narration is based on the above 
referenced material. The material related to the develop-
ment of neonatal ventilation is based on several reports 
[4–8] and three major symposia: Ross symposium in 
1968, Paris symposium in 1969, and the Chicago sympo-
sium in 1980 [2].
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Fig. 2.1 (A) Images of the cover pages of two volumes of symposium; Historical Perspectives and Recent Advances in Neonatal 
and Perinatal Medicine held in Chicago 1980, published by Mead Johnson Nutritional Division. Columbus OHIO. (B) The list  
of contents and presenters of two volumes. Note the list of illustrious personalities who participated in the symposium. 
Neonatology on the web. Available from: http://www.neonatology.org/classics/mj1980/ [3].

http://www.neonatology.org/classics/mj1980/
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The development of neonatology

Until the mid-20th century, the primary care of newly 
born infants was provided by the obstetricians. In the 
mid-20th century, pediatricians began to take care of the 
newborn. The premature babies were viewed as a medical 
curiosity and exhibited for public view at various exhibi-
tions [11]. However, the excellent scientific work of many 
investigators, both in the United States and Europe, led 
to better understanding of physiology and pathology of 
the mature term newborn and premature babies. These 
studies showed that a premature newborn required spe-
cial thermal and nutritional care. These understandings 
lead to the development of premature care centers. Dr. 
Julius Hess in Chicago [12] was the leading authority on 
premature care in those days [13]. In 1914, he opened 
the first 24-bed premature care center at the Sarah Mor-
ris Hospital of Michael Reese Hospital (now defunct). 
Dr. Hess (Fig. 2.2) was the head of Department of Pedi-
atrics at University of Illinois, Chicago and the head of 
pediatrics at Michael Reese hospital. He along with the 
help of his nurse Evelyn Lundeen provided the state of 

the art care of its time for premature babies. With their 
expert care, they showed increased survival of premature 
babies.

The Chicago Board of Health had established several cen-
ters in the city for the care of premature babies. Premature 
babies born in the community hospitals were mandated to 
be transported to one of these centers, if they survived the 
first 24 h after birth. Dr. Hess developed an incubator with 
the help of an engineer, “the Hess incubator” (Fig. 2.3) 
[14]. He also developed a transport incubator (Fig. 2.4), 
which could be plugged into taxis of Chicago for electric 
power for transportation of the babies to premature care 
centers within Chicago.

Both Dr. Hess and nurse Lundeen wrote several papers 
and books [13] on the care of premature babies, mainly 
on care of the newborn, particularly the premature babies 
and their feedings. With these advances, the care of the pre-
mature infants in Chicago improved greatly. Indeed, the 
premature care center at the Sarah Morris Hospital gained 
national and international fame. It became the center of 
academic learning in premature baby care for doctors and 
nurses from around the world.

Fig. 2.2 Photograph of Dr. Julius Hess (1876–1953) Who 
was In-Charge of the Premature Care Center at Sarah 
Morris Hospital/Michael Reese Hospital in Chicago.  
Neonatology on the web. Available from: http://www.
neonatology.org/classics/mj1980/ [3].

Fig. 2.3 The Hess Incubator Designed for Care of 
Premature Babies, Developed by Dr. Hess With the Help 
of an Engineer. Neonatology on the web. Available from: 
http://www.neonatology.org/classics/mj1980/ [3].

http://www.neonatology.org/classics/mj1980/
http://www.neonatology.org/classics/mj1980/
http://www.neonatology.org/classics/mj1980/
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The birth of modern neonatal 
intensive care unit (NICU)

In October 1960, Dr. Loius Gluck established the first 
known neonatal intensive care unit (NICU) at Yale-New 
Haven Hospital, United States. Prior to this time, premature 
infants were often isolated in small cubicles and had little 
direct contact with doctors and parents because of fear of 
infections. With focus on hand washing, Dr. Gluck’s design 
for NICU took shape with the help of US$ 3 million from a 
benefactor whose premature grandson he had saved [15]. It 
was set up as a one big open room, filled with newborns in 
their incubators. This development had a profound influ-
ence on the subsequent direction of care of the sick new-
born, including premature babies in the United States and 
rest of the world.

The birth of a new specialty: 
neonatology—the newborn medicine

The scientific basis of newborn care improved significantly 
with the work of several physiologists: the work of Joseph 
Barcroft brought new understanding of the fetus [16,17]; 

Dr. Geoffrey Dawes in Oxford, England [18–20] and 
investigators in the laboratories of Julius Comroe, United 
States studied neonatal physiology extensively. Dr. Clement 
Smith, Professor of Pediatrics at Harvard Medical School, 
published his book on the physiology of a newborn infant 
[21]. These seminal developments in understanding of the 
fetal and neonatal physiology laid the foundation for the 
clinicians to develop an evidence-based neonatal care in 
coming decades.

Dr. Alexander Schaffer [22] was the first one to coin the 
term Neonatology as the science of newborn medicine and 
Neonatologist as one practicing neonatal medicine in the 
preface to his book Diseases of the Newborn (published 
by Saunders in 1960). It is interesting to note that in a 
short span of 15 years of coining the term Neonatology, 
it became an established Board Certifiable Pediatric sub-
specialty. The first Neonatal–Perinatal Medicine specialty 
board examination was conducted in 1975. The author 
was one of the 355 candidates certified at the first board 
examination.

The growth of neonatology continued by leaps and 
bounds from 1970 onward (Fig. 2.5). The scientific explo-
ration of neonatal illnesses and developing evidence-based 
therapeutic interventions also grew exponentially leading 
to steady decrease in neonatal mortality rates (NMR) as 
shown in Fig. 2.5.

Fig. 2.5 highlights the advances made in different areas 
of neonatology during the 20th century and also shows 
the impact of these developments on steady decline 
of NMR in the United States and the United Kingdom. 
It shows development in six major areas of neonatol-
ogy: (1) improved thermal care, (2) improved nutrition, 
(3) improved nursing care and opening of premature 
care centers and NICUs, (4) prevention of infections, 
(5) improved care of infants in respiratory distress and 
finally, (6) improved perinatal care and resuscitation in 
the delivery room and ventilation. In the past century, 
these improvements have resulted in increased neonatal 
survival.

The evolution of ventilator care of 
the newborn

As prematurity was the major contributing factor to high 
NMR and the respiratory problems particularly hyaline 
membrane disease (HMD) was the major cause of NMR, 
they received greatest attention in basic and clinical 
research. These investigative efforts were further boosted 
with the tragic death of prematurely born son of the then 
President Kennedy.

Fig. 2.4 The Hess Transport Incubator. Dr. Hess also 
developed a portable incubator for transporting babies from 
community hospitals to designated Premature Care Centers in 
Chicago. Note: the incubator had an adopter to be connected 
to taxis of Chicago for power during transport. Neonatology 
on the web. Available from: http://www.neonatology.org/
classics/mj1980/ [3].

http://www.neonatology.org/classics/mj1980/
http://www.neonatology.org/classics/mj1980/
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Fig. 2.5 The graph shows advances in neonatal medicine in several fields over 100 years and its impact on neonatal mortality rate (NMR), which decreased 
steadily in the United Kingdom and the United States (from: Born Too Soon published by March of Dimes/WHO 2014). CPAP, Continuous positive airway pressure; 
NICU, neonatal intensive care unit; TPN, total parental nutrition.
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On August 7, 1963, Jacqueline Kennedy, wife of Presi-
dent Kennedy, gave birth to a premature baby (34-week 
GA, birth weight of 2.1 kg) [2] (Fig. 2.6, Boston Globe 
News item) in Boston who developed breathing difficul-
ties, now what is known as the HMD. Usher’s regime [3], 
infusion of 10% dextrose water with NaHCO3 was the 
only known treatment for HMD. Neonatal ventilator care 
was not available even for the President’s baby in the 
United States in 1963. Moreover, sending the President’s 
baby to neighboring Canada where neonatal ventilation 
was available was not an option. The baby died after 
2 days on August 9, 1963. The death of President Kenne-
dy’s baby was a day for national mourning. As the story 
of demise of baby Kennedy unfolded HMD, a disease of 
premature babies, became known to all in America. It 
was estimated that in 1960s about 25,000 babies died 
of HMD annually in the United States. With the death of 
baby Kennedy, the interest in research on disease HMD 
accelerated. The interest in newborn care increased.

Oxygen therapy

Prior to use of any form of assisted ventilation, admin-
istration of oxygen was the only available therapy for 
infants requiring delivery room resuscitation and infants 

in respiratory distress. The use of oxygen in the treatment 
of neonates with respiratory distress has been reported 
for more than a century. In 1907, Budin recommended 
oxygen “supplied through a funnel, the large open-
ing of which is placed beside the infant’s face,” for the 
treatment of cyanotic episodes in newborns [23]. In the 
1930s, Hess developed an incubator capable of deliver-
ing approximately 40% oxygen for extended periods of 
time [12,23]. By the 1940s, a commercially available 
incubator capable of providing a high concentration 
of oxygen facilitated the liberal use of oxygen for the 
treatment of cyanosis, apnea, and periodic breathing of 
newborns.

Throughout this time, oxygen administration was 
guided by the clinical observations of skin color, as well 
as the respiratory rate, regularity, and work of breathing. 
It wasn’t until the 1960s and 1970s that the technology 
of microsampling of blood gases was available [24]. In 
1980s, noninvasive methods of transcutaneous oxygen 
[25] and CO2 monitoring became available. Pulse oxime-
try [26] became available in 1980s for more precise moni-
toring of oxygen saturation in the blood. It remains the 
standard method of monitoring blood oxygenation in a 
newborn.

The overall goal of oxygen therapy was to achieve 
adequate oxygenation using the lowest concentration of 
inspired oxygen. However, achieving this goal is compli-
cated due to a number of factors. Routine administration 
of oxygen to all premature infants led to the catastrophic 
results of the development of retinopathy of prematurity 
(ROP) and related blindness [24,27]. However, a study to 
curtail oxygen therapy was associated with increased cere-
bral palsy [28–32].

Despite over 75 years of routine oxygen administra-
tion to newborn infants, administering optimal level 
of oxygenation and monitoring—one that avoids the 
detrimental effects of hypoxia on the one hand, and 
those caused by hyperoxia on the other hand—has been 
very difficult [33]. Current recommendations for oxy-
gen saturation targets are different between the United 
States and Europe. The European recommendations are 
to keep the target oxygen saturations between 90% and 
94% for premature infants requiring supplemental oxy-
gen [34]. The American Academy of Pediatrics states that 
the ideal target oxygen saturation is not known and in 
some preterm infants, 91%–95% target may be safer than 
85%–89% [33].

In order to achieve the goals of neonatal oxygen ther-
apy, we need to develop and evaluate appropriate devices 
of oxygen delivery systems. The clinicians today need to 
have an adequate knowledge of the use of oxygen deliv-
ery equipment, and have the training on the concepts of 
neonatal oxygenation and equipment used to monitor the 
effects of oxygen therapy.

Fig. 2.6 The News of Death of Prematurely Born Baby 
Kennedy Printed in Boston Globe.
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Usher regime

Prior to the introduction of neonatal ventilation in late 
1950s and early 1960s, Dr. Robert Usher of Montreal, 
Canada after extensive studies in premature infants with 
HMD showed that they suffer from metabolic acidosis 
and hyperkalemia [35]. To counteract these changes he 
proposed a treatment regime of administering NaHCO3 
in 10% dextrose to infants in respiratory distress [35]. This 
therapy became known as Usher regime resulted in signifi-
cant (50%) reduction of mortality in infants with HMD. 
The Usher regime was one of the major milestones in the 
treatment of HMD prior to initiation of assisted ventilation.

At this point, a retrospective view of experience with 
neonatal ventilation and neonatal ventilators is in order.

History of neonatal ventilation

Several reviewers have stated that it is difficult to time exactly 
when ventilation of the newborn was initiated and prob-
ably occurred in the late 1950s and 60s [10,36,37]. Downes 
in an editorial [38] refers to the work of Smythe and Bull 
from South Africa to have used successful long-term neo-
natal ventilation in infants afflicted with tetanus. These 
infants were treated with d-tubocurarine, tracheostomy, 
and ventilation; and the mortality was reduced from nearly 
100% to 20%. However, these infants had normal lungs 
[38]. Initial reports of mechanical ventilation of newborns 
with pulmonary insufficiency were reported by Benson 
et al. and Donald et al. in 1958 [39,40]. The first highly suc-
cessful use of mechanical ventilation in premature infants 
with HMD was reported by Maria Delivoria-Papadopoulos 
in 1965 [41–43]. In this series, out of 20 infants with severe 
HMD, 7 survived (35%) and 6 of them were neurologically 
intact. Since then, several other investigators reported use 
of assisted ventilation in HMD with increasing success. 
Some used positive pressure ventilation, including Strang 
and Reynolds in London [44], Thomas et al. at Stanford 
[45], and de Heese et al. in Cape Town [46]. Historically, 
negative pressure ventilation was designed earlier in 1889 
by Alexander Graham Bell [47,48]. He presented a paper to 
the American Association for the advancement of science in 
Montreal on the use of ventilator for newborn babies and 
was “met with little enthusiasm.” The design and device are 
preserved at The Alexander Graham Bell museum in Nova 
Scotia, Canada [49]. Later in 1960s, Dr. Stahlman in Nash-
ville, Tennessee [50], and Stern in Montreal, Canada [51] 
used negative pressure ventilation (Fig. 2.7) to treat babies 
with RDS. Chernick and Vidyasagar in Winnipeg, Canada 
[52,53] modified negative pressure ventilator to create  

constant negative distend pressure (similar to continuous 
positive airway pressure [CPAP]) without an endotracheal 
tube with success in the management of respiratory failure 
in newborn.

Readers should note that negative pressure ventilation is 
no more in use as we have developed several simpler non-
invasive methods of ventilation (see chapter on noninva-
sive ventilation in this book). However, the use of negative 
pressure respirator to support babies in respiratory distress 
remains an important phase in the history of neonatal ven-
tilation.

Ross symposium on neonatal 
intensive care

In 1968, a conference was organized on neonatal intensive 
care in Vermont by Ross laboratories. Several aspects of 
neonatal intensive care including design of these units and 
ventilation techniques were discussed at the conference 
[54]. Several leading neonatologists of the time from the 
United States and Canada participated in this conference. 
The conference was intended to share the experiences of 
different units and learn the problems of neonatal inten-
sive care units of the day. Presentations by various speakers 
showed the impact of intensive care on improved survival, 
complications, and long-term intact survival of babies 
cared in their respective units.

Fig. 2.7 Photograph of Air-Shield Negative Pressure 
Respirator. Note the respirator has two arts: the closed 
chamber wherein the baby’s body is placed with the head lays 
outside open to atmospheric pressure. An adjustable sleeve 
around the neck seals the body chamber. The incubator is 
fitted with a vacuum creator underneath the body. Turning 
the knobs in front allow to create desired negative pressure 
and adjust the respiratory cycle (operated by vacuum creating 
machine and a solenoid valve underneath the body).



12

Section Introduction and History of Ventilation| I |

Survival with assisted ventilation was highest among 
infants with tetanus neonatorum who had no lung dis-
ease. It reversed the 80% mortality in tetanus prior to 
assisted ventilation to 80% survival with assisted venti-
lation. Survival rate in RDS although improved was still 
at 28%. The results of assisted ventilation in other respi-
ratory conditions were not so encouraging. At the end 
Dr. Lucey, the chairman of the conference, summarized 
the conference as follows: “Now that you have read the 
proceedings of this conference some will be frustrated 
and discouraged. Others will be encouraged to try to 
improve the care in their own nurseries. Hopefully this 
conference will have supplied with early but firm data 
to encourage you in these efforts and warn you of the 
problems involved” and cautioned “whereas intensive 
care is effective we still do not have a clear idea about 
the key elements of success. The construction of a new 
nursery or the purchase of a blood gas machine and res-
pirator do not an intensive care nursery make!”. The key 
elements are intelligent personnel or as one participant 
put it “people who care intensely” (Dr. Nick Nelson of 
Harvard).

This is one of the earliest reports on the impact of mod-
ern neonatal intensive care including the results of neonatal 
ventilation.

In 1969, another conference solely on assisted ventila-
tion was organized in Paris by Professor Alex Minkowski. 
In this symposium, clinician researchers from different 
countries shared their experiences with neonatal ventila-
tion. Representatives from France, Belgium, England, South 
Africa, Finland, Canada, and the United States participated 
in the symposium. A review of published proceedings in 
Biology of the Neonate (current name of this journal is 
“Neonatology”) shows the struggles faced by the clinician 
researchers of the day in finding the right ventilator for 
the user in newborn, the optimal time for initiating ven-
tilation, monitoring babies on ventilation, and improving 
outcomes at this time [55–58].

In writing the summary of the symposium, Dr. Paul 
Swyer from Toronto, Canada who conducted the meeting 
raised the big question: whether neonatologists should con-
tinue to provide assisted ventilation! (Perhaps, more aggres-
sively) or whether the possible complications outweighed 
neonatal ventilation.

However, the efforts to improve the clinical practice of 
providing assisted ventilation to the sick newborn contin-
ued.

The introduction of CPAP in managing infants with 
HMD by Gregory et al. in 1967 was a major breakthrough 
in neonatal respiratory management [59]. Using this 
approach he showed a significant improvement in sur-
vival of infants with HMD (16 of the 20 infants survived—
including 10 less than 1500 g) [59].

Introduction of surfactant therapy 
in HMD/RDS

The invention of CPAP and the discovery [60–64] and pro-
duction of surfactant further reduced mechanical complica-
tions of ventilation in preterm newborns [65,66].

In 1959, Avery and Mead [63] reported that the low sur-
face tension in the lining of the lung permits stability of the 
alveoli at end expiration. Lacking such material, immature 
infants and infants dying with HMD, surface tension was 
higher than expected. They speculated that deficiency of 
surface-active material might be significant in the patho-
genesis of HMD. This article was cited 376 times in the 
period 1961–77.

In 1980, Fujiwara et al. from Japan reported successful 
use of an artificial surfactant in 10 preterm infants severely 
ill with HMD [67,68]. Following instillation of artificial sur-
factant, alveolar–arterial gradients decreased, the levels of 
inspired oxygen and peak inspiratory pressures decreased, 
and radiological abnormalities resolved. All survived. Raju 
et al. [69] reported that replacement therapy with surfactant 
in a randomized trial significantly improved oxygenation, 
reduced complications of neonatal ventilation such as air-
leak syndromes (pneumothorax and pulmonary interstitial 
emphysema), and improved survival without BPD.

Soon after multiple randomized clinical trials of surfac-
tant replacement therapy substantiating improvement in 
survival of infants with RDS treated with surfactant [70]. 
These studies led to FDA approval of a surfactant “Sur-
vanta” for clinical use in 1993. Introduction of surfactant 
in the treatment of RDS remains a major milestone in the 
history of neonatology

The modern neonatal ventilators

Prior to 1970s, neonatologists had to use modified adult 
ventilators providing intermittent positive pressure ven-
tilation. However, these ventilators could not match the 
physiologic pattern of breathing at higher rates. Ventila-
tors designed specifically for the newborn appeared during 
mid-1970s–90s. Dr. Sola in this book discusses currently 
available ventilators incorporated with various functional 
modalities for use by the clinician. Goldsmith et al. [71] 
describe the milestones of technological developments 
in designing ventilators specifically for the newborns and 
premature infants—starting from the modified adult ven-
tilators to current highly sophisticated incorporation of 
space age technology into ventilators used currently in the 
NICUs.
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The rhetoric question raised at the Paris symposium in 
1969 regarding the value of assisted ventilation has been 
answered by the continued efforts to improve technologi-
cal, perinatal, and neonatal therapeutic advances to treat 
babies with HMD. Undoubtedly, assisted ventilation has 
improved overall survival of tiniest babies with HMD (24% 
mortality among extremely preterm infants <29 weeks of 
gestation and 2.9% mortality among moderately preterm 
infants, 29–33 weeks of gestation) [72], but the persistence 
of associated complications of ventilator-induced lung 
injury continue to vex the clinician and stimulate further 
research.

Summary

In summary technological innovations—the likes of Hess 
incubator—of early 20th century were the precursors of 
modern incubators. The premature care centers of early 
20th century were the beginning of modern neonatal 
intensive care units. The evolution of incubator care of the 
premature infants, combined with the extensive basic and 
clinical research on fetal and neonatal physiology in the 
last century, gave birth to the subspecialty of neonatology.

Modern ventilatory care evolved from earlier efforts to 
save babies dying of neonatal tetanus. Similar earlier efforts 
to ventilate premature babies with lung disease (HMD) 
were discouragingly poor. Persistent and continued efforts 

to develop ventilators to match neonatal physiology com-
bined with modern space age microprocessors resulted in 
the modern neonatal ventilators. It was also realized that 
machines alone do not make an intensive care. It is the 
people (skilled nurses/doctors/respiratory therapists, sup-
port staff) who care “intensively” and make the intensive 
care unit.

With these principles of care the outcome results of 
modern ventilation in the premature newborn, supple-
mented with surfactant therapy, nutritional support and 
nursing care are exceedingly high even in the extreme pre-
mature babies (over 92% survival at 28 weeks) [73].

Today, it is estimated that in the United States alone 
65,000 babies are ventilated annually [74]. Further, with 
global efforts of technology transfer to the developing 
countries, the practice of neonatal ventilator support par-
ticularly of the premature baby is widely used even in 
low- and middle-income countries [75]. While these devel-
opments are a very nice welcome, the novice should be cau-
tioned in venturing into this territory without the expertise 
or the total organizational support needed for the opera-
tion of neonatal ventilation.

However, long-term ventilation is associated with pul-
monary morbidity (CLD/BPD). Experts in the field have 
discussed various preventive aspects of ventilator-induced 
lung injury in this book. Prevention of ventilation-induced 
lung injury (VILI) remains the major challenge for the future 
generation of neonatologists. A summary of evolution of neo-
natal ventilation is shown in Fig. 2.8.

Fig. 2.8 Graph Showing Neonatal Mortality Rate and Various Innovations in Neonatal Respiratory Care. CPAP, 
Continuous positive airway pressure. Copyright: Satyan Lakshminrusimha.
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Pathophysiology of Fetal Lung Development
Bobby Mathew, MBBS, MRCP, Lucky Jain, MD, MBA, Satyan Lakshminrusimha, MD

Introduction

The primary function of the respiratory system is oxy-
genation and removal of carbon dioxide from the blood. 

This is accomplished through a highly complex system of 
airways and blood vessels that are closely related from an 
anatomical, functional, and developmental perspective. 
Gas exchange between the atmospheric air and the blood 
occurs across the double-layered alveolar–capillary mem-
brane. The lungs consists of extensive airway conducting sys-
tem, with many different specialized epithelial lining cells, 
neuroendocrine cells, and an expansive gas exchange zone 
composed of intricately arranged pulmonary epithelial cells 
and capillaries. Fetal lung development is a highly complex 
developmental process orchestrated by genetic, hormonal, 
and physical factors. This chapter briefly describes the devel-
opment of the lungs, the disorders associated with derange-
ments at various developmental stages, and the effects of 
exposure to adverse intrauterine environment from various 
insults during gestation and following preterm birth [1].

Embryology

The lungs develop from the primitive foregut endoderm 
and the surrounding mesoderm. All of the three germ layers 
give origin to the different tissues of the lung. The pulmo-
nary epithelium is derived from the endoderm. The pul-
monary vasculature, the cartilage, the airway, and vascular 
smooth muscle and connective tissues are of mesodermal 
origin. The neural innervation of the lung is of ectodermal 
origin. Reciprocal mesenchymal–epithelial inductive inter-
actions are mediated through direct cell-to-cell contact, 
soluble factors, and spatiotemporal- and concentration-
dependent activation of different growth factors and genes 
lead to coordinated development of the lungs. Mesen-
chyme influences epithelial growth and morphology, pat-
terning of ductal branching, and activates specific patterns 
of epithelial cytodifferentiation and functional activities 
[2]. Fetal lung development proceeds from 4 weeks of ges-
tation through childhood in five continuous but overlap-
ping stages (Fig. 3.1 and Table 3.1).
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CHAPTER POINTS

•	 Fetal lung development is a highly complex 
developmental process orchestrated by genetic, 
hormonal, and physical factors.

•	 Lung development proceeds from 4 weeks of 
gestation through childhood in five continuous but 
overlapping stages

•	 Specific disorders are associated with derangements, 
insults and exposures at various developmental stages 
and following preterm birth.

•	 Studies in animal models have significantly advanced 
our understanding of the molecular mechanisms of 
lung development.

•	 Recent studies with stem cells hold promise to further 
our knowledge towards development of potential 
therapeutic interventions in this vulnerable patient 
population.
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Fig. 3.1 Stages of Lung Development. Top panel—stages of lung development. Middle panel—generations of airway branching with advancing gestation. 
Bottom panel—factors leading to preterm birth, and postnatal factors leading to the pathological changes associated with bronchopulmonary dysplasia. BPD, 
Bronchopulmonary dysplasia. Copyright: Satyan Lakshminrusimha.
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Embryonic stage
This stage extends from 5 to 9 weeks of postmenstrual 
age (PMA). The major events during the embryonic stage 
are the formation of the lung bud and the development 
of the major airways to the level of segmental bronchi. At 
28 days of gestation a group of cells in the ventral foregut 
endoderm are committed to become respiratory epithelial 
progenitors by localized expression of the homeobox gene 
Nkx2-1 [3]. At 5 weeks of PMA, these cells give rise to lung 
buds that appears as a ventral outpouchings from the prim-
itive gut endoderm and grows into the surrounding meso-
derm anterior to and parallel to the developing esophagus. 
The trachea is formed by the fusion of lung buds by 6 weeks 
of PMA. Epithelial cells (endodermal origin) invade the 
surrounding mesoderm and undergo a series of branching 
giving rise to the tracheobronchial tree. By the 7th week of 
PMA, bifurcation of the lung buds occurs, two on the left 
and three on the right. In the subsequent week, a further 
round of branching occurs which gives rise to segmental 
branches, 8–9 on the left and 10 on the right and estab-
lishes the bronchopulmonary segments of the lung. The 
separation of trachea and esophagus is complete by the end 
of this stage. The pulmonary artery branches from the sixth 
aortic arch and the pulmonary veins emerging from the left 
atrium are established. Perturbations in development dur-
ing this stage can lead to tracheoesophageal fistula, esopha-
geal atresia, and pulmonary agenesis/aplasia.

Pseudoglandular stage
This stage extends from 6 to 18 weeks of PMA. During this 
stage the developing lungs assumes a glandular appearance 
with multiple branching epithelial tubes surrounded by 
abundant mesenchyme. The main event that occurs dur-
ing this stage is the elongation and repetitive branching of 
the airways, differentiation of the epithelial linings of the 
respiratory tree, and the development of airway smooth 
muscle and cartilage. Branching morphogenesis is tightly 
controlled temporally and spatially with proximal–distal 
(P–D) patterning, resulting in generation of proximal epi-
thelial progenitors giving rise to neuroendocrine, muco-
ciliary, and basal cells of the conducting airways and distal 
epithelial progenitors yielding pnuemocytes in the periph-
ery of the lungs [4–6]. The P–D patterning is brought about 
by differential expression of transcription factors, Sox2 in 
the proximal airway lining cells and Sox 9 in the distal 
epithelium of the lungs [7,8]. The cartilage extends into 
the segmental bronchi and smooth muscle to the respira-
tory bronchioles. Vascular development during this stage 
includes the development of pulmonary arterial system in 
parallel to the airway branching and the pulmonary veins 
and lymphatics extending into the interlobular septa. Clo-
sure of the pleuroperitoneal cavity occurs during this stage. 
Breathing movements are first noted around 10 weeks 
of PMA. Congenital abnormalities during this stage of 
development include bronchogenic cysts, pulmonary 

Table 3.1  Stages of lung development and timing based on postmenstrual age (PMA)

Stages Weeks (PMA) Main events
Examples of anomalies resulting 
from disruption at this stage

Embryonic 5–9 Tracheobronchial branching Tracheoesophageal fistula, esophageal 
atresia, pulmonary agenesis/aplasia.

Pseudoglandular 6–17 Elongation and repetitive branching 
of airways and pulmonary vascular 
development

Bronchogenic cysts, pulmonary 
hypoplasia, tracheobronchomalacia, 
intralobar pulmonary sequestration, 
alveolar capillary dysplasia, congenital 
diaphragmatic hernia and pulmonary 
vascular lymphangiectasis

Canalicular 16–26 Differentiation of type I and II cells, 
surfactant and lung liquid production; 
alveolar–capillary interface begins to form

Pulmonary hypoplasia, alveolar capillary 
dysplasia

Saccular 24–38 Formation of air sacs and better 
apposition of alveolar and capillary 
membranes

Bronchopulmonary dysplasia following 
preterm birth

Alveolar 36 weeks to 
postnatal age 
(2–8 years)

Secondary septa formation and fusion 
and thinning of double-capillary network

Disruption of each stage can lead to specific congenital or developmental anomalies of the lung.
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hypoplasia, tracheobronchomalacia, intralobar pulmonary 
sequestration, alveolar capillary dysplasia, congenital dia-
phragmatic hernia, and pulmonary vascular lymphangiec-
tasis.

Canalicular stage
This stage extends between 16 and 26 weeks of gesta-
tion. Canalization of the lung parenchyma with increas-
ing pulmonary capillary network, formation of the air 
blood barrier, differentiation of the epithelial cells in the 
lung are the main events in this stage. The alveolar lining 
cells—the type 1 and 2 alveolar cells appear in the sec-
ond half of this stage. The lumen of the airways enlarge, 
with thinning of the alveolar septa and an exponential 
increase in development of the capillary bed with greater 
apposition of the airway and the vasculature resulting in 
the formation of the immature yet functional air–blood 
barrier. The conducting airways are lined by fully differen-
tiated ciliated cells, submucosal glands, smooth muscle, 
and cartilage as far distally as in the mature lung. Respira-
tory bronchioles and alveolar ducts develop during this 
stage. The epithelial cells secrete fetal lung fluid and the 
alveolar type 2 cells begin to produce surfactant. Infants 
born toward the end of this stage have severe respiratory 
insufficiency but can survive with surfactant replacement 
therapy and intensive care. Abnormalities associated with 
this stage of lung development are pulmonary hypoplasia 
due to impairment of the thoracic cavity or loss of fetal 
lung fluid as in oligohydramnios and alveolar capillary 
dysplasia.

Saccular stage
This stage extends between 24 and 38 weeks of gesta-
tion. Formation of alveolar ducts and saccules occurs by 
the expansion and dilation of the terminal clusters of the 
acinar tubules. Intersaccular and interductal septa develop 
which contain a double capillary network. Greater appo-
sition of the capillaries and the type 1 alveolar epithelial 
cells with fusion of the basal lamina of the type 1 alveolar 
epithelial cells and the endothelium of the capillary results 
in the formation of alveolar–capillary membrane. Further 
maturation of the type 2 alveolar epithelial cells occurs as 
evidenced by increase in number and size of the lamellar 
bodies and increase in amounts of tubular myelin in the 
airspaces.

Alveolar stage
The alveolar stage of lung development extends from 
36 weeks of PMA to 2 years postnatal and is characterized 
by the maturation of the alveolar–capillary membrane 
and the formation of secondary septa, which divide the 

terminal saccules into alveolar ducts and alveoli. The 
alveolar septum is thick and contains a double capillary 
network at the beginning of this stage. Development of 
secondary septa/crests with further lengthening, thin-
ning, and fusion of the double capillary network leads to 
closer apposition of the alveolar capillary interface and 
increase in surface area for gas exchange and the forma-
tion of the mature alveolus. Alveolarization occurs in two 
phases. The initial phase in the first 2 years of life of rapid 
increase in alveolar numbers with decreased volumetric 
expansion is termed bulk alveolarization. This is followed 
in childhood through young adolescence by a period of 
slower increase in number and increased growth of the 
alveoli resulting in increased lung volumes [9,10]. At 
term gestation, the mature lung has approximately 150 
million alveoli and this increases to about 480 million 
by adulthood.

Pulmonary vascular development

The pulmonary vascular system consists of the pulmonary 
arterial and venous systems and pulmonary lymphatics. 
Converse to what was believed earlier, vascular morpho-
genesis starts early in the embryonic phase with the devel-
opment of a primitive vascular plexus around the lung bud 
[11]. The pulmonary vasculature develops form mesoder-
mal progenitor cells, which are committed to endothelial 
lineage with specific markers, such as VGFR2, CD31, and 
Sox17. The two major processes through which pulmo-
nary blood vessels develop are vasculogenesis and angio-
genesis. Vasculogenesis involves the de novo formation of 
blood vessels through primitive endothelial cells forming 
tubes or sinusoids. Angiogenesis is the process by which 
new vessels are formed by sprouting or branching from 
preexisting vessels. The main pulmonary artery is formed 
by vasculogenesis and so are the blood vessels at periph-
ery of the lung. Angiogenesis accounts for the formation 
of the proximal pulmonary arteries and veins [12]. The 
development of the pulmonary arterial system closely 
mirrors the airway system. All the preacinar arteries and 
veins are formed by the end of the pseudoglandular stage. 
In the canalicular stage, there is a rapid increase in blood 
vessel formation and closer apposition of the blood ves-
sels to the pulmonary epithelium. During the saccular and 
alveolar stages, fusion of the basement membrane of the 
alveolar epithelial cells to the pulmonary endothelial cell 
further decreases the diffusion distance and increases the 
efficiency of gas exchange of the alveolar–capillary mem-
brane. Alveolar and pulmonary vascular development is 
exceedingly interdependent processes and perturbation of 
pulmonary vascular development leads to impairment of 
alveolarization [13–15].
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Transcription factors and growth 
factors in lung development

Lung development is dependent on interactions between 
the epithelium and the mesenchyme and modulated by 
multiple signaling pathways. Several transcription factors, 
growth factors, and their receptors with specific temporal 
and spatial profiles play vital role in different stages of lung 
development. The role of different factors in lung develop-
ment has been elucidated by gain or loss of function studies 
in null, mutant, and transgenic mouse models. The pro-
genitors for the future respiratory tract are first identified 
around 28-day gestation by localized expression of homeo-
box gene Nkx2-1 in a subset of cells in the ventral foregut 
endoderm. NKX2-1/Thyroid transcription factor (TTF1) is 
a key regulator involved in all stages of lung development 
from the embryonic stage through to alveolarization in the 
postnatal period. In experimental animals, disruption of 
NKX2-1 results in nonseparation of the trachea from the 
esophagus, severe lung hypoplasia, impairment of branch-
ing morphogenesis and epithelial differentiation, and 
abnormalities in surfactant homeostasis [16,17]. In the ear-
liest stage of development, Forkhead box A1 and 2 (FOXA) 
is expressed in the ventral foregut endoderm at the initia-
tion of lung bud formation along with the NKX2-1. Muta-
tion of the Foxf1 is the underlying genetic abnormality in 
alveolar–capillary dysplasia [18,19]. Fibroblast growth fac-
tors (FGF) regulate an array of functions, including migra-
tion, cellular proliferation, and differentiation. FGF10, a 
mitogen, and chemoattractant for the epithelium and its 
receptor FGFR2IIIb play an important role in the branch-
ing morphogenesis. FGF10 deficient mice have arrested 
development at the stage of the trachea with no pulmonary 
branching [20,21]. Sonic hedgehog (Shh) plays an impor-
tant role in epithelial mesenchymal signaling with defi-
ciency leading to decreased cell proliferation and increased 
apoptosis and overexpression resulting in mesenchymal 
hypercellularity and smaller lungs with dysfunctional 
alveoli [22,23]. Other genes and transcription factors, such 
as HOX, Myc, GATA, Wnts, BMPs, play crucial roles in the 
branching morphogenesis [24–28]. Elastogenesis is criti-
cal for secondary septation in the stage of alveolarization. 
Elastin deposition occurs at the sites of interalveolar septa 
formation. Platelet-derived growth factor, a key chemoat-
tractant for myofibroblasts, FGF18, retinoic acid have an 
important role in elastogenesis, secondary septation, and 
alveolarization. Retinoic acid upregulates tropoelastin 
gene expression and mRNA expression of FGF18, PGDF, 
and its receptors. Vitamin A deficiency has been shown to 
delay alveolar development, and supplementation results 
in increasing number of alveoli in rat pups [29]. Vitamin 
A supplementation has been shown to decrease mortality 

and the risk of bronchopulmonary dysplasia in preterm 
infants [30]. Remodeling of the extracellular matrix is 
brought about by the matrix metalloproteinases (MMP2 
and MMP14) and the tissue inhibitors of metalloprotein-
ases (TIMP). Low levels of MMP2 in tracheal secretions 
were found to be associated with an increased risk of bron-
chopulmonary dysplasia in preterm infants [31].

Vascular endothelial growth factor (VEGF) plays a major 
role both in blood vessel formation and alveolarization 
(Fig. 3.2). In experimental animals, ablation of the VEGF 
gene caused abnormal spatial organization of blood ves-
sels, severe cardiovascular abnormalities, and in utero 
death. VEGF-mediated angiogenesis is brought about in 
part through nitric oxide. In newborn mice, treatment 
with VEGF inhibitor SU5416 decreased lung endothelial 
nitric oxide synthase (eNOS) activity resulting in right ven-
tricular hypertrophy (RVH) and decreased radial alveolar 
count (RAC). Inhaled nitric oxide treatment prevented the 
development of RVH and improved the RAC [32]. VEGF 
expression is tightly controlled during lung development, 
as seen in experimental studies in mice; overexpression of 
VEGF resulted in pulmonary vascular leak and hemorrhage 
alveolar inflammation and death [33]. Other important 
mediators of pulmonary vascular development include 
epidermal growth factor (EGF), transforming growth fac-
tor, angiopoietins, BMPs platelet-derived growth factors, 
and transcription factors such as HIF, Hox, Fox, and Sox 
that play a critical role in lung development.

Maturation of pulmonary surfactant 
system

Pulmonary surfactant is synthesized and secreted by the 
type 2 alveolar cells. Type 2 cells are first recognized in 
the late canalicular stage. In utero, type 2 cells secrete only 
small amounts of surfactant even at term gestation. Surfac-
tant synthesis and secretion are tightly regulated by hor-
monal, physical, and chemical stimuli. Regulation of type 2 
alveolar epithelial cells, maturation, and surfactant release 
are influenced by late-term elevations of intracellular cyclic 
3′-5′ adenosine monophosphate (cAMP), cortisol, thyroid 
hormone, catecholamines, and through stimulation of beta 
adrenoceptors and natriuretic peptide receptors [34,35] 
(Fig. 3.3). Lamellar bodies, the storage form of surfactant, 
first appear in the fetal lungs between 20 and 24 weeks 
of gestation. The surfactant pool size of preterm infants 
with RDS is about 10 mg/kg as compared to 100 mg/kg 
in term infants [36]. The rate of synthesis and clearance 
of surfactant is about 10-fold less than in the adult [37]. 
However, birth even at extreme preterm gestation, the sur-
factant system is turned on and these infants are able to 
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produce though lower but adequate amounts of surfactant 
by 4–7 days of life without the need for further exogenous 
surfactant replacement therapy [38]. Changes in composi-
tion of surfactant also occur with advancing gestation, and 
are the basis of tests for lung maturity in fetus, such as leci-
thin to sphingomyelin (L:S) ratio [39]. The phospholipid 
composition of the surfactant also changes with gestation 
with an increase in content of phosphatidylcholine and the 
ratio of phosphatidylglycerol to phosphatidylinositol [40]. 
The presence of phosphatidylglycerol in the amniotic fluid 
is considered as positive test for lung maturity. The preterm 
lung is also deficient in surfactant proteins (SPs) [41,42]. 
The decreased level of SPs in the preterm decreases its effi-
ciency at improving the lung compliance and increases the 
susceptibility to inactivation. SP-A and SP-D are water-solu-
ble collectins, decreased levels of which lead to impairment 
of host defense from decreased phagocytic and opso-
nization functions [43]. SP-B and SP-C are hydrophobic 

peptides associated with surfactant phospholipids and are 
stored in the lamellar bodies. SP-B is absolutely critical to 
surfactant function, as it is an essential for synthesis, assem-
bly and functioning of surfactant, and deficiency leads to 
death in the newborn period. They have antiinflammatory 
and antioxidant properties, and a lower level in preterm 
infants translates to increased susceptibility to infection, 
inflammation, and hyperoxia-mediated lung injury [44].

Intrauterine exposures and its effect 
on lung development

Smoking
The fetus is indirectly exposed to many environmental pol-
lutants through the transplacental route. Maternal smoking 

Fig. 3.2 Development of the Respiratory System —Role of Genes, Growth Factors and Transcription Factors. Localized 
expression of NKX2-1 on the endodermal cells on the ventral surface of the primitive foregut commits them to respiratory cell 
lineage. At 5-week PMA, lung buds appear as two ventral outpouchings and grow into the surrounding mesoderm. Positive signaling 
by fibroblast growth factor 10 (FGF 10) and negative signaling by Sonic Hedgehog (Shh), bone morphogenetic protein 4 (BMP4), 
Sprouty 2 (spry2) facilitate primary and secondary branching. Further branching is facilitated by Shh, BMP4, spry2, transforming 
growth factor β (TGFβ), epidermal growth factor (EGF), platelet-derived growth factor (PGDF), and fibroblast growth factors (FGFs). 
PGDF and retinoic acid (RA) have important role in secondary septation and alveolarization. Thyroid transcription factor-1 (TTF-1) and 
GATA-6 are important in cell differentiation and the development of the surfactant system. Forkhead homolog 4 (HFH-4) plays an 
important role in differentiation of ciliated epithelial cell lineage. Differential expression of the Sox2 and Sox9 leads to the proximal 
distal patterning of airway development. VEGF, Vascular endothelial growth factor. Copyright: Satyan Lakshminrusimha.
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during pregnancy has been the most extensively studied 
among toxic exposures to the fetus. Cigarette smoking 
in pregnancy leads to premature birth, poor intrauter-
ine growth, and increases perinatal mortality. Nicotine in 
cigarette smoke crosses the placenta and through binding 
to the nicotinic acetylcholine receptors in the developing 
lung leads to long-term structural and functional abnor-
malities. In animal models, antenatal nicotine exposure is 
associated with decreased alveolar septation, elastin con-
tent, and lung volume and increased lamellar bodies and 
collagen [45,46]. Abnormalities in lung function include 
decrease in functional residual capacity, forced expiratory 
volume and compliance [47,48]. Abnormalities in airways 
with increased number airways of smaller diameter result 
in increased resistance to airflow [49]. This translates to 
an increased incidence of lower respiratory illness, such as 
reactive airways disease and asthma in childhood [50].

Intrauterine growth restriction 
(IUGR)/maternal undernutrition
Intrauterine growth restriction (IUGR) results from multi-
ple etiologic factors, disorders of abnormal placental func-
tion, decreased fetal perfusion resulting in deficient oxygen 
and nutrient delivery, maternal undernutrition, systemic 

illness, exposures to drugs and toxins or from factors 
intrinsic to the fetus. In animal models, fetal growth restric-
tion has been shown to decrease the overall lung volume, 
the alveolar surface area and increase the thickness of the 
alveolar–capillary membrane resulting in decreased diffus-
ing capacity [51–53]. In a maternal hyperthermia model of 
IUGR in fetal sheep, decreased pulmonary alveolar and vas-
cular growth and endothelial dysfunction were shown to be 
the underlying mechanisms for pulmonary hypertension. 
In a retrospective study of infants’ ≤28 weeks gestation 
at birth with moderate to severe BPD, birth weight below 
25th percentile was found to be an independent predictor 
for pulmonary hypertension [54]. Studies in animal mod-
els have also shown an increased risk of development of 
pulmonary hypertension and cardiac dysfunction with age 
in IUGR [55].

Chorioamnionitis
Ascending infection from the lower genital tract spreads 
to the amniotic cavity through the choriodecidual plane. 
Common etiologic agents causing chorioamnionitis and 
precipitating preterm labor are Ureaplasma, Mycoplasma, 
and Fusobacterium. Studies of intraamniotic injections 
with bacterial products, such as lipopolysaccharide (LPS) 

Fig. 3.3 Control of Surfactant Secretion. Catecholamines act through the adenylyl cyclase stimulate surfactant secretion. ANP at 
lower doses binds to the NPR-A receptor and stimulates surfactant release. At higher doses, ANP also binds to the NPR-C receptor 
and inhibits beta-2 agonist stimulation of surfactant release. CNP, C-type natriuretic peptid. Copyright: Satyan Lakshminrusimha.
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or proinflammatory cytokines (IL-1 Beta IL-1 alpha), lead 
to increase in pulmonary surfactant, lung maturation, and 
improved compliance [56,57]. This functional maturation 
is brought about at the expense of structural lung develop-
ment with decrease in the number and increase in size of the 
alveoli leading to decreased surface area for gas exchange 
[58]. Intraamniotic injection of LPS in fetal sheep leads to 
hypertrophy of the smooth muscle and fibroblast prolif-
eration in the adventitia resulting in pulmonary vascular 
remodeling and increased pulmonary vascular resistance 
contributing to the development of pulmonary hyperten-
sion [59,60]. The effect of chorioamnionitis on long-term 
pulmonary outcomes is not well established. However, the 
available evidence in preterm infants with chorioamnion-
itis suggests an increased risk of bronchopulmonary dys-
plasia in newborn period and reactive airways disease in 
childhood [61,62].

Physical factors: lung liquid and 
fetal breathing movements

Lung fluid is secreted by the epithelial cells by active transport 
of chloride ions into the lumen of the lung. The near term 
fetal lung in sheep secretes about 4–5 mL/kg/h of fetal lung 

fluid and the lungs contain about 25–40 mL/kg body weight, 
which is approximately equal to or slightly higher than the 
functional residual capacity of the term lung. The intralu-
minal pressure in the lungs is higher than the intraamniotic 
pressure by about 2 mmHg and fetal lung fluid drains inter-
mittently with breathing movements into the amniotic cav-
ity (Fig. 3.4). This distending pressure is vital and promotes 
the development of the lungs in the fetus. Moessinger et al. 
have demonstrated that the loss of fetal lung fluid results in 
lung hypoplasia in fetal lambs [63]. Oligohydramnios as 
it occurs in fetuses with renal agenesis (Potter’s syndrome), 
preterm prelabor rupture of membranes leads to an increased 
risk of pulmonary hypoplasia and the risk increases with 
the time and duration of oligohydramnios. The increased 
volume of fetal lung liquid causes lung hyperplasia, and 
this is the basis of the fetal endoluminal tracheal occlusion 
(FETO) procedure in fetuses with antenatal diagnosis of con-
genital diaphragmatic hernia. (NCT02710968 and others at  
clinicaltrials.gov).

Fetal breathing movements are required for optimal lung 
development. In human fetuses, breathing movements 
start around 10-week gestation and the frequency increases 
with advancing gestation. At term gestation, breathing 
movements occur about 30% of the time. In utero transec-
tion of the phrenic nerve during in utero development on 
day 24.5 in rabbit fetus resulted in hypoplastic lungs [64]. 

Fig. 3.4 Amniotic Fluid and Lung liquid dynamics. Green—indicates factors contributing to increase in amniotic fluid. Red indicates 
factors depleting amniotic fluid. Fetal lung liquid is the second most important contributor to amniotic fluid volume (the primary 
contributor being fetal urine). The volumes are shown as fractions with a denominator of 6 for ease. Copyright: Satyan Lakshminrusimha.

http://clinicaltrials.gov
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Peristaltic contractile activity of the airway propagates dis-
tal movement of the lung fluid, expansion of the lung buds, 
and promotes lung growth and development. Restriction 
of chest cavity impairs lung growth. This could result from 
extrinsic restriction, as it occurs with abnormalities of chest 
shape, for example, thoracic dystrophies, severe kyphosco-
liosis or congenital diaphragmatic hernia, lung masses/
cysts, or effusions.

In preparation for postnatal gas exchange, the alveo-
lar epithelium shifts from a fluid secreting to a reabsorb-
ing membrane (Fig. 3.5). This is brought about through 
changes in transmembrane transport channels, humoral 
factors, and changes in oxygen tension. The effects of these 
are also modified by the gestational age at birth, labor, 
and mode of delivery. During late gestation, an increase 
in circulating catecholamines and elevation in intracel-
lular cAMP levels result in maturation of the pulmonary 
epithelium preparing the lungs for surfactant secretion and 
fluid clearance. At the onset of labor, active transcellular 
movement of sodium from the lumen to the interstitial 
space and further into the pulmonary lymphatics and to 
the venous system is facilitated by the epithelial sodium 
channel (ENaC) on the luminal side and the sodium potas-
sium ATPase (Na,K-ATPase) and sodium potassium chlo-
ride cotransporter (NaKCC1) on the basolateral membrane 
[65]. This effect is blocked by the sodium channel blocker 
amiloride [66]. ENaC knockout mice have delayed alveolar 

fluid clearance in the newborn period with improvement 
on rescue with αENaC transgene [67]. Epinephrine causes 
lung fluid resorption through beta adrenergic pathway and 
this effect is blocked by propranolol [68]. Thyroid hor-
mone and glucocorticoids play a key role in advancing the 
absorptive response of the pulmonary epithelium to cat-
echolamines [69]. Exposure to prenatal steroids has been 
shown to increase the levels of αENaC mRNA in the fetal 
rat lungs [70]. The increase in PaO2 as seen following birth 
inhibits fluid secretion in lung explants from late gestation 
but not in early gestations [71]. However, this effect can 
be induced at earlier gestation on treatment with thyroid 
or steroid hormones. Preterm premature rupture of mem-
branes leads to fetal lung maturation as evidenced by rapid 
acceleration of the rate of increased L/S ratio to levels seen 
with lung maturity.

Glucocorticoids
Glucocorticoids induce accelerated maturation of the lung 
with thinning of the alveolar wall and fusion of the double 
capillary network and maturation of the surfactant system 
resulting in decreased severity of respiratory distress syn-
drome in infants born preterm. However, this also causes 
inhibition of vascular development and earlier termina-
tion of the septation leading to fewer and larger alveoli 
with decrease in lung surface area for gas exchange [72,73]. 

Fig. 3.5 Changes in lung liquid volume during various phases of gestation, term birth, and postnatal period. Factors contributing 
to secretion and resorption of lung liquid are shown. The vertical axis represents lung liquid volume in mL/kg. cAMP, Cyclic 3′-5′ 
adenosine monophosphate; ENaC, epithelial sodium channel. Copyright: Satyan Lakshminrusimha.
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Expectant mothers with threatened preterm labor before 
34 weeks of gestation are routinely given a single course 
of antenatal steroids. Infants born 24 h to 7 days follow-
ing complete course of antenatal steroids have decreased 
severity of respiratory distress syndrome intraventricular 
hemorrhage and mortality. However, infants whose moth-
ers received multiple courses of antenatal steroids had 
decreased birth weight, length, and head circumference 
with no improvement in neonatal morbidities [74].

Premature birth and oxygen 
exposure
The fetal lung develops in a hypoxemic environment. Low 
oxygen tension promotes optimal fetal lung development 
through hypoxia inducible factor (HIF) and its effect on 
VEGF. Extremely preterm infants born toward the end of the 
canalicular stage of lung development are capable of sur-
viving with intensive care, surfactant replacement therapy, 
and assisted ventilation. The gas exchange units at this stage 
consist of terminal clusters of acinar tubules, alveolar ducts, 
and saccules and a primitive alveolar–capillary membrane. 
Exposure to hyperoxia and ventilator-induced lung injury 
are inevitable consequences of extreme preterm birth. Inhi-
bition of VEGF (due to hyperoxia) leads to impairment 
of both vascularization and alveolarization. Exposure to 
hyperoxia also causes oxidative stress-mediated lung dam-
age, which overwhelms the immature antioxidant capabili-
ties of the preterm lungs that lead to the development of 

bronchopulmonary dysplasia and long-term pulmonary 
morbidity in survivors of preterm birth.

Conclusions
Arrest of lung development, intrauterine/perinatal and 
postnatal infections, and iatrogenic lung injury remains 
the cause of major morbidity and mortality in infants 
born extremely preterm. Current treatment modalities are 
targeted at decreasing ventilator-induced lung injury, opti-
mizing nutrition, prevention and treatment of infections, 
gastroesophageal reflux, which cause impaired lung devel-
opment and deterioration of lung function. Timely and 
effective antenatal care, minimizing noxious exposures, 
and ensuring adequate fetal and postnatal growth can to 
a degree mitigate the developmental consequences to the 
lung of preterm birth. Studies in animal models have sig-
nificantly advanced our understanding of the molecular 
mechanisms of lung development. However, significant 
gaps in our knowledge remain. Inaccessibility to the lung 
during fetal development has limited our ability to study 
their role in human lung development. The emerging field 
of study using induced pluripotent stem cells (iPSCs) offers 
the potential to recapitulate the molecular mechanisms 
in vitro. Further advances in these techniques is likely to 
provide an in vitro model to study lung development and 
derangements associated with disease states, design new 
drugs, and develop lung tissue that can used for transplant 
in patients with end-stage lung disease.
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Transition in the Delivery Room: Current NRP 
Recommendations
Máximo Vento, MD, PhD

•	 titrate FiO2 according to SpO2 and heart rate 
response

•	 If drug (epinephrine) administratie

Introduction

The achievement of a significant reduction in maternal and 
child mortality in the last 25 years has been widely acknowl-
edged. However, it is striking that the reduction in mortal-
ity in the neonatal period (<28 days after birth) has lagged 
significantly as compared with the postneonatal mortality 
(>28 days and 5 years of age) [1]. Worldwide 130 million 
babies are born every year and approximately 2.8 million of 
newborn infants die during the neonatal period, and 73% 
of these deaths occur during the first week of postnatal life 
and represent early neonatal deaths (ENND). Out of these 
ENND, almost 40% die in the first hours as a consequence 
of birth-related complications. Birth asphyxia still represents 
11% of ENND in high-income countries but reaches 30%–
40% in low-income countries, especially in rural areas [2,3].

Overall, 10% of all newborn infant require some form of 
intervention in the first minutes after birth (Fig. 4.1). New-
born infants undergo complex respiratory and cardiocircula-
tory changes during fetal-to-neonatal transition, and failure 
to achieve these changes represents the most frequent cause 
of postnatal maladaptation. Therefore, the essential goal of 
neonatal resuscitation is ventilation of the lungs as opposed 
to the adult resuscitation focusing on cardiac activity [4]. 
Breathing initiates a sequence of events that lead to increased 
oxygenation, decreased pulmonary vascular resistance (PVR), 
increased pulmonary blood flow, and closure of intra- and 
extracardiac shunts in the first minutes after birth [5].
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CHAPTER POINTS

•	 Both anticipation and debriefing are vital for a good 
resuscitation.

•	 Keep the delivery room at 26ºC.
•	 The team should have a leader, taking care of the 

respiratory airways, and caregivers taking care of 
monitoring and providing drugs if necessary.

•	 Allow for delayed cord clamping at least 1 min except 
in an extreme emergency when stripping of the cord 
could be performed by the obstetrician in 20 seconds.

•	 Initiate pulse oximetry monitoring immediately after 
birth.

•	 Initiate respiratory support with noninvasive 
ventilation (bag & mask; nasal route) with a rhythm of 
30 breaths per minute.

•	 Use of oxygen:
•	 In term infants and preterm infants with a 

gestational age of >32 weeks, use an inspired 
fraction of oxygen (FiO2) of .21

•	 In preterm infants with 28-32 weeks’ gestation use 
an initial FiO2 of 0.21-0.3

•	 In preterm infants <28 weeks’ gestation use an 
initial FiO2 of 03
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Physiologic changes in the  
fetal-to-neonatal transition

Fetal circulation
In the fetus, gas exchange does not occur in the lungs but 
in the placenta. Deoxygenated blood from the systemic 
circulation reaches the placental circulation via the umbil-
ical arteries where gas exchange takes place and returns 
oxygenated via the umbilical vein to the fetal arterial cir-
culation. The fetal circulation is designed in such a way 
that the preferential streaming of oxygenated blood is 
directed to brain and myocardium due to the presence of 
intracardiac (foramen ovale) and extracardiac (ductus arte-
riosus) shunts. Hence, the oxygenated blood bypasses the 
hepatic circulation via the ductus venosus, and reaches the 
right atrium via the inferior vena cava and the left atrium 
across the foramen ovale. Oxygenated blood reaches the 
left ventricle and is ejected into the aorta, thus reaching 
myocardium and brain. In addition, deoxygenated blood 
coming from the lower part of the body reaches the right 
auricle via inferior vena cava and is ejected by the right 
ventricle through the pulmonary artery. The high PVR 
drives the right ventricular output to the descending aorta 
via the ductus arteriosus. Thus, the deoxygenated blood is 
directed to the placenta. Of note, during fetal life the lung 
only receives 16% of the combined ventricular output 
[7,8] (Fig. 4.2).

Fetal gas exchange
During gestation, gas exchange is driven by the differential 
partial pressures of oxygen and carbon dioxide between the 
mother and fetus blood across the placental intervillous 
space. The fetal arterial partial pressure of oxygen (PaO2) in 
utero at the end of gestation is approximately 25–30 mmHg 
(3.0–3.5 kPa). Immediately after birth, PaO2 rises to 
80–90 mmHg (10.5–12.0 kPa) and stays within this range 
until the adult life. Despite the great difference in PaO2, oxy-
gen delivery to tissue does not substantially differ between 
the fetus and the newborn. First, the fetus is endowed with 
fetal-type hemoglobin that has a greater affinity for oxygen 
and provides with increased oxygen saturation (SpO2) for 
a given PaO2. In addition, the cardiac output in the fetus 
is significantly greater than during infancy or childhood 
(250–300 mL/kg/min). Moreover, venous return coming 
from the placenta is redirected to organs with high oxygen 
needs ex utero. At the end of gestation the intervillous partial 
pressure of oxygen reaches 45–48 mmHg, and these values 
correspond to an SpO2 of 50%–60% in the fetus [9,10].

Antioxidant defenses and surfactant 
production during fetal life
The genes that express the enzymatic machinery respon-
sible for the synthesis of surfactant, antioxidant enzymes, 
and sulfur disulfide couples only get activated late in gesta-
tion preparing the fetus for aerobic respiration. Experimen-
tal studies in rabbits have shown that antioxidant enzymes 

Fig. 4.1 Frequency of the Different Interventions Performed in the Delivery Room in the Newborn infant. Modified 
from Vento M, Saugstad OD. Resuscitation of the term and preterm infant. Semin Fetal Neonatal Med 2010;15:216–222 [6]. 
Copyright: Satyan Lakshminrusimha.
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such as superoxide dismutases (SOD), catalase (CAT), and 
glutathione peroxidases (GPx) develop in the last weeks of 
gestation [11] paralleling the maturation pattern of surfac-
tant. Moreover, pulmonary surfactant contains substantial 
amounts of these antioxidant enzymes to help prevent oxi-
dative damage to lung structures by reactive oxygen species 
(ROS) [12]. In addition, the limiting enzyme for the syn-
thesis of glutathione (GSH) is γ-cystathionase which converts 
cystathionine in l-cysteine and is not expressed until late 
in gestation. GSH is a ubiquitous tripeptide (γ-glutamyl-
cysteinil-glycine) present in the cytoplasm of the cells and 
the most relevant cytoplasmic nonenzymatic antioxidant. 
Under normal conditions, two molecules of reduced GSH 
can combine to form a disulfide bond (GS═SG) and 
reduce ROS with two electrons. GSH is also the main deter-
minant of the redox status of cell cytoplasm. Remarkably, 
studies performed in preterm infants have shown that the 
expression of γ-cystathionase also occurs late in gestation 

rendering l-cysteine a conditionally essential amino acid 
for extremely preterm infants [13,14].

Surfactant is a complex macroaggregate of phospho-
lipids and specific proteins that has tensioactive and anti-
infective properties. Surfactant drastically reduces alveolar 
surface tension opposing to alveolar collapse during the 
expiratory phase of respiration, promoting the acquisition 
of a lung function residual capacity, and also contribut-
ing to the lung’s defense system. Surfactant synthesis and 
secretion are first detected in the human fetus type II pneu-
mocytes in the canalicular stage of lung development at 
20–22 weeks of gestation. However, secretion of surfactant 
into the amniotic fluid is detectable only after 30–32 weeks 
of gestation. Consequently, babies born before 32 weeks of 
gestation are at a greater risk of developing respiratory dis-
tress syndrome secondary to surfactant deficiency [15,16].

Transition in the delivery room

Cardiorespiratory changes in the 
first minutes after birth in the term 
infant
Immediately after birth, term babies cry and initiate respira-
tory efforts. Ventilation causes immediate dilatation of the 
pulmonary vessels, the right ventricular output is redirected 
toward the pulmonary circulation, and oxygenated venous 
blood returns to the left atrium via pulmonary veins pro-
viding left ventricular preload. Circulatory changes lead to 
closure of the intra- and extracardiac shunts. Few minutes 
after birth, the newborn baby establishes an adult-type cir-
culation with two circuits in parallel, pulmonary and sys-
temic, without admixture of oxygenated and deoxygenated 
blood [17]. During the first breaths, term infants generate 
very high inspiratory and expiratory pressures with a mean 
of (−) 50 cmH2O during inspiration and +60 to 70 cmH2O 
during expiration [18]. In addition, at the end of expiration 
braking maneuvers such as closure of the glottis avoid alve-
olar collapse by keeping a positive end-expiratory pressure 
(PEEP). The negative hydrostatic pressure created during 
inspiration constitutes the physical force that thrusts the 
fluid filling the lung to the surrounding tissue and contrib-
utes to lung aeration [19,20]. The surfactant layer expands 
on the alveolar surface acting as a tensioactive factor that 
counteracts the elastic recoil forces that tend to collapse the 
alveoli during expiration. The gas remaining at the end of 
expiration in the lung constitutes the functional residual 
capacity (FRC). FRC notably enhances gas exchange and 
reduces the amount of pressure needed to open the lung 
in the following inspiratory movements. Hence, after ini-
tial lung expansion and establishment of FRC, subsequent 
respirations in the newborn infant will only need to reach 

Fig. 4.2 Diagram Representing Fetal Circulation. Copyright 
Satyan Lakshminrusimha.
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negative thoracic pressures of −20 to −25 cmH2O to allow 
sufficient air to reach the alveolar space and achieve sta-
ble gas exchange. Such negative intrathoracic pressures 
can be accomplished with gentle contractions of the dia-
phragm [20].

Consequences of preterm birth on 
postnatal adaptation
Circumstances surrounding the preterm delivery are 
somewhat different. Both the immaturity of the thoracic 
cage and the weakness of the thoracic muscles hinder 
the achievement of high negative intrathoracic pressures  
during inspiration and the enhanced elastic recoil and lack 
of surfactant that prompt lung collapse during expiration. 
The consequences are the limitation of lung aeration and 
fluid reabsorption during inspiration and the tendency 
toward atelectasis during expiration and avoidance of the 
establishment of FRC. Altogether, these circumstances 
hamper effective gas exchange and lead to respiratory 
insufficiency with tendency to hypoxemia and hypercarbia. 
Therefore, one of the principal efforts of the caregivers in 
the delivery room (DR) is to establish an effective ventila-
tion and oxygenation, especially in the very preterm infants 
(<32 weeks of gestation) [16].

Oxidative stress during the  
fetal-to-neonatal transition
Even with a mature antioxidant defense system and breath-
ing room air, the burden of oxygen free radicals generated 
during the fetal-to-neonatal transition will inevitably cause 
an oxidative stress in the immediate postnatal period. In 
experiments performed with term rat pups, it was shown 
that normal deliveries cause oxidative stress as evidenced 
by a significant reduction of the reduced to oxidized (GSH/
GSSG) GSH ratio in isolated hepatocytes [21]. GSH, the 
most relevant nonenzymatic antioxidant, is further reduced 
in the fetal-to-neonatal transition when rat pups are reox-
ygenated with higher oxygen concentrations and pro-
apoptotic and proinflammatory pathways are secondarily 
activated in brain and lung [22,23]. However, offspring of 
pregnant mice delivered and kept in a low oxygen atmo-
sphere mimicking in utero milieu (FiO2 = 0.14) exhibited 
an increased GSH/GSSG ratio in lung on day 1 and in the 
brain on day 7 after birth as compared with pups born in 
room air (FiO2 = 0.21). The activation of the NRF-2-related 
antioxidant genes was significantly increased in lung and 
brain. Apparently, a smooth transition from the lower oxy-
gen milieu in utero to the relatively hyperoxic milieu ex utero 
seemed to be protective [24].

Studies in a hypoxic piglet model of hypoxia-reoxygen-
ation showed that the use of pure oxygen caused not only 

an increased concentration of extracellular glycerol in the 
brain striatum but also increased matrix metalloprotein-
ases in lung, liver, heart, and brain compared with the use 
of room air. Interestingly, there is clear dose-dependent 
oxygen toxicity, and elimination of biomarkers of oxida-
tive damage caused to protein and DNA significantly cor-
related to the FiO2 provided during resuscitation [25]. 
Translating these findings in experimental animals into the 
clinical setting would imply avoiding targeting high satura-
tions too rapidly in preterm infants after birth. Stabiliza-
tion with high oxygen concentrations is not only toxic to 
the lungs but also to different organs such as heart, liver, 
and brain.

Current NRP recommendations

International guidelines have set up algorithms to guide 
caregivers in the DR and to take decisions when difficul-
ties in postnatal adaptation arise. The most relevant clinical 
parameters that need to be assessed immediately after birth 
by caregivers are breathing, heart rate (HR), and peripheral 
oxygen saturation measured by pulse oximetry (SpO2) [26]. 
Fig. 4.3 summarizes the resuscitation flow diagram.

Anticipation
Information provided by the obstetric team before birth 
is important to anticipate the necessary personnel and 
material needed and design the best strategy for an effec-
tive resuscitation. Ideally, at every delivery there should be 
at least one caregiver responsible for the newly born with 
the adequate skills to assess the infant’s status, initiate 
resuscitation, apply positive pressure ventilation, perform 
endotracheal intubation (ET) and chest compressions, and 
administer medication. Of note, most of the babies (but not 
all) requiring active resuscitation are to be identified before 
birth allowing for the recruitment of a team of skilled pro-
fessionals under the leadership of an expert neonatologist 
and briefing of the expected difficulties according to the 
type and circumstances of the delivery [28]. The Delivery 
Room Intensive Care Unit (DRICU) concept recommends 
that referral centers, where high-risk pregnancies are cen-
tralized, trained caregivers as well as monitoring and venti-
latory devices should be available round the clock all year 
through to provide optimal resuscitation [29]. Interven-
tions that have proven to improve outcomes of extremely 
preterm low birth weight (ELBW) infants should be consid-
ered before birth. Such interventions include the following:
1. The use of tocolytics to prevent preterm birth to allow 

fetal maturation.
2. Transfer to a regional referral center with expertise in 

the treatment of ELBW infants.
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3. Antibiotics in case of preterm rupture of membranes to 
avoid fetal infections.

4. Antenatal steroids to mature fetal lung.
5. Magnesium sulfate administered to the mother shortly 

before birth as an efficacious neuroprotective drug to 
the fetus [26].

Initial steps in stabilization: 
assessment and intervention
Newborn infants should be evaluated in the DR in the first 
60 s after birth during the so-called “golden minute.” Gesta-
tional age, the presence of spontaneous breathing or crying 
and good tone and active movements should be immedi-
ately assessed. Cord clamping should be delayed between 
30 and 60 s in all babies unless immediate resuscitation is 
needed. The benefits of placental transfusion in babies that 
require active resuscitation are being actively investigated 
in translational animal models and clinical trials. The time 
of birth should be recorded when the body of the baby is 
expelled from the introitus or uterine incision [30]. Babies 
at term who breathe or cry spontaneously and vigorously 

and have a good tone (flexed extremities) should be briefly 
dried with a warm towel, gently stimulated and immedi-
ately put in skin-to-skin contact with the mother and cov-
ered with a warm blanket. Importantly, baby’s head should 
be slightly hyperextended to facilitate breathing and if oral 
secretions are adverted, they could be wiped with gauze. 
Breastfeeding should be promoted immediately after birth. 
Approximately after one 1 h vitamin K and erythromycin 
eye drops should be administered [31].

Delayed cord clamping or umbilical 
cord milking
Delayed cord clamping (DCC) for at least 60 s after birth 
is now recommended for term infants. It provides an  
additional blood volume that increases hemoglobin con-
centrations at 24–48 h and iron stores at 3–6 months. 
However, DCC is associated with an increased rate and 
intensity of neonatal hyperbilirubinemia and the need for 
phototherapy [32]. The driving forces for blood flow from 
the placenta to the baby are respiratory movements, cry-
ing, and uterine contractions, and these factors play a more 
important role than time to cord clamping. Physiology-
based cord clamping has recently emerged whereby the 
timing of cord clamping should be based on the infant’s 
physiology rather than time [26]. DCC in preterm infants 
increases blood volumes by up to 25%, especially after 
vaginal birth. Moreover, if the blood flow is allowed for 
180 s, there is a substantial reduction in intraventricular 
hemorrhage (IVH), necrotizing enterocolitis (NEC), and/
or need for transfusion while no negative side effects for 
mother of infant have been described [33]. Umbilical cord 
milking (UCM) from the placental end of the cord toward 
the baby can be a valid alternative to delayed cord clamping 
and especially useful for preterm infants who need resusci-
tation. UCM is achieved by stripping the cord toward the 
infant 2–4 times before it is clamped. UCM is performed 
within 20 s and allows for an earlier access for resuscitation. 
In preterm infants, UCM increases superior vena cava flow, 
right ventricular output, blood pressure, and urine output 
and hemoglobin concentration. However, no differences 
with DCC have been found in relation to death, cardio-
vascular stability, IVH, and long-term neurodevelopmental 
outcomes. Despite these potential benefits, ILCOR 2015 
recommended against the routine use of DCC or UCM for 
infants born at ≤28 weeks of gestation considering that 
the available evidence was still too weak to openly recom-
mend these techniques. However, they supported both 
techniques on an individual basis or in a research setting. 
In the latter years after the publication of the guidelines, 
new and supportive information has been reported. In a 
recent meta-analyses, seven randomized controlled tri-
als (RCTs) comparing immediate UCM in preterm infants 
<33 weeks with immediate cord clamping were analyzed 

Fig. 4.3 Flow Diagram of the Interventions Performed in 
the Delivery Room According to the Infant’s Clinical Status 
and Response Following the ILCOR 2015 Guidelines [27].
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and showed that UCM reduced the risk of IVH of all grades 
and chronic lung disease. Moreover, UCM offered advan-
tages over delayed cord clamping in newborn infant that 
were deemed too unstable and were at highest risk of severe 
IVH and death. However, although some studies have 
shown similar long-term follow-up outcomes in babies 
undergoing DCC, UCM, or immediate cord clamping, they 
were not adequately powered for neurodevelopmental fol-
low-up. Further ongoing trials will soon provide us with 
relevant information in this regard [34].

Heart rate monitoring
Bradycardia (HR <100 bpm) is probably the most reliable 
clinical sign that informs the caregiver on the severity of 
neonatal depression. Persistence of low HR indicates the 
need for chest compression and administration of epi-
nephrine, while a rapid increase in HR reveals successful 
ventilation and a better prognosis [6,35]. Traditionally, 
HR has been assessed by auscultation. More recently, HR 
is routinely assessed using a pulse oximeter and a reference 
range put together in healthy term and preterm babies not 
needing resuscitation at birth [36]. However, HR estimate 
by auscultation and/or pulse oximetry may be inaccurate, 
and detection of HR by pulse oximeter can be delayed by 
several minutes. New ECG devices easy to adhere to the 
newborn’s skin, giving accurate readings in few seconds, are 
being developed and will be routinely used in the future. 
Meanwhile, according to ILCOR 2015 HR monitoring by 
auscultation and/or pulse oximetry still remains crucial to 
inform of the infant’s response to resuscitation [27].

Temperature control
Maintaining newly born babies within a normothermic 
range (36.5–37.5°C) is a strong recommendation because 
hyper- and/or hypothermia has been associated with nega-
tive outcomes, especially in preterm infants [37]. Term new-
born infants should be resuscitated under a radiant heater. 
ELBW infants are especially prone to heat loss and therefore 
during resuscitation the room temperature should be kept 
at 23–25°C, and babies should be wrapped in a polyethyl-
ene bag without being dried and with a thermal mattress 
underneath. However, there is an inherent risk for hyper-
thermia with the use of exothermic mattresses in addition 
to plastic covers. Hyperthermia increases the risk of subse-
quent adverse neurological outcome. If babies need ventila-
tion, the gas source should also be heated and humidified 
because cold gases may be injurious to the lungs. Once the 
babies are adequately protected from heat loss, skin-to-
skin contact and kangaroo care can be safely performed in 
babies >30 weeks of gestation [27]. In asphyxiated term 
or near-term infants, therapeutic hypothermia should 
be initiated within 6 h after birth. Although evidence for 

turning off the radiant heater is lacking, this procedure is 
widely spread among neonatologists. There is an inherent 
risk in this practice to provoke severe hypothermia with 
severe negative consequences, and frequent or continuous 
monitoring of core body temperature is important. There-
fore, hypothermia should only be initiated in the DR when 
infants’ meet clinical, neurological, and electrophysiologi-
cal criteria recommended in RCTs [38].

Clearing the airway
Routine suction of the upper airways should be avoided for 
it may stimulate a vagal reflex and induce bradycardia. In 
addition, repeated suctioning of the trachea in the absence 
of secretions can deteriorate pulmonary compliance and 
oxygenation and reduction in cerebral blood flow velocity. 
Contrarily, in the presence of secretions there is an increase 
in respiratory resistance and subsequent increase in work of 
breathing [28]. Distressed fetuses, however, can pass meco-
nium into the amniotic fluid that can pass into the lower 
respiratory airway if fetus gasps as a response to hypoxia. 
Meconium aspiration syndrome occurs when meconium 
aspirated into the lower respiratory airways causes obstruc-
tion and severe respiratory failure and frequently persistent 
pulmonary hypertension with severe hypoxemia. In RCTs, 
the incidence of mortality in the meconium aspiration syn-
drome was not improved by early tracheal intubation and 
suctioning neither in vigorous nor in nonvigorous new-
born infants with meconium-stained amniotic fluid. There-
fore, intubation and aspiration of the trachea immediately 
after birth is not further recommended despite the presence 
of meconium-stained amniotic fluid [39,40].

Normal oxygen saturation ranges  
in the delivery room
Whenever resuscitation is anticipated, the use of a pulse 
oximeter with a preductal location (right hand or wrist) 
to inform about cerebral oxygen saturation (SpO2) has 
become a standard of care. Reliable SpO2 and HR are 
achieved after 90–120 s after birth [31]. Of note, assess-
ment of the infant’s color has been withdrawn from the 
initial evaluation because of the lack of reliability, although 
tongue inspection has been proposed as an alternative for 
deliveries in rural areas of developing countries [41,42].

Oxygen toxicity limits the use of color for the stabiliza-
tion of term or preterm infants. The relative hypoxia in utero 
followed by a sudden increase in the oxygen availability 
to tissues after birth causes a physiologic oxidative stress. 
However, during severe ischemia reperfusion in perinatal 
asphyxia or as a consequence of the immaturity of the lungs 
and antioxidant defenses in preterm infants, a burst of oxy-
gen free radicals is generated. Free radicals cause significant 
direct damage to tissue/organs and trigger a generalized 
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inflammatory response with deleterious consequences [23]. 
To avoid the negative consequences of hypo- or hyperoxia, 
recommended ranges for SpO2 and HR for the first 10 min 
after birth have been defined (Figs. 4.4 and 4.5) [43,44]. 
These centile charts were developed retrieving oxygen satu-
ration and pulse from healthy term and preterm babies not 
needing resuscitation after birth. Keeping the newly born 
term or preterm infants within the 10th–90th centile of 
these charts provides with the best available reference to 
optimize oxygen supplementation [36,43]. DR caregivers 
should adjust FiO2 every 15–30 s according to the pulse 
oximeter readings, increasing or decreasing FiO2 by 0.1 
every 15–30 s to keep SpO2 within the chosen centiles for 
a given time after birth. It is extremely important to keep 
HR always above 100 bpm avoiding bradycardia. Persistent 
bradycardia requires the assessment of an adequate mask 
positioning and adjustment, evaluation of chest excur-
sions, and rapid increase of FiO2. The lack of response after 
performing these maneuvers requires immediate

Oxygen supplementation in term 
and preterm infants
Traditionally, 100% oxygen was systematically used for 
resuscitation irrespective of gestational age or severity of 
depression [6]. In a meta-analysis performed including 
more than 2000 asphyxiated patients, it was shown that 
the use of 100% oxygen upon resuscitation significantly 
increased mortality as compared to the use of room air 
[47]. Since 2010 ILCOR guidelines recommend the initial 
use of room air in the resuscitation of term and near term 
in the first minutes and oxygen titration according to the 
infant’s response [28].

Fig. 4.4 Centiles of Preductal Oxygen Saturation Measured by Pulse Oximetry (SpO2) in the First Minutes After Birth 
According to Dawson et al. [43].

Fig. 4.5 Flow Chart Describing the Interventions in Preterm 
Infants With Severe Depression at Birth Based on ILCOR 
2015 guidelines and experts’ recommendations [27,45,46].
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In very preterm infants below 32 weeks of gestation, 
however, there is an ongoing uncertainty regarding the 
optimal initial FiO2. Preterm infants have immature lungs 
lacking surfactant that frequently require positive pres-
sure ventilation and supplemental oxygen. However, pre-
term infants are especially sensitive to both hyperoxia and 
hypoxia [48]. The use of higher initial FiO2 (>0.9) during 
resuscitation has been associated with increased biomark-
ers of oxidative stress and chronic lung disease [49–52]. The 
first study that compared the use of 0.21 versus 1.0 as ini-
tial FiO2 in preterm infants with gestational age ≤28 weeks 
showed that after 2 min, 30% of the patients were switched 
to 1.0 FiO2 because of persistent bradycardia, and at 3 min, 
the remaining 60% needed also a FiO2 of 1.0 because they 
did not achieve targeted SpO2 of 70% at 3 min [53]. In two 
recent studies, the use of room air in extremely preterm 
infants has been associated with an increased mortality. 
The Canadian Neonatal Network published a retrospec-
tive cohort study comparing infant’s ≤27 weeks’ gestation 
before and after the recommendations regarding the initial 
FiO2 for preterm switched from 1.0 to <1.0 titrated oxy-
gen supplementation. Remarkably, the lower oxygen group 
showed a significantly higher incidence of severe neuro-
logic injury or death. However, data about oxygen exposure 
for each individual infant, and therefore, the cumulative 
oxygen exposure received during resuscitation, were not 
available and it could be misleading to attribute specific 
outcomes to the initial FiO2 used at delivery. The investi-
gators cautioned that a policy of initial stabilization with 
lower oxygen could be linked to a higher risk of severe neu-
rologic injury or death in very preterm infants compared to 
starting with 100% oxygen [54]. More recently, Oei et al. 
[55] reported results of a randomized controlled unmasked 
trial performed in preterm infants comparing initial FiO2 of 
0.21 versus 1.0 in preterm infants <32 weeks of gestation. 
The primary outcome of this study was death and/or major 
disability at 2 years with a targeted SpO2 of 65%–95% at 
5 min and 85%–95% until NICU admission. This study 
showed unexpectedly that babies <28 weeks of gestation 
who received an initial FiO2 of 0.21 had a higher mortal-
ity during hospitalization (risk ratio = 3.9; CI: 1.1–13.4; 
P = 0.01). However, although the study was underpowered 
for the post hoc analysis because many participants rejected 
to initiate resuscitation with a FiO2 =1.0, the final results 
have drawn attention toward the apparent increased risk of 
using air to initiate resuscitation especially in very preterm 
infants [55]. Aiming to narrow the limits of initial FiO2 to 
balance the risk of oxidative stress and lung complications 
when supplementing with 100% oxygen versus prolonged 
bradycardia, hemodynamic instability and risk of mortal-
ity when using room air have launched studies comparing 
lower (<0.3) or higher (>0.6) initial FiO2. Oei et al. [56] 
have summarized results in a recent updated review and 
meta-analysis. The study has reviewed the outcomes of 

RCTs that included preterm infants ≤28 weeks of gestation 
assigned to receive an initial FiO2 of ≤0.3 (low) or ≥0.6 
(high) fraction of inspired oxygen at delivery. A total of 251 
infants in the low oxygen and 253 in the high oxygen group 
with a mean gestational age of 26 weeks were assessed from 
8 studies. The main outcome measures were death in hos-
pital, BPD, ROP, IVH, PDA, and NEC. No differences for 
the main outcomes were found. Of note, mortality was 
lower in the low oxygen arms of masked studies and higher 
in low oxygen arms of unmasked studies, but taking all 
studies together there were no differences in the overall 
risk of death or other major morbidities when resuscita-
tion is initiated with higher (>0.6) or lower (<0.3) FiO2 
[56]. At present, the initial FiO2 recommended for term 
and near-term infants is 0.21 and for preterm infants is 0.3.  
However, it is extremely important to adequately titrate 
oxygen to achieve SpO2 values shown in Dawson’s nomo-
gram. Hence, achievement of SpO2 of 80%–85% at 5 min 
and 90%–95% at 10 min while keeping HR >100 bpm is 
essential to avoid prolonged hypoxemia and/or bradycar-
dia that could be deleterious for the newborn infant [57].

Ventilation: continuous positive 
airway pressure and intermittent 
positive pressure ventilation
Ventilation is required in about 3%–5% of all newborn 
infants. Remarkably, the lesser the gestational age the 
greater the proportion of infants needing respiratory sup-
port at birth. Immaturity of the lung, muscle weakness, lack 
of surfactant, increased elastic recoil, and compliant chest 
wall all contribute to make it difficult for the preterm infant 
to establish an effective ventilation and gas exchange [6]. 
The respiratory management of the newborn infant will 
greatly depend on whether the infant breathes spontane-
ously and therefore just needs additional support or does 
not breathe at all, in which case the entire respiratory pro-
cess will have to be supported by the resuscitating team.

Noninvasive ventilation (nasal or mask continuous 
positive airway pressure [CPAP]) has rendered efficacious 
avoiding many of the complications traditionally associ-
ated with endotracheal ventilation that included BPD, 
neurodevelopmental impairment, or death as has been 
shown in a recent meta-analysis [58]. The ILCOR 2015 
guidelines recommend for spontaneously breathing pre-
term infants requiring respiratory support in the DR to start 
with CPAP instead of intubation and intermittent positive 
pressure ventilation (IPPV). However, there is a great vari-
ability between babies even with similar gestational ages. 
Therefore, caregivers in the DR should take into consider-
ation gestational age, gender, antenatal steroid administra-
tion, FiO2 needed to keep SpO2 within accepted ranges, 
and intensity of work of breathing [27]. European guide-
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lines recommend to stabilize preterm infants with face 
mask CPAP of at least 6 cmH2O and maximum around 
8–10 cmH2O via mask or nasal prongs. During the proce-
dure, careful attention should be given to chest excursions 
and rapid increase in HR and SpO2. Inspired oxygen should 
be adjusted as described before. In persistently apneic and/
or bradycardic patients, peak positive inspiratory pressure 
(PIP) of 20–25 cmH2O should be provided. If the patient 
does not respond, intubation is indicated [16]. HR is the 
most reliable clinical parameter revealing a successful 
resuscitation. It increases immediately after the initiation 
of effective ventilation [35]. In fact, it is more reliable than 
observing chest movements. Chest rise may be a reflection 
of an excessive tidal volume that may injure the lung [6]. 
In preterm infant needing positive pressure ventilation it 
is recommended that PEEP of 5 cmH2O is provided; no  
recommendations in this regard have been made in rela-
tion to term infants. However, it is a routine practice in 
many hospitals to provide PEEP always when IPPV is given 
independent of the gestational age of the newborn infant.

Ventilation of the newborn infant can be performed 
with a self-inflating bag, flow-inflating bag, or a T-piece 
resuscitator (for a review, see Ref. [59]). Of note, the use of 
T-piece resuscitator is progressively replacing self-inflating 
and flow-inflating bags as shown in recent surveys [60–
62]. T-piece device consists of an inlet arm to the patient 
through which the gas flows into an interface (facemask, 
nasal prongs, or endotracheal tube) (Fig. 4.6). PIP is 
achieved by occluding the escape of gas through the outlet 
hole using a thumb or a finger. The pressure is displayed in 
a manometer and can be adjusted with the release valve. 

Moreover, the inflation time can be regulated adjusting 
the duration of the occlusion of the outlet hole. CPAP or 
PEEP is delivered automatically and the pressure varied by 
adjusting the outlet valve. This controls the rate of escape of 
gas when the outlet is not occluded and generates a preset 
level of CPAP or PEEP [6]. Studies performed in manikins 
have shown that T-piece resuscitator ensures the inspira-
tory pressure, PEEP, tidal volume, and inspiratory time are 
administered more consistently compared with the self-
inflating bag [63]. However, previous clinical trials were 
not sufficiently compelling to consider T-piece superior 
to self-inflating bag [27]. In a recent prospective observa-
tional study performed in 1962 preterm infants from 23 to 
33 weeks of gestation, the use of T-piece (74.2%) or self-
inflating bag (25.8%) was compared. Neonatologists chose 
freely to use either one or the other device. The major out-
comes were survival to hospital discharge, BPD, IPVH, and 
PVL. The logistic regression analysis adjusted for maternal 
characteristics, obstetric, and neonatal morbidities showed 
that T-piece resuscitation increased the chance of survival 
to hospital discharge without major morbidities [64]. As an 
interface, masks (round or anatomically shaped), mono-
nasal tubes, or binasal prongs can be used. Some studies 
suggest that a nasal interface may be superior to the oral 
route in newborn infant anticipating less airway obstruc-
tion; however, no comparative data are available for DR 
care. PPV via a mask may be difficult and is often ham-
pered by leak and airway obstruction, resulting in low tidal 
volumes and thereby inadequate ventilation. Therefore, 
one of the most important skills of caregivers in this field is 
an optimal mask holding technique. Correct placement of 

Fig. 4.6 Scheme of the T-Piece Resuscitator Setup.
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the mask and an adequate chin lift are necessary. The rim 
of the mask should be placed on the tip of the chin and 
the mask should cover both mouth and nose, but not the 
eyes. Apparently, the best hold is achieved by the OK-rim-
hold (thumb and index finger form a C-shape) technique 
(Figs. 4.7 and 4.8) [65].

Endotracheal intubation and/or 
laryngeal mask
ET is indicated when noninvasive ventilation is rendered 
ineffective, when chest compressions are performed or in 
special situations such as diaphragmatic hernia [28]. The 

ILCOR 2015 guidelines do not recommend routine tracheal 
intubation for meconium suctioning even in depressed 
infants born through meconium-stained amniotic fluid [27].  
Successful tracheal intubation immediately increases HR 
and air entry can be assessed by auscultation over both lung 
fields. In addition, CO2 detectors can be used to confirm 
that the tracheal tube is in the right position. A positive 
detection of CO2 exhalation accompanied by a good car-
diac output confirms placement of the tube, and a nega-
tive test result strongly suggests esophageal intubation. 
Occasionally, low lung perfusion can give a negative result 
despite the tube being in the trachea. A Cochrane review in 
2014 did not find any studies specifically addressing this 
issue and therefore the pretended advantages of using CO2 
detectors rely on the individual experience of caregivers or 
teams [67].

The increasing use of noninvasive ventilation has sub-
stantially reduced the need for ET both in the DR and in 
the NICU and subsequently the opportunity to learn and 
the skills of providers. ET is considered the most difficult 
technique to teach and learn in neonatal resuscitation. In 
this scenario the use of laryngeal mask (LM) has been sug-
gested as a valid alternative to access the lower respiratory 
airways, especially in late preterm and term infants. Several 
RCTs in late preterm and term infants have evidenced the 
feasibility, efficacy, and safety of using the LM to resusci-
tate late preterm (>34 weeks of gestation) and term infants 
when mask ventilation rendered ineffective and ET was not 
feasible or unsuccessful. Studies comparing resuscitation 
with LM versus bag and mask ventilation showed a greater 
resuscitation rate with LM. Moreover, the total ventilation 
time was shorter with LM than with bag and mask, and 
the success with the first attempt was 98.5% with a short 
insertion time of <10 s. In addition, the use of LM has also 
been compared with ET and no differences in successfully 
performing the technique and in the clinical recovery of 
depressed neonatal patients in the DR have been found. 
Therefore, it has been concluded that LM is a valid alter-
native when ET is not feasible or the providers have not 
acquired or maintained the necessary skills to successfully 
and rapidly perform ET [68–70].

Circulatory support
Chest compressions (CC) are indicated when HR remains 
<60 bpm despite adequate ventilation and oxygen supple-
mentation for 30 s. As ventilation is the mainstay of neona-
tal resuscitation, before initiating CC the resuscitating team 
should ensure that effective ventilation is being performed 
without increase in HR [28]. The aim of CC is to improve 
cerebral and myocardial perfusion. The former improves 
neurological outcome and the latter increases the likeli-
hood of a faster return of spontaneous circulation (ROSC). 
The quality of CC depends upon the rate, the ratio CC to 

Fig. 4.7 Photograph Showing the Positioning of the Face 
Mask [64].

Fig. 4.8 Outcomes After Extremely Severe Depression at 
Birth With Apgar Score 0 at 1, 5, and 10 min and Ulterior 
Moderate Body Hypothermia [66].
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ventilation, and applied force by the provider. Although 
increased rate would be apparently more efficient as shown 
in mathematical modeling or in experimental studies 
with manikins or piglet models, increasing and unavoid-
able fatigue in the provider render higher rates ineffective. 
Therefore, during the process of CC, although respirations, 
HR, and SpO2 should be closely monitored, reassessed, 
and coordinated, compressions should be continuously 
performed as interruptions will compromise maintenance 
of systemic and coronary perfusion and worsen prognosis 
[71]. ILCOR 2015 guidelines recommend to deliver CC on 
the lower third of the sternum and to a depth of approxi-
mately one-third of the anterior–posterior diameter of the 
chest using both thumbs to compress the sternum and 
the rest of the fingers encircling the thorax and support-
ing the back. The rate compression to ventilation should be 
3:1 allowing the chest to re-expand during relaxation for a 
total of 90 compressions and 30 ventilations/min. Oxygen 
supplementation during CC has not been studied in the 
human. Experiments in animal models have shown differ-
ent results regarding the levels of oxidative stress biomark-
ers or histological damage to organs such as CNS, heart, 
or lung. Of note, none of the studies showed an advantage 
in the use of 100% oxygen during CC. However, from a 
clinical point of view, when during resuscitation the pro-
vider has reached the stage of needing CC to overcome 
bradycardia, it seems prudent to use effective ventilation 
and increase oxygen concentration to try to achieve ROSC. 
However, when the HR recovers, high FiO2 should be rap-
idly weaned based on preductal SpO2 to avoid additional 
oxidative damage [27].

Drugs: epinephrine
Only seldom are drugs used during resuscitation. Drugs are 
indicated when the newborn infant remains bradycardic 
and profoundly hypoxemic despite being adequately venti-
lated through an endotracheal tube with 100% oxygen and 
receiving chest compressions. Under these circumstances, 
administration of epinephrine and/or volume expansion 
may be indicated [6]. The use of bicarbonate, naloxone, or 
vasopressors is not currently considered part of the acute 
resuscitation but can, under special circumstances, be used 
in the postresuscitation [72,73].

Epinephrine causes an intense peripheral vasoconstric-
tion, thus increasing aortic flow pressure gradient. During 
chest compression, oxygenated blood pumped by the left 
ventricle is redirected toward the dilated coronary arteries 
with less pressure gradient contributing to mitochondrial 
ATP synthesis, activation of myocardial contractions, and 
ROSC [45]. Intravenous administration, and especially 
through the umbilical vein which is easily accessible, 
is the preferred and the most efficacious route for epi-
nephrine administration during neonatal resuscitation. 

Following the principles of DRICU of providing maximal 
care in the DR, a group of neonatal providers should be 
available for complex resuscitations involving drugs. One 
neonatal provider secures the airway, one provides chest 
compressions, and another gains access to the umbilical 
vein [29,74]. Another accessible route is via endotracheal 
tube. Of note, the plasma concentration achieved is lower 
and the time to reach the peak concentration is slower as 
compared to the intravenous route. Notwithstanding, it is 
a valid alternative when the patient is severely bradycardic 
and there is no intravenous line accessible. Finally, the last 
possible alternatives are the intraosseous or the intramus-
cular access. However, there is very limited information 
and most of the caregivers are not comfortable with these 
techniques and prefer the tracheal route. Remarkably, the 
intramuscular route causes significant tissue damage at the 
site of injection [45]. The current recommendations indi-
cate that epinephrine should be repeated every 3–5 min if 
the HR remains bradycardic (<60 bpm) [74]. Occasion-
ally, repeated and high doses of epinephrine are needed to 
overcome a severe neonatal depression. The consequence 
is a generalized vasoconstriction causing hypertension and 
tachycardia. Moreover, vasoconstriction reduces blood 
flow in renal and mesenteric territories, elevation of pul-
monary arterial pressure, and increase myocardial oxygen 
consumption. All these complications may lead to long-
term morbidities such as intestinal perforation, renal insuf-
ficiency, or persistent pulmonary hypertension. Finally, an 
imbalance of various neurotransmitters has been described 
reducing the threshold for seizures [28].

Volume expansion
Volume expansion should be provided when evidence 
or suspicion of blood loss is present and the infant does 
not overcome bradycardia despite the application of other 
resuscitative measures. As mentioned it is mandatory that 
the resuscitation team early anticipates the need for a 
peripheral or central (cord vein) route for volume admin-
istration. An isotonic crystalloid solution or blood may be 
considered for volume expansion. The recommended dose 
is 10 mL/kg, which may need to be repeated. Remarkably, 
when resuscitating premature infants, it is reasonable to 
avoid giving volume expanders too rapidly because rapid 
infusions of large volumes could cause IVH [74].

Ethical considerations

When should resuscitation not be initiated?

Resuscitation efforts after delivery are not indicated under 
certain circumstance in which there is no possibility of 
survival. Although infrequent, caregiver in the DR may 
have to confront this situation. In such cases, initiation 
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of neonatal resuscitation is not ethical and should not be 
offered. The most frequent circumstance is extreme pre-
maturity. To date, newborn infants <22 weeks of gestation 
do not have a chance of survival as opposed to previous 
guidelines that put the limit at 23 weeks and birth weight 
of 400 g. However, limiting the resuscitation efforts based 
on the gestational age frequently depends on the tradi-
tions or beliefs in different countries or cultures and guide-
lines may vary from one country to another. Moreover, 
assessment of gestational age may also incur errors that 
may preclude resuscitation in a baby who is really within 
an acceptable gestational age for initiating resuscitation 
maneuvers. Therefore, caregivers in the DR confronted with 
a baby around 22 weeks of gestational should also consider 
other factors such as physical maturity, heartbeat, or reac-
tivity before deciding not to initiate resuscitation. Other 
cases include chromosomal abnormalities and severe  
congenital malformations. In cases where there is uncer-
tainty about survival or a high risk of severe morbidity, the 
parents should be included in decisions regarding resusci-
tation plans. It is very relevant that each hospital has its 
own statistical information regarding these different clini-
cal conditions. This facilitates neonatologist to provide par-
ents with accurate and homogenous information. In these 
cases, after appropriate prenatal counseling, the parent’s 
desires should be taken into account to guide resuscitation 
efforts [74].

When should resuscitation be withdrawn?

The current international neonatal resuscitation guide-
lines uniformly suggest ceasing resuscitation efforts after 
10 min of effective resuscitation that includes ventilation, 
chest compressions, and the use of intravenous epineph-
rine without achieving ROSC. The ILCOR 2015 guidelines 
indicate that the outcome of infants with Apgar of zero 
at 10 min was “almost universally poor” and supported 
the cessation of resuscitation at 10 min of no detectable 
heartbeat [27]. Similar recommendations are indicated 
by the European Resuscitation Council and the American 
Heart Association [45,46,74]. This guidance is based on 
previously published retrospective data that revealed that 

babies with 0 Apgar score at 10 min resuscitated for more 
than 10 min either died or had severe neurodevelopmental 
impairment [75,76]. However, the improvement in resus-
citation and postresuscitation care and the introduction of 
therapeutic hypothermia have drastically changed the prog-
nosis of extremely depressed newly born babies. Fig. 4.6 
summarizes the outcomes of babies who had Apgar score 
of 0 at 10 min and were transferred to the NICU and treated 
with therapeutic hypothermia. Out of a total of 79, 21% 
of these infants survived without neurological impairment 
while 23% had poor outcomes, and 51% of them died [66]. 
These numbers, however, should be analyzed with caution 
as they refer only to babies who made it to the NICU and 
not to those who died in the DR.

Outcomes of severely depressed extremely preterm 
infants showed a completely different scenario. In a recent 
review study, outcome of preterm infants <28 weeks of 
gestation with severe depression were analyzed. Only 0.6% 
of infants with an Apgar score of 0 at 1 min survived to 
the NICU and 0.09% were discharged from the hospital. 
Remarkably, none of the infants with an Apgar score of 0 
at 5 min survived [77]. Ethical considerations are extremely 
important when taking the decision to continue or with-
draw resuscitation procedures in the DR. The “best interest” 
of the infant should always be a priority. If survival would 
imply severe limitations in life’s quality or assuring only 
a very short survival, it is generally considered ethical to 
withhold or withdraw resuscitation efforts. In the case of an 
uncertain prognosis as it frequently happens, either with-
holding or withdrawing is ethically equivalent. However, 
withholding treatment has the advantage of retrieving addi-
tional information in the NICU that will allow better judg-
ment of the infants’ prognosis. Parents should be always 
informed about ongoing resuscitation and should give 
their consent regarding withdrawal of therapeutic efforts. 
However, when the resuscitation team has already decided 
that withholding resuscitation is medically unacceptable it 
would be arguable if the parents should give their consent 
for ceasing therapeutic efforts [78]. It is important to com-
municate with the parents and involve them in the deci-
sion-making process to provide family-centered care in the 
DRNICU.
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et al. Delivery room management 
of very low birth weight infants in 
Germany, Austria and Switzerland—a 
comparison of protocols. Eur J Med 
Res 2010;15:493–503. 

[62] Mann C, Ward C, Grubb M, et al. 
Marked variation in newborn 
resuscitation practice: a national 
survey in the UK. Resuscitation 
2012;83:607–611. 

[63] Hawkes CP, Ryan CA, Dempsey EM. 
Comparison of the T-piece resuscitator 
with other neonatal manual 
ventilation devices: a qualitative 
review. Resuscitation 2012;83:797–
802. 

[64] Guinsburg R, de Almeida MFB, de 
Castro JS, et al. T-piece versus self-
inflating bag ventilation in preterm 
neonates at birth. Arch Dis Child Fetal 
Neonatal Ed 2018;103:F49–F55. 

[65] Fuchs H, Schilleman K, Hummler 
HD, te Pas AB. Techniques and devices 
to improve noninvasive ventilation 
in the delivery room. Neoreviews 
2012;13:e353. 

[66] Harrington DJ, Redman CW, Moulden 
M, et al. The long-termo utcome in 
surviving infants with Apgar zero 
at 10 minutes: a systematic review 
of the literatura and hospital-
based cohort. Am J Obstet Gynecol 
2007;196(463):e1–e5. 

[67] Schmölzer GM, Roehr CC. Techniques 
to ascertain correct endotracheal tube 
placement in neonates. Cochrane 
Database Syst Rev 2014;9:CD010221. 

[68] Zhu XY, Lin BC, Zhang QS, et al. A 
prospective evaluation of the efficacy 
of the laryngeal mask airway during 
neonatal resuscitation. Resuscitation 
2011;82:1405–1409. 

[69] Trevisanuto D, Cavallin F, Nguyen LN, 
et al. Supreme laryngeal mask airway 
versus face mask during neonatal 
resuscitation: a randomized controlled 
trial. J Pediatr 2015;167:286–291.e1. 

[70] Yang C, Zhu X, Lin W, et al. 
Randomized, controlled trial 
comparing laryngeal mask versus 
endotracheal intubation during 
neonatal resuscitation—a secondary 
publication. BMC Pediatr 2016;16:17. 

 [71] Solevåg AL, Schmölzer GM. 
Optimal chest compression rate and 
compression to ventilation ratio in 
delivery room resuscitation: evidence 
from newborn piglets and neonatal 
manikins. Front Pediatr 2017;5:3. 

[72] Wyllie J, Niermeyer S. The role of 
resuscitation drugs and placental 
transfusion in the delivery room 
management of newborn infants. 
Semin Fetal Neonatal Med 
2008;13:416–423. 

[73] Sáenz P, Brugada M, de Jongh B, 
Sola A, Torres E, Moreno L, Vento 
M. A survey of intravenous sodium 
bicarbonate in neonatal asphyxia 
among European neonatologists: 
gaps between scientific evidence 
and clinical practice. Neonatology 
2011;99:170–176. 

[74] Wyckoff MH, Aziz K, Escobedo 
MB, Kapadia VS, Kattwinkel J, 
Perlman JM, et al. Part 13: neonatal 
resuscitation: 2015 American Heart 
Association guidelines update for 
cardiopulmonary resuscitation 
and emergency cardiovascular care. 
Pediatrics 2015;136(Suppl. 2):S196–
S218. 

[75] Wyllie J, Bruinenberg J, Roehr CC, 
et al. European resuscitation council 
guidelines for resuscitation 2015: 
Section 7. Resuscitation and support 
of transition of babies at birth. 
Resuscitation 2015;95:249– 
263. 

[76] Jain L, Ferre C, Vidyasagar D, et al. 
Cardiopulmonary resuscitation of 
apparently stillborn infants: survival 
and long-term outcome. J Pediatr 
1991;118:778–782. 

[77] McGrath JS, Roehr CC, Wilkinson DJ. 
When should resuscitation at birth 
cease? Early Hum Dev 2016;102:31–36. 

[78] Haines M, Wright IM, Bajuk B, et al. 
Population-based study shows that 
resuscitating apparently stillborn 
extremely preterm babies is associated 
with poor outcomes. Acta Paediatr 
2016;105:1305–1311. 



45

 Chapter | 5 |

Sustained Lung Inflation
Gianluca Lista, MD, PhD, Ilia Bresesti, MD

Physiology of the respiratory 
transition after birth

In the physiological transition from intra- to extrauterine 
life, aeration of the lung and clearance of fetal lung liquid 
from the alveoli are crucial steps during initial adaptation 
of the newborn, especially in the preterm infant, whose 
lungs are immature and extremely fragile. Therefore, facili-
tating the neonatal adaptation while minimizing lung 
injury is an enormous challenge for the neonatologist.

The respiratory transition is usually recognized as a 
three-phase process [1], which reflects the three physiologi-
cal status of the lung during transition to extrauterine life.

In the first phase of the respiratory transition, the lungs 
are fluid-filled, and for this reason no gas exchange can 
occur. Immediately after birth, the term infant usually takes 
a few deep breaths, which generate a large tidal volume 
and trigger a cascade of physiological events promoting the 
clearance of the fluid from the lungs and the establishment 
of pulmonary gas exchanges. All these changes are critical 
for initiating postnatal circulation and for the achieve-
ment of an early and adequate functional residual capacity 
(FRC).

The mechanism of lung fluid reabsorption and lung 
aeration at birth has been recently clarified, as the activa-
tion of epithelial sodium channels could not completely 
explain the rate of fluid clearance observed at birth in 
healthy newborns. Experimental studies, in fact, showed 
that the transpulmonary pressure following the first breaths 
can overcome the airflow resistance, and is indeed the main 
determinant of the fluid removal from the lung.

During the second phase, lung fluid should be prevented 
from reentering the lung. In order to maintain the lung 
volume without a continuous opening and closing of the 
alveoli, endogenous surfactant and positive end-expiratory 
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CHAPTER POINTS

•	 Transpulmonary pressure following the first breaths 
plays an important role in fluid removal from the lung 
at birth.

•	 Sustained inflation (SI), in which an initial inflating 
pressure is held for a prolonged duration may assist in 
lung fluid clearance and establishment of functional 
residual capacity (FRC).

•	 Data from experimental animal studies suggest that SI 
results in uniform lung aeration, better lung function, 
and stable cerebral oxygen delivery when compared 
to conventional ventilation.

•	 In randomized clinical trials (Italian SLI trial and 
international SAIL trial), some safety concerns arose. 
SLI trial demonstrated a higher but nonsignificant 
incidence of pneumothorax in very preterm infants 
(25–29 weeks gestation). Preliminary data from the 
SAIL trial showed an excess of early deaths (<48 h of 
age) in the SI arm (7.5% vs. 1.4%) but no difference 
in pneumothorax and intraventricular hemorrhage 
in extremely preterm infants (23–26 weeks gestation) 
who required resuscitation at birth.

•	 Further studies of this promising technique evaluating 
differences in mortality and long-term outcomes are 
needed.
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pressure (PEEP) play an important role in reducing surface 
tension and preventing alveoli collapse, respectively.

The third phase, then, is characterized by the initiation 
of gas exchange and the subsequent establishment of car-
diorespiratory homeostasis.

While all these transitions are made by the full-term 
healthy newborn by himself within a few minutes after 
birth, preterm infants must deal with several physiologi-
cal impairments to properly aerate the lung. These include 
a high compliance of the chest wall and a weak respira-
tory musculature, ineffective function of epithelial chan-
nels, structural immaturity of the lungs, and insufficient 
surfactant composition, production, and storage. Accord-
ingly, almost all extremely preterm babies require respira-
tory support during neonatal transition [2].

When infants fail to create the transepithelial pressure 
gradient necessary for the lung liquid clearance, applying 
positive pressure to the airways helps in achieving this 
goal. After a preterm infant has cleared the liquid from 
the lungs, gas exchange becomes possible in the recruited 
alveoli. This liquid, however, initially remains in the sur-
rounding interstitial tissues with a great risk of reenter-
ing the alveoli and interfering with gas exchange. For 
this reason, maintaining a constant distending pressure 
in the airway using continuous positive airway pressure 
(CPAP) is important in this early phase to avoid losing 
the acquired FRC.

Definition and rationale  
for sustained inflations

As we have previously mentioned, preterm infants, espe-
cially those of extremely low gestational age, are not capa-
ble of generating a subatmospheric pressure around the 
distal airways.

These infants, however, need a more uniform lung 
aeration to avoid wide and dangerous ventilation–perfu-
sion mismatches, which are responsible for the ineffective 
increase in pulmonary blood flow and heart rate after birth.

The standard practice to promote lung aeration is inter-
mittent positive pressure ventilation (IPPV) with PEEP 
and/or CPAP in apneic or spontaneously breathing infants, 
respectively.

However, to date the best method to favor lung aeration 
while avoiding harmful trauma to the fragile preterm lung 
still remains under investigation.

Using large transpulmonary peak pressure with short 
inflation times certainly contributes to heterogeneity of 
lung aeration, but could result in overdistention and injury 
to already aerated regions [3]. This is the reason why an 
alternative approach has been proposed. It is the so-called 
“sustained inflation” (SI), in which an initial inflating 

pressure is held for a prolonged duration (15–20 s) using 
the physiological time constant of the lungs.

Several decades ago, Boon et al. [4], studying the for-
mation of FRC and tidal volume in asphyxiated intubated 
neonates, demonstrated that 13–32 cmH2O was the nec-
essary pressure to move air from trachea to distal airways. 
In the same period, Vyas et al. [5] described the effects of 
prolonged inflations (5 s) in the same population, and 
showed that time, rather than pressure, was responsible for 
the establishment of an adequate FRC.

Although these initial findings were of great interest, SI 
remained understudied for many years.

Recently, there is a renewed interest in this technique 
and its potential effects on premature babies.

What literature says

Experimental animal studies
Several studies were conducted on animals about the 
effects of SI, both in asphyxiated and premature models. In 
these experiments, SI seems to provide satisfactory results 
in improving respiratory transition, contributing in estab-
lishing FRC and in enhancing gas exchange immediately 
after birth.

Using preterm rabbit model, te Pas et al. [3] demon-
strated that a combination of SI and PEEP was the most 
effective to uniformly aerate the lung and fully recruit an 
adequate FRC. Moreover, they also showed that using lon-
ger inspiration times contributes significantly in the uni-
formity of lung aeration. Sobotka et al. [6] demonstrated 
better lung function in lamb model treated with SI and 
more stable cerebral oxygen delivery without adverse cir-
culatory effects.

Klingenberg et al. [7] found that in asphyxiated lambs an 
initial SI lasting 30 s shortens the time necessary to recover 
adequate heart rate, blood pressure, and oxygenation when 
compared with standard duration inflations.

Human studies
van Vonderen et al. [8] observed that SI was not effective 
unless the preterm infants were spontaneously breathing. 
As most of the FRC gain occurs when the baby breathes, the 
role of spontaneous breathing and active glottis adduction 
appears to be crucial to make SI effective. Similar results 
are described by Lista et al. [9] using respiratory function 
monitoring.

The use of near-infrared spectroscopy (NIRS) during SI 
has led to interesting results, which highlight the need for 
further studies including physiological and clinical out-
comes in premature babies.
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Fuchs et al. [10] used NIRS to measure preductal arte-
rial oxygen saturation and cerebral tissue oxygenation in 
a group of preterm infants treated with SI and compared 
results with a group of preterm infants requiring CPAP 
only. Increase in cerebral oxygen saturation in the SI group 
was almost as rapid, suggesting that the intrathoracic pres-
sure increase imposed by SI does not affect gas exchange 
and brain perfusion.

Schwaberger et al. [11] randomized 40 preterm infants 
comparing the effects of SI with “standard” respiratory 
care on cerebral blood volume. It remained essentially 
unchanged in the SI-treated infants, while decreased in the 
first 15 min after birth in the control group with no adverse 
neurological effects.

A few observational studies have been conducted com-
paring outcomes of preterm infants treated with SI with a 
control group. Even if these studies are not homogeneous 
in terms of population, definition of SI, respiratory man-
agement in the control group, and main outcomes, they 
showed the feasibility and safety of treating preterm infants 
with SI. Moreover, although they are all limited by the use 
of historical controls, they suggest essential preliminary 
data for the design of randomized controlled trials (RCTs).

Randomized clinical trials
Given the lack of a standardized definition of SI in terms of 
duration, peak pressure to apply, and number of inflations 
to perform, there is no homogeneity in the use of SI itself 
in all of the RCTs currently available. To date, there are five 
published RCTs of SI in preterm neonates, the results of 
which can be used to assume a provisional conclusion on 
its efficacy and safety. The recently concluded multicenter 
international trial, the SAIL trial [12], compared IPPV and 
SI in extremely preterm infants with BPD and death as pri-
mary outcomes (details below).

One of the main concerns that has arisen in regard to SI 
is the safety of this maneuver, and specifically the risk for 
air leaks.

In the Italian SLI trial (Lista et al.) [13], there was a 
higher but nonsignificant incidence of pneumothorax 
in very preterm infants (25–29 weeks of gestational 
age) who underwent SI, in respect to the control group. 
Similar findings in a population of late preterm infants 
characterized the study of Mercadante et al. [14]. In both 
these trials, SI was performed regardless of respiratory 
status, and infants belonging to the SI arm received this 
procedure prophylactically. Nevertheless, of note, in the 
SLI trial the incidence of pneumothorax occurred at a 
median age of 70 h. It is possible, then, that other fac-
tors influenced the incidence of air leaks (i.e., surfactant 
administration timing). It must be underlined that if SI 
is effective, it dramatically changes lung mechanics and 
therefore neonatologists have to be very careful in setting 

the respiratory parameters. Theoretically, it is possible 
that the caregivers may not have paid enough attention 
to this issue and this could explain the tendency toward 
increased incidence of air leaks and pneumothorax in 
the following days. In addition, the last Cochrane Review 
[15] did not mention in the main results any concerns 
about air leaks or pneumothorax related to SI.

Harling et al. [16] enrolled 52 preterm infants to receive 
either a 5-s SI or a 2-s conventional lung inflation (IPPV). 
They collected bronchoalveolar lavage fluid immediately 
after intubation and after 12 h, and then they measured 
cytokine concentration. They did not find any significant 
differences between the two groups, neither in cytokine lev-
els nor in other clinical outcomes (mortality, BPD).

te Pas and Walther randomized 207 preterm infants 
comparing two DR protocols. SIs (10-s inflation with 
20 cmH2O, which could be increased to 25 cmH2O for 
another 10 s depending on individual response) were 
delivered with a T-piece via nasopharyngeal tube, and nasal 
CPAP was started after 1–2 SIs. In the control group, infants 
were treated with IPPV via self-inflating bag and facemask, 
and CPAP was not used in the DR. The primary outcome 
was the need for mechanical ventilation in the first 72 h 
of life, which was significantly lower in the SI group. Sur-
factant was administered less in the SI arm, and moder-
ate–severe BPD rate seemed to favor the SI-treated infants. 
However, as these protocols were a package of interven-
tions, it is difficult to isolate the individual effect of SI on 
clinical outcomes [17].

Two systematic reviews about the use of SI in preterm 
infants have been recently published [15,18].

Schmolzer et al. found a significant reduction in the 
intubation and need of mechanical ventilation rate in the 
first 72 h of life in SI groups, with no differences in mortal-
ity, BPD rate, IVH, or air leaks.

The last Cochrane Review did not find any significant 
difference in terms of mortality or BPD, but only in the 
duration of MV, which was shortened in the SI group. The 
authors concluded suggesting caution in the interpretation 
of this result, as it could be influenced by study characteris-
tics other than the intervention.

Preliminary data from the SAIL trial showed an excess of 
early deaths (<48 h of age) in the SI arm (7.5% vs. 1.4%) 
but no difference in pneumothorax and intraventricular 
hemorrhage in extremely preterm infants (23–26 weeks 
gestation) who required resuscitation at birth. DSMB upon 
review halted the trial for harm after recruiting 460 infants 
(out of a total desired sample of 592). The detailed analy-
sis of the early mortality causes still needs to be clarified 
in order to understand which could be the possible link 
between SI and early death. Anyway long-term outcome 
(death and BPD occurrence) were similar between SI and 
control group. According to the results of the SAIL trial and 
the SLI trial, it seems that further researches are warranted 
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to better understand the effect of SI and its use in delivery 
room management of preterm infants with signs of RDS or 
at risk of respiratory failure.

Current recommendations

Given the current evidence available, SI seems to be a prom-
ising technique to optimize neonatal transition after birth. 
However, it must be considered still an experimental therapy, 
as there is insufficient data to advocate its use in clinical set-
tings. The latest ERC guidelines on neonatal resuscitation 
argue against the routine use of initial SI for preterm infants 
without spontaneous respiration immediately after birth, but 
allow SI to be considered in individual clinical circumstances 
or research settings [19]. However, they recommend main-
taining the initial pressure for 2–3 s for the first five positive 
pressure inflations during resuscitation.

Despite the lack of strong evidence, we suggest some key 
practical points for performing SIs in the delivery room. 
The parameters are chosen according to those set in clinical 
studies.
•	 Peak pressure: It would be desirable to start with 

20–30 cmH2O according to gestational age.
•	 Duration of SI: It ranges from 5 to 20 s. Animal 

studies have shown that inflations lasting less  
than 5 s are not effective to clear the fluid from the 
lungs.

•	 Number of SIs: There is no consensus about it. Most 
clinical studies have performed 1–3 SIs, with different 
approaches in terms of delivered pressure (same peak 
pressure for the all SIs or progressively increased peak 
pressures from 20 to 25 cmH2O if no response was 
obtained after the first maneuver).

•	 Time between SIs: Even if there is lack of evidence 
regarding this aspect, it is reasonable to suggest to  
leave enough time between one SI and the next one  
to observe the infant’s response. However,  
observation time should be limited to avoid 

reducing the efficacy of the second SLI due to airway 
obstruction.

•	 Monitoring of SI’s efficacy: Verifying the effects of SI 
in real time remains quite challenging in the delivery 
room. As chest expansion could be difficult to evaluate, 
the efficacy of the SI maneuver should be judged based 
on heart rate and SpO2 response. The routine use of 
devices targeted at the measurement of respiratory 
patterns and tidal volume and/or end-tidal CO2 may 
be helpful to verify the efficacy of this intervention 
as well.
It is indeed clear that further evidence from well-

designed RCTs is needed to determine in more detail how, 
and in which clinical circumstances, SI should be used.

Unresolved issues about SI

At present, there are still several aspects of SI that need to 
be better clarified in order to recommend the use of this 
maneuver as a routine care procedure.
•	 What is the ideal and safest SI peak to deliver?
•	 What is the ideal duration of SI?
•	 What is the optimal number of SIs to perform?
•	 Might we use different parameters for different GA?
•	 Should SI be used as a prophylactic or rescue maneuver?
•	 What is the role of spontaneous breathing on the 

efficacy of SI?
•	 How can the SI maneuver be monitored and how can 

it be tailored to individual response?
•	 What is the best interface to deliver SI?
•	 Should surfactant replacement therapy be administered 

prior to, or after, SI?
•	 Is SI use feasible in asphyxiated infants?
•	 How can we minimize the risk of air leak related to SI?
•	 What are the effects of SI on tissue oxygenation 

(cerebral, pulmonary, cardiac, etc.)?
•	 Does SI have a significant impact on relevant clinical 

outcomes (death, BPD, etc.)?
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Introduction to Lung Mechanics
Jegen Kandasamy, MD, Namasivayam Ambalavanan, MD

Introduction

The primary function of the respiratory system is transla-
tion of neural output into mechanical events that allow air 
to flow in and out of the lungs and facilitate gas exchange at 
the alveolar–vascular interface [1]. The conversion of force 
generated by respiratory muscles into pressure changes 
across the respiratory system is dependent on the mechani-
cal characteristics of the respiratory system. Tidal changes 
in lung volume are created by stretching elastic compo-
nents in the respiratory system, and resistive elements in 

the airway and lung tissue are overcome to create flow of 
air through the respiratory tree. This chapter will detail the 
mechanical characteristics of the respiratory system, their 
interactions with one another, and their role in the func-
tion of the neonatal respiratory system during various dis-
ease states.

Overview of respiratory mechanics

The mechanical elements of the respiratory system can be 
described as consisting of a pump and a load. The pump 
is made up of structures in the thoracoabdominal wall 
including the ribs, sternum, and the muscles of inspira-
tion and expiration. The load that the respiratory pump 
acts on consists of the elastic and resistive properties of 
the chest wall, lungs, and airways. Elastic recoil of the 
chest wall and the lungs are opposing forces that deter-
mine the resting (end-expiratory) volume of the respira-
tory system (Fig. 6.1). At this point of the respiratory cycle, 
the inwardly directed elastic recoil of the lung is balanced 
by the elastic recoil of the chest wall which is directed 
outward to create a small negative intrapleural pressure 
(Ppl) of −3 to −6 cm H2O with respect to the atmospheric 
pressure (Patm) which is assumed to be zero in this setting. 
The volume of air left in the alveoli at the end of normal 
expiration largely depends on the magnitude of this nega-
tive Ppl (see Section: Elastic properties of the respiratory 
system).

In this resting state, the pressure at the airway open-
ing (Pao) as well as the alveolar pressure (Pal) are both at 
equilibrium with Patm and therefore zero as well. During 
inspiration, the respiratory muscles contract to expand 
intrathoracic volume. This outward chest wall movement 
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decreases Ppl further and expands the alveoli and termi-
nal airways. This creates a pressure differential between 
Pao (which remains zero) and Pal (which is now negative) 
that drives air into the lungs. At the end of inspiration, 
the respiratory muscles relax and the chest wall collapses 
inward. This increases Ppl back to its baseline and releases 
the expansionary force placed on the alveoli that recoil 
back toward their resting volume. The positive Pal created 
in this process overcomes the resistance to flow created by 
the terminal airways and forces air out of the lungs, thereby 
completing the cycle and returning the respiratory system 
to its resting state [2–4].

The pressure differential that opens the alveoli (Pal − Ppl) 
and the driving pressure for airflow (Pao − Pal) are both 
required to create the volume and airflow changes neces-
sary to permit normal respiration. The total pressure that 
is required to drive respiration—referred to as the transpul-
monary pressure (Ptp)—is traditionally Palv − Ppl (difference 
between alveolar pressure and pleural pressure), but as we 
can more readily measure alveolar opening pressure (Pao) 
but not Palv, which approximates Palv at end inspiration, Ptp 
is usually estimated Pao − Ppl (difference between airway 
opening pressure and intrapleural pressure).

Physical principles of respiratory 
mechanics

The mechanical properties that determine lung volume 
and airflow changes through the respiratory system during 
inspiration and expiration in the manner described earlier 
are elastance, conductance, and inertance [5]. Elastance is 
the tendency of a hollow organ to recoil to its initial size 
after removal of the distending pressure. Elastance of the 
entire respiratory system includes the elastance of the chest 
wall and that of the lungs. Compliance is the reciprocal of 
elastance and measures distensibility. It is defined as the 
change in volume (V) of a hollow organ per unit change in 
the distending pressure (P).

= ∆ ∆C V PCompliance ( ) /

Respiratory conductance represents the instantaneous 
amount of airflow in the lungs (Q), defined as the volume 
of air moved per unit time (t) per unit amount of pres-
sure difference between the airway opening and the alve-
oli. Resistance, which measures the impedance to airflow 

Compliance   (C)=∆V/∆P

Fig. 6.1 The Resting State of the Respiratory System. Atmospheric pressure is assumed to be 0 mmHg in lung mechanics. 
Functional residual capacity is generated by the negative intrapleural pressure created by the opposing recoils of the chest wall and 
the lung.
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offered by the tissues of the respiratory system, is the recip-
rocal of conductance.

= ∆ = ∆R P dV dt P QResistance ( ) /( / ) /

The total pressure difference that is required to overcome 
inertia during motion in the respiratory system and acceler-
ate airflow is called total respiratory inertance.

= ∆I P dQ dtInertance ( ) / /

Very minimal pressure is required to accelerate airflow 
through the respiratory tract. Respiratory system inertance 
becomes a significant factor only when respiratory fre-
quency is as high as those used in high-frequency ventila-
tion; during tidal breathing and conventional ventilation, 
this factor can be safely ignored [6].

Lung mechanics can be highly heterogeneous and vary 
in different regions, especially during disease states. How-
ever, a single-compartment model can be used to simplify 
the various concepts of lung mechanics [7]. In one such 
model (Fig. 6.2), the alveolar compartment (with a volume 
of V) is represented by a pair of canisters that slide against 
each other and are connected to each other by a spring with 
elastic recoil of E and a resistive element Rt. The spring rep-
resents the elastic recoil (elastance) stored in the respiratory 
system when it is stretched beyond its resting volume. This 
recoil is used by the respiratory system for lung deflation 
during expiration which is usually passive during normal 
tidal breathing and does not require additional work by 
the respiratory pump. Rt represents the resistance to airflow 
offered by the tissues that make up the lungs and the chest 
wall (viscous resistance). Inflow to this system is through 
a tube that represents the airways and offers its own resis-
tance (Raw) to airflow.

The pressures required to overcome elastance (Pel) and 
resistance (Pres) and allow ventilation to proceed during 

each breath can be obtained by rearranging and adding the 
first two equations mentioned previously.

= + = +P P P V C R Q/ *total el res

Ptp which was described in the previous section and Ptotal 
represent the same entity, namely the pressure that needs to 
be generated by the respiratory pump to overcome respira-
tory system elasticity and resistance (offered by the airways 
as well as lung tissue) and allow ventilation to proceed 
unimpeded. These mechanical concepts can be summed 
up into one equation, which is referred to as the equation 
of motion for the respiratory system.

= − = + =
+

+

P P P P P E V
R Q

R Q

* (pressure required to
overcome elastance) * (pressure required to overcome
viscous or tissue resistance) * (pressure required to
overcome airway resistance)

tp ao pl el res

t

aw

or more simply,

= + +P E V R Q R Q* * *tp t aw

Airflow in the respiratory system is terminated when Pao 
equilibrates with Pal. The time taken for this pressure equili-
bration to be achieved determines the rate of emptying and 
filling of alveoli and therefore determines the duration of 
a single breath. If all respiration was passive and the lung 
an ideal single-compartment model, the rate of filling or 
emptying of the lung can be determined using its compli-
ance and resistance to calculate the time constant of the 
respiratory system (τ) [8].

τ = × = ∆ ∆ ∆ = ∆C R V P P Q V Q/ * / /

In other words, τ is the rate of change of volume for a 
given airflow rate within the idealized respiratory system. 
Based on this model, lung inflation and deflation is an 
exponential process that is 63% complete after one τ, 87% 
complete after two τ, and almost fully complete after three 
time constants (95%) have elapsed (Fig. 6.3). Smaller τ 

Resistance   (R)=∆P/(dV/dt)=∆P/Q

Inertance   (I)=∆P/dQ/dt

Ptotal=Pel+Pres=V/C+R*Q

Ptp=Pao−Ppl=Pel+Pres=E*V   (pres-
sure   required   toovercome   elastance)+
Rt*Q   (pressure   required   to   overcom-
eviscous   or   tissue   resistance)+Raw
*Q   (pressure   required   toovercome   air-
way   resistance)

Ptp=E*V+Rt*Q+Raw*Q

τ=C×R=∆V/∆P*∆P/Q=∆V/Q

Fig. 6.2 An Idealized Single-Compartment Model of the 
Respiratory System. V represents lung volume, E represents 
elastance of the lung, and Rt and Raw represent resistance of 
the lung tissue and airway, respectively.

Fig. 6.3 Changes in Lung Pressure for Every Time 
Constant That Elapses in a Single Breath.
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values allow for quicker Pao − Pal equilibration and com-
pletion of the respiratory cycle and correspondingly faster 
respiratory rates. Studies have shown that the respiratory 
rates of various animal species correlate closely with their 
τ values. Larger mammals have longer τ and slower respira-
tory rates and smaller bird species have shorter τ and faster 
rates [9]. The τ varies in infants with various respiratory 
diseases. Knowledge of these variations can help clinicians 
determine the appropriate inspiratory time (I-time) and 
respiratory rate that will permit lung inflation and deflation 
to be fully complete with every breath. Since inspiration 
is an active process, it is not strictly a linear time-invari-
ant model and time constants often overestimate the time 
lungs take to inflate.

Energy is expended for the work of the respiratory 
pump that moves air through the respiratory system. The 
total work (force × displacement) done by the respi-
ratory system over a single breath can be derived from 
the pressure required (the force component) to effect 
changes in the volume of the respiratory system (the dis-
placement component). Assuming that work of breath-
ing is constant for every breath, work of breathing per 
minute can be calculated if the respiratory rate (RR) is 
known [5].

P V
Work of breathing/minute work of breathing/breath
*RR * *RR

=
= ∆ ∆

As illustrated in Fig. 6.5, energy is required for work 
done to overcome elastic forces (portion ABCA) and resis-
tive forces during inspiration (ADCA) as well as for resis-
tive work during expiration (ACEA). Most of the work 
required to overcome the frictional airway and tissue resis-
tive forces is dissipated as heat. Under conditions of nor-
mal tidal breathing, the expiratory phase is non-energy 
requiring and passive. However, during pathologic states, 
such as airway obstruction that lead to flow limitation, 
expiration can require active contraction of the abdomi-
nal wall and internal intercostal muscles, a process that 
consumes energy and increases work of breathing, as is 
often noted in infants with bronchopulmonary dysplasia 
(BPD) [10].

Newborn infants have high respiratory rates and work 
of breathing due to their smaller body sizes [11]. They have 
high body surface area to volume ratios due to which they 
lose heat excessively through the convective and evapora-
tive routes, a phenomenon that is more severe in prema-
turely born infants. Increased metabolic rates are therefore 
necessary to generate more heat to maintain their body 
temperature. To sustain such high metabolic rates, their 
oxygen consumption needs be increased, which requires 
increased minute ventilation (tidal volume × RR). Since 
their small lung volumes prevent them from being able to 
greatly increase their tidal volume, newborn infants achieve 
higher minute ventilation by breathing at faster rates which 
increases their work of breathing significantly. However, 
when corrected for such high metabolic rates, newborn 
infants have similar work of breathing when compared to 
adults [12].

W o r k    o f    b r e a t h i n g / m i n u t e = w
ork   of   breathing/breath*RR=∆P*∆V*RR

Clinical scenario 1
A 7-day-old 26-week gestational age (GA) newborn 
infant who is being mechanically ventilated is noted to 
have metabolic acidosis on the latest blood gas. The 
nurse also tells you that the infant has been hypoten-
sive and responded minimally to vasopressors. When you 
review the previous blood gases you notice that in the 
last 4 h the infant had respiratory acidosis and that his 
ventilator rates were increased to correct this, without 
much success. You notice the flow waveform on the 
ventilator that is shown in Fig. 6.4A. What is the cause 
of this infant’s worsening blood gases, how can this be 
confirmed, and what corrective and preventive measures 
can be taken?

Answer
The ventilator waveform depicts incomplete emptying of 
the lungs during expiration (Fig. 6.4B). As discussed ear-
lier, any increase in the time constant can increase the time 
required to complete exhalation. Mucus plugs can obstruct 
endotracheal tubes (ETTs), increase airway resistance, and 
increase τ values. If respiratory rates are increased without 
ensuring that the inspiratory time:expiratory time (I:E) ratio 
is appropriate to allow expiration to be complete, breaths 
can “stack” and cause air trapping in the lungs. This can 
create increased positive pressure on the mediastinal 

structures, such as the right heart, and reduce venous fill-
ing and cardiac output leading to metabolic acidosis. Pay-
ing attention to the ventilator flow waveforms to ensure 
that adequate time is being provided for exhalation to be 
complete will allow for quicker detection of this phenom-
enon. Other clues could be a measured positive end-expi-
ratory pressure (PEEP) on the ventilator that is higher than 
the “set” PEEP (so-called “auto”-PEEP), and chest X-ray 
findings of flattened diaphragms and horizontally aligned 
ribs that indicate overdistended lungs. Decreasing the I-time 
can increase lung emptying and tidal volume changes and 
decrease the hypercarbia and respiratory acidosis. When 
lungs are overdistended, increasing lung emptying will also 
relieve right heart pressure and improve cardiac output and 
oxygenation.
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Mechanics of the respiratory pump

All the mechanical work that is required for breathing is per-
formed by the structures that make up the respiratory pump 
which is comprised of the inspiratory and expiratory mus-
cles that act like levers and the skeletal and connective tissue 
structures of the thoracoabdominal cage that function like a 
fulcrum around which respiratory motion occurs (Fig. 6.6).

Muscles of inspiration
These include the diaphragm and the external intercos-
tal muscles. The diaphragm is the primary generator of the 
pressure changes required for inspiration. Its muscle fibers 
originate from the lumbar spine, the xiphoid process of the 
sternum, and lower six rib pairs and insert into a central ten-
don that is pulled downward and forward during contraction 
of the diaphragm. This downward motion of the diaphragm 
increases the anteroposterior and vertical dimensions of the 
thorax, generates negative Ppl, and causes air to flow into the 
lungs [13]. The area of the lowermost rib cage that is in direct 
contact with the diaphragm is called the appositional area. 

Fig. 6.4 (A) and (B) show a waveform with incomplete expiration that when unrecognized can lead to auto-PEEP.

Fig. 6.5 A Typical Dynamic Pressure–Volume (PV) Plot 
That Illustrates Work of Breathing. The area shaded in 
gray (ADCA) represents the work done to overcome resistance 
during inspiration, while the yellow-shaded areas represent 
work done to overcome elastic forces during inspiration 
(ABCA) and to overcome resistive forces during expiration 
(ACEA). Also, note that lung volumes at any given pressure are 
higher during expiration than inspiration (hysteresis).
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The larger this area, the greater is the ability of the diaphragm 
to expand intrathoracic volume. A larger zone of apposition 
also allows the increased intra-abdominal pressure generated 
by the downward diaphragmatic movement to be transmit-
ted more efficiently to the chest wall. This effect “splints” the 
chest wall and increases its outward motion during inspira-
tion [14]. The tension generated by a muscle fiber is directly 
proportional to its initial length. Diaphragmatic flattening, 
often caused by overdistended lungs, shortens the diaphrag-
matic muscle fibers and decreases its contractile strength.

At birth, the diaphragm has a low muscle mass and is 
composed of fewer fatigue-resistant fast-oxidative fibers 
(10% at 24 weeks, 20% at term gestation) compared to the 
adult (60%), though its dimensions increase rapidly with 
postnatal growth and body weight gain [1,15,16]. There-
fore, the newborn’s diaphragm has low contractile strength. 
Despite these disadvantages the newborn’s diaphragm can 
generate pressures that are adequate for tidal breathing. Dur-
ing the first several breaths after birth, negative intrapleural 
pressures as high as 100 cm H2O are achieved when the 
newborn cries. In addition, tidal Ppl swings during normal 
respiration are similar in magnitude (5–7 cm H2O) to that 

generated by older infants and adults [17]. This is made pos-
sible by the mechanical laws that govern the motion of con-
tractile spherical structures. For a given radius of curvature 
(r), the pressure generated (P) by a spherical structure with 
wall tension (T) is given by the law of Laplace as follows:

=P T r2 /

According to this principle, the pressure generated by 
the newborn’s diaphragm with its small radius of curva-
ture is higher for any given wall tension than the adult’s 
diaphragm whose radius of curvature is larger. In addition, 
any such pressure generated by the neonatal diaphragm is 
also applied to a proportionally smaller thoracic area when 
compared to older children and adults. Recent studies have 
also shown that muscle fiber composition does not always 
correlate well with diaphragmatic fatigability and that the 
neonatal diaphragm can indeed generate high pressures 
when required [9]. In the absence of other pathology, these 
factors allow the diaphragm of even the most premature 
infant to function without being fatigued for long periods 
of time. Therefore, diaphragmatic function is usually not a 
limiting factor in the neonatal respiratory system.

P=2T/r

Fig. 6.6 Mechanics of Neonatal Breathing Compared to Breathing in Older Children and Adults. Copyright: Satyan 
Lakshminrusimha.
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The external intercostal muscles run between ribs and 
slope downward and anteriorly. Due to their course in the 
intercostal spaces and the angular inclination of the ribs in 
the thoracic cage, external intercostal muscle activity is great-
est in the dorsal portions of the anterior intercostal spaces. 
During contraction, they elevate the ribs and pull them to 
a more anterior position to increase the lateral and antero-
posterior diameters of the thorax. This stabilizing action of 
the intercostal muscles minimizes the inward collapse of the 
highly compliant neonatal chest wall with diaphragmatic 
contraction. They also reduce diaphragmatic shortening and 
improve its mechanical efficiency [18]. However, in the new-
born, the intercostal muscles run a shorter distance from 
their origin on the upper rib to their insertion to the lower 
rib reducing their length and therefore their contractility 
when compared to adults. In addition, newborns, especially 
premature infants, spend 80% of their sleep in the rapid eye 
movement (REM) phase; they also sleep longer (>18–20 h/
day). During this sleep phase, intercostal muscle tone is 
subjected to both phasic and tonic inhibition which causes 
these muscles to become inactive and significantly decreases 
chest wall stability and movement in the newborn [19].

Muscles of expiration
Expiration is mostly passive. However, during conditions 
that cause airflow obstruction, the muscles of the abdominal 
wall—the internal and external oblique as well as the rectus 
and transversus abdominis—contract to raise intra-abdom-
inal pressure and push up the diaphragm to cause forced 
expiratory flow [20]. The internal intercostal muscles which 
run between ribs in the opposite direction to the external 
intercostals also contract to cause the ribs to move down-
ward and inward to decrease thoracic volume. Their con-
traction also stabilizes the chest wall and prevents it from 
moving forward when expiration is actively forced [18].

Chest wall
At birth, the ribs articulate at almost right angles to their 
corresponding vertebral bodies. This creates a circular tho-
racic configuration in which the diaphragm is flatter and 
operates over a less efficient portion of its force–length 
curve. The rounded shape of the infant thorax also leads 
to a decreased surface area of the zone of apposition. Due 
to this, there is inefficient transmission of intra-abdominal 
pressure that is generated during inspiration to the thorax. 
In addition, the newborn’s chest wall is made of pliable 
ribs, thin muscles, and is primarily cartilaginous rather 
than skeletal in composition. These features are even more 
pronounced at lower GAs, which causes the preterm new-
born’s chest wall to be highly compliant and paradoxi-
cally move inward when Ppl becomes more negative during 
inspiration. Therefore, the premature infant’s inspiratory 

muscles need to work harder to generate additional nega-
tive pressure in the intrapleural space to achieve adequate 
tidal volumes. The newborn attempts to improve chest wall 
stability during such conditions by recruiting the acces-
sory muscles of inspiration, such as the scalene muscles, 
sternomastoids, and alae nasae. The active contraction of 
these muscles is responsible for the characteristic signs of 
respiratory distress that are often noted in young infants, 
such as sternal and intercostal retractions and head bob-
bing [21]. This abnormally high chest wall compliance 
(Ccw) is one of the most important factors that prevent pre-
mature infants from being able to establish normal lung 
function. Ccw slowly decreases in infancy and lung compli-
ance (Cl) which is low at birth increases with age. Ccw and 
Cl become nearly equal by 2 years of age [22].

Clinical scenario 2
The nurse taking care of a mechanically ventilated infant 
informs you during morning rounds that turning him to 
the prone position improves the infant’s oxygenation. The 
student physician on rounds with you wants to know the 
physiologic mechanism behind this phenomenon. While 
you both are at the infant’s bedside you notice that the 
infant’s oxygen saturation is decreasing again and he 
requires increased ventilator settings to improve his oxygen-
ation. Why would prone positioning cause only a transient 
improvement of this infant’s oxygenation?

Answer
Newborn infants have a thin anterior abdominal wall muscu-
lature that can accommodate a large volume without gener-
ating much intra-abdominal pressure. In addition, the lower 
appositional area of the diaphragm reduces intra-abdominal 
pressure transmission to the diaphragm. These two factors 
lead to insufficient expansion of the lower ribs and decrease 
the mechanical efficiency of inspiration. In the prone posi-
tion, the protuberant infant’s abdomen is effectively splinted, 
leading to increased intra-abdominal pressure generation that 
causes increased diaphragmatic efficiency and improved ven-
tilation overall. Additionally, the superior (anterior) diaphragm 
moves better in the supine position when compared to the 
inferior (posterior) diaphragm, but perfusion is preferentially 
directed to the dependent portions of the lungs (the inferior 
regions). This creates increased ventilation–perfusion (mis-
match) and decreased oxygenation. When the infant is turned 
to the prone position, the posterior diaphragmatic portion is 
now able to move better leading to better ventilation and per-
fusion, though any such effect is likely to be transient since 
prolonged prone position will tend to lead to better perfu-
sion in the anterior (and now inferior) regions of the lung. A 
recent study of prone positioning (which is commonly done 
for infants in neonatal intensive care units) showed that there 
are no consistent short- or long-term benefits from this prac-
tice for infants with respiratory distress syndrome (RDS) [23].
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Elastic properties of the respiratory 
system

Elastic properties of the alveoli, chest wall, and airways 
determine changes in lung volume for a given amount of 
pressure in the respiratory system [24]. The slope of a pres-
sure–volume (PV) curve between Ptp measurements made 
in a lung that is distended to various known volumes of 
air represents the static compliance of the lung (Cl). Slopes 
of PV plots of lung volumes against transthoracic pressure 
(the difference between Ppl and Patm) represent the com-
pliance of the chest wall (Fig. 6.7). Similarly, the slope of 
a plot of the difference between Pao and Patm against lung 
volumes represents the compliance of the entire respira-
tory system (Crs) [25]. Cl-dyn measurements can closely 
approximate static compliance measurements. PV plots are 
available on most modern ventilators and can be useful to 
calculate dynamic compliance of the lung (Cl-dyn) in the ven-
tilated infant [26,27].

For any given pressure on a dynamic PV plot, lung vol-
ume is always greater during deflation than during inflation 
(Fig. 6.2). This implies that lung compliance is greater dur-
ing expiration than inspiration. This phenomenon is called 
hysteresis and is commonly observed in nonlinear systems, 
such as the lungs, which have different mechanical proper-
ties during different states of operation. Hysteresis can be 
exaggerated in the preterm newborn due to abnormally 
high expiratory air trapping within the lungs [28]. This is 
because negative Ppl is required during end-expiration to 

maintain the patency of smaller airways that lack the car-
tilaginous support available in the walls of the larger air-
ways. Since premature infants cannot generate adequate 
negative Ppl due to their high Ccw, they are often unable to 
maintain smaller airway patency in the dependent regions 
of the lung during end-expiration. This leads to incomplete 
expiration and increases lung closing volumes (maximal 
lung volume at which airway closure can be detected in the 
dependent parts of the lungs). This process can worsen fur-
ther at higher breathing frequencies since expiratory time 
is reduced at such high frequencies leading to increased air 
trapping.

Functional residual capacity (FRC) of the lung is defined 
as the volume of air that is in communication with the 
upper airway at end-expiration. FRC is low in preterm 
infants, since they are unable to create negative Ppl which 
is also required to establish an adequate FRC [29,30]. The 
low FRC of preterm infant lungs causes them to operate 
at a significant mechanical disadvantage. As shown in 
Fig. 6.8, dynamic PV plots of the normal lung assume a 
sigmoidal shape. Therefore, the slope of these plots is high-
est (and compliance is optimal) when lungs are inflated 
and deflated within the range of their FRC. Underinflation 
and atelectasis (low FRC) or air trapping and overexpan-
sion (high FRC) both cause Cl-dyn to shift to the ends of the 
sigmoidal curve where it is low.

Preterm infants use several corrective measures that 
attempt to limit FRC loss. These include post-inspiratory 
activation of the diaphragm which can terminate expira-
tion before it is complete, high respiratory rates with a short 
expiratory time that increases alveolar air trapping even in 

Fig. 6.8 Pressure–Volume Curves at Different Levels of 
FRC. Underinflated lungs and overdistended lungs both lead to 
poor lung compliance.

Fig. 6.7 Static Pressure–Volume Curves of the Newborn 
Respiratory System. Lung compliance is very low and chest 
wall compliance is much higher than in adults. Respiratory system 
compliance which is the sum of these two compliances is low.
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nondependent areas as well as expiratory braking of the 
glottis that generates additional PEEP and is responsible for 
the characteristic grunting that is associated with premature 
infant breathing [31].

The pattern of low FRC and higher closing volumes 
seen in premature infants is the inverse of that seen in 
older children and adults and is associated with clinical 
consequences that include atelectasis, increased ventila-
tion–perfusion mismatch, and hypoxia. Lung compliance 
corrected for FRC is referred to as specific compliance. 
Specific compliance increases rapidly in the days after the 
newborn is born and approaches adult values, as intra-
alveolar pulmonary fluid is resorbed and replaced by air 
[32]. Specific compliance values are much lower in pre-
term infants than in older infants and adults despite their 
low FRCs since their lung compliance is disproportion-
ately lower.

While low FRC is usually the cause for their abnormally 
low Cl-dyn, premature infants ventilated at high respiratory 
rates can also have increased, rather than decreased FRC, 
as the cause for decreased dynamic lung compliance. This 
is because their developing lungs are still immature and 
have high heterogeneity of time constant values in different 
regions and air trapping can occur in regions of the lung 
with longer time constants, a phenomenon referred to as 
frequency dependence of dynamic compliance.

In addition to these dynamic factors, physical com-
ponents of the lung architecture also play a major role 
in determining lung compliance. These include surface 
tension forces in the alveoli, interstitial and intra-alve-
olar fluid content (which is usually not a major influ-
ence on lung compliance beyond the first several hours 
to days of life), and the amount of elastic connective tis-
sue in the lung. At birth, the airways and the alveoli of 
the lung contain a larger amount of elastic tissue with 
correspondingly higher amounts of collagen and elastin. 
With postnatal growth and maturation, connective tissue 
volume in the lung decreases and alveolar membranes 
become thinner which allows the lung to become more 
compliant [33].

The most important determinant of lung compliance 
is the physical force of surface tension (ST). The alveolus 
can be considered a spherical structure with an air–fluid 
interface covering its interior surface. At this interface, the 
polar molecules of water that line the alveolar epithelium 
are attracted more strongly to each other than to the mole-
cules of the gases in the air that they interface with. This can 
lead to alveolar contraction and volume reduction that can 
become severe enough to cause lung atelectasis. Based on 
the law of Laplace discussed earlier, an alveolus with radius 
r would require a distending pressure that is equal to ST/r 
to counteract these inward-directed surface tension forces. 
As can be deduced from this relationship, the smaller the 
alveolar size, the higher the pressure that is required to keep 

it open. This surface tension effect causes the alveoli to have 
a strong tendency to collapse when their radius is small, 
a state that exists during expiration. Therefore, unopposed 
surface tension forces would cause alveoli to become atel-
ectatic at end-expiration. At the beginning of inspiration, 
these collapsed alveoli would require high pressures to be 
generated through increased work by the respiratory pump 
to air to reopen and allow gas exchange to be carried out 
(Fig. 6.9).

The increased work of breathing that is required to 
overcome surface tension–induced atelectasis can over-
whelm the respiratory system and lead to respiratory 
failure [24]. Type II alveolar epithelial cells produce a 
surface-active phospholipid called surfactant that coun-
teracts and reduces the effects of surface tension in the 
alveoli and terminal airways. Its structure has hydrophilic 
ends that coat the surface of water molecules and prevent 
cohesive forces from bringing them closer to each other 
and lower surface tension. As the alveoli reduce in size 
during expiration, surfactant molecular density increases 
and its effectiveness increases when surface tension 
effects are at their highest in the air–fluid interface that 
lines the alveolar inner surface. In addition, when the 
alveoli expand during inspiration, surfactant function is 
reduced, leaving residual surface tension that is required 
to prevent alveolar overdistension.

Fig. 6.9 Illustration of Laplace’s Law. An alveolus of radius r 
requires a distending pressure equal to surface tension (T)/r to 
counteract inward-directed surface tension forces. Smaller the 
alveolar size, the higher the pressure that is required to keep it 
open. Copyright: Satyan Lakshminrusimha.
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Clinical scenario 3
A premature female newborn born at 26 weeks GA who is 
currently 3 days old and was stable on the ventilator until 
this morning suddenly develops abdominal distension. Her 
chest X-ray is unchanged since the last film, but an abdomi-
nal plain film shows moderate pneumoperitoneum and 
portal venous air. She has never been fed enterally. While 
you are considering the diagnosis of spontaneous intesti-
nal perforation (SIP), her nurse informs you that she now 
has poor chest rise, decreased saturations, and metabolic 
acidosis. She requires increased mean airway pressure and 
vasopressors to improve her respiratory and hemodynamic 
status. What principle of respiratory mechanics could best 
explain this scenario?

Answer
CCW also forms part of the total respiratory system com-
pliance. Airway pressure (Paw), Cl, and CCW determine Ppl 
according to the following equation:

= +P P C C C*( / )
pl aw l l CW

Therefore, in situations where Paw is constant but CCW is 
low and Cl is unchanged, Ppl is increased. Since Ppl is trans-
mitted to mediastinal structures, this can lead to increased 
pressure on the right side of the heart, decreased venous 
return, and metabolic acidosis. At least 50% of intra-
abdominal pressure is transmitted upward through the 
diaphragm to the thorax which can decrease chest wall 
movement and cause decreased CCW [3,34]. This is most 
likely the phenomenon that caused poor chest wall move-
ment in the premature infant in this scenario. Infants with 
abdominal distension and increased intra-abdominal pres-
sure from any cause (common examples include NEC, 
SIP, postsurgical states after repair of CDH, omphalocele, 
or gastroschisis) are prone to this issue. Therefore, such 
infants should be monitored for signs of respiratory and 
hemodynamic compromise and treated accordingly by 
increasing Paw and correction of their hemodynamic status 
if required.

Ppl=Paw*(Cl/Cl+CCW)

Deficiency of surfactant leading to increased surface ten-
sion within the alveoli and the highly pliant chest wall that is 
unable to prevent the resultant alveolar collapse are the pri-
mary causes of the decreased FRC and the resultant RDS that 
is often seen in prematurely born infants in the first several 
days after birth [35]. Atelectotrauma (alveolar injury caused by 
repeated expansion of collapsed alveoli) can inactivate the 
small volume of surfactant that is available in their lungs [36]. 
Lung function impairment due to these factors can be attenu-
ated by two major interventions: administration of exogenous 
surfactant, or the application of continuous positive airway 
pressure (CPAP) to minimize loss of FRC and to prevent atel-
ectotrauma and surfactant inactivation.

Resistive properties of the 
respiratory system

Unlike compliance which can be static or dynamic, resis-
tance—which represents the impediment to airflow offered 
by the airways and lungs—is relevant only as a dynamic 
mechanical property of the respiratory system. When respi-
ratory system resistance (Rrs) is increased, the Pao − Pal pres-
sure differential needs to be greater to allow airflow into 
the alveoli. Generation of this increase in pressure differ-
ential increases the work of breathing; 80% of Rrs in adults 
is due to the frictional resistance of the airways while lung 
tissue (viscous) resistance is responsible for the remainder. 
Due to their thicker alveolar walls, denser pulmonary con-
nective tissue, and increased interstitial and alveolar fluid, 
viscous resistance is a higher fraction of Rrs in the newborn 
(up to 40%).

In newborn, 60% of Rrs resides in the airways. The nasal 
passages are the major site of airway resistance (Raw) in the 
newborn (60%). Alae nasal muscle contraction leading to 
nasal flaring is often seen in infants with respiratory dis-
tress who attempt to decrease Rrs through this mechanism. 
Almost all the remainder of Raw is attributable to the glottis 
(10%) and the proximal generations of the trachea–bron-
chial tree (20%). Though newborn infants have lower spe-
cific resistance (Rrs/FRC) when compared to adults, their 
narrow airways make them prone to significant airflow 
limitation even with minor airway obstructions. Despite 
their smaller individual size, the distal and smaller airways 
have a large total surface area which causes Raw to decrease 
to negligible levels in these airway generations (10% of Raw) 
[37].

Airflow through the respiratory tract can be visualized 
as layers of concentric cylinders that create frictional shear 
stress as they move past each other at varying velocities. 
Such flow can be smooth and streamlined (laminar) with 
reduced friction between the various layers of airflow or 
more chaotic (turbulent) with increased frictional loss 
of airflow kinetic energy to heat. The tendency of airflow 
across the respiratory conduit to be laminar or turbulent 
depends on several properties—the density (ρ) and viscos-
ity (µ) of the air, the radius of the airway (r), and the veloc-
ity of the airflow ()—that are used to derive the Reynolds’ 
number (Re):

ρ υ µ= rRe 2 /

Higher Re values (>2000) lead to turbulent airflow, 
while lower values (<2000) create conditions conducive to 
laminar flow. Based on these parameters, denser and less 
viscous gas moving at a faster velocity through a large respi-
ratory tract increases turbulent airflow [24]. Since very low 
flow velocities are generated in the smaller newborn airway 

Re=2   ρ   r   υ/µ
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tree, airflow can be (and usually is) laminar in the neonatal 
airway. However, in addition to increased resistance created 
by turbulent flow, Rrs can also be high even during laminar 
conditions. Airway resistance to laminar airflow (R) can be 
derived using Poiseuille’s law:

µ π=R L r8 / 4

According to this law, airflow resistance increases with 
airway length (L) and air viscosity and decreases with the 
fourth power of the airway’s radius [25]. This relationship 
between Raw and airway radius is the predominant deter-
minant of impedance to airflow in the respiratory system. 
Since the neonatal airway is about half the diameter of an 
adult airway, its resistance is at least 16 times higher (about 
19–30 cm H2O/L/s compared to 1–2 cm H2O/L/s in the 
adult) [37]. Airway radius is significantly lowered during 
mechanical ventilation of the newborn infant since physi-
cal constraints make it necessary to use ETTs with very small 
internal diameters (ID) for these infants. The significant 
increase in Raw created by ETTs with IDs less than 3.5 mm 
can cause difficulty in weaning infants from respiratory 
support. In addition, assessment of spontaneous breath-
ing ability using ETT-CPAP to assess extubation readiness 
could lead to infants being misclassified as being at risk 
for failure since they need to work harder to overcome the 
resistance created by the ETT than they would have to if 
they were placed on another type of noninvasive support, 
such as nasal CPAP [38,39].

High flow rates through narrow conduits can lead to tur-
bulent flow that causes increased resistance. This is often 
noted in premature infants who are intubated with ETTs 
whose ID is 3.0 mm or less. Flow rates greater than 5 and 
10 L/min cause turbulent flow in 2.5 and 3.0 mm ETTs, 
respectively. The increased resistance created by these high 
flow rates could also interfere with weaning infants off the 
respiratory support. Therefore, flow rates should be rou-
tinely monitored in infants intubated with tubes smaller 
than 3.0 mm ID. Since the resistance of the ETT is pro-
portional to its length, cutting long ETTs whose standard 
length is usually 14.5 cm to a shorter length also decreases 
resistance in ventilated infants. For example, the standard 
depth of insertion for a preterm infant who weighs 0.5 kg 
would be 6.5 cm. Shortening the length of the 14.5 cm ETT 
to 7 cm would lower the resistance of this ETT by 50%, as 
the length is reduced by 50% [38].

Rrs is also dependent on lung volume and is greater 
during inspiration than during expiration. This is despite 
the increased movement of air through the airways dur-
ing inspiration that proportionally increases resistance by 
creating conditions that favor turbulent flow. This is also 
because of the outsized effects of airway radius on lami-
nar flow resistance due to Poiseuille’s law. Lung expansion 
during inspiration increases the support offered by the 
connective tissue that holds the airways open, increasing 

their radii and leading to exponentially lowered Raw dur-
ing inspiration. During expiration the airway radius 
decreases and the exponential increase in Raw can lead to 
increased air trapping, a risk that is especially increased 
in infants with meconium aspiration syndrome (MAS) 
or chronically intubated infants who are predisposed to 
excessive mucus plugging of their airways due to reduced 
mucociliary clearance. In these conditions, increased pre-
disposition to air leak syndromes is often noted when 
airway resistance is abnormally increased by a ball-valve 
mechanism that permits air to flow in but not out. Based 
on similar principles, increasing PEEP can cause alveoli 
and airways to remain larger in size at end-expiration 
and lower airway resistance; this has been amply dem-
onstrated in studies of mechanically ventilated infants as 
well as adults [40,41].

Another strategy to decrease Raw is by reducing the 
density of the air moving through the respiratory tract. 
A mixture of helium and oxygen (heliox) which is less 
dense than air has been shown to cause airflow to be 
more laminar and reduce Raw in infants with RDS and BPD 
and shorten the number of days these infants required 
mechanical ventilation, but no long-term benefits were 
noted [42].

Respiratory mechanics in disease 
states

Respiratory mechanics and their implications for several 
common and important disease states in both term and 
preterm newborn infants have been the subject of several 
studies. A summary of their findings is provided in this sec-
tion (Table 6.1).

Transient tachypnea of the newborn
Successful adaptation to postnatal life requires clearance 
of excess fluid that fills the alveoli and airways in the first 
few hours to days after birth. Infants born with imma-
ture respiratory epithelial Na+ transport due to decreased 
expression of epithelial Na+ channels often have diffi-
culty in switching their respiratory epithelial function 
from fluid secretion to fluid reabsorption. This results 
in fluid-filled alveoli, poor alveolar gas exchange, hypox-
emia, tachypnea, and respiratory distress that is usually 
self-resolved and is referred to as transient tachypnea of 
the newborn (TTN) [43]. As would be expected with such 
pathology, these infants have reduced lung compliance 
and lower tidal volumes. They maintain a near-normal 
minute ventilation by increasing their respiratory rate. 
Their respiratory system resistance is similar to that of 
normal term infants [44,45].

R=8µL/πr4
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Meconium aspiration syndrome
Aspiration of large amounts of meconium because of 
hypoxia-induced intrauterine stress can cause increased 
Raw during the first 48 h of life. A secondary consequence 
of airway obstruction in MAS is alveolar atelectasis and 
decreased lung compliance. Air trapping, which is also a 
feature of MAS, can lead to regions of overdistended alveoli 
in the lung. Therefore, lung volume in MAS is variable and 
lung compliance could be low due to either atelectasis or 
overdistension. Raw is typically increased significantly which 
offsets any decrease in lung compliance and causes the 
expiratory time constant to increase [46]. The infant with 
MAS is therefore at high risk for alveolar overdistension, 
“auto”-PEEP, and air leak syndromes secondary to volu-
trauma. In addition, surfactant administration has been 
shown to increase Cl-dyn, decrease Raw, and reduce mean air-
way pressures that are required to ventilate these infants, 
thus improving lung function significantly [47].

Respiratory distress syndrome
Approximately 50% of infants with birth weight less 
than 1.5 kg develop RDS, depending on their gestational 
immaturity [48]. RDS is primarily a disease of the distal 
airspaces and is caused by decreased surfactant secretion 
by the immature Type II alveolar epithelial cells. Its defi-
ciency leads to decreased lung compliance by increasing 
the inward recoil force created by intra-alveolar surface ten-
sion. This increases the tendency of the alveoli to become 
atelectatic during expiration and reduces lung FRC.

A study of 20 preterm infants showed that body weight–
adjusted lung compliance in these infants soon after birth 
was 0.40 ± 0.14 mL/cm H2O/kg, and improved by 45% 
to 0.58 ± 0.17 mL/cm H2O/kg within 3 h after surfactant 
was administered [32]. Changes in lung compliance also 

Clinical scenario 4
A 6-h old 30-week GA male mechanically ventilated infant 
is being given surfactant. You are discussing his manage-
ment at the bedside with the resident on call who tells you 
that she is aware that the infant could be at risk of a pneu-
mothorax after surfactant therapy and wants to know if 
there are any warning signs she should look for and if there 
are interventions that could help minimize this infant’s risk. 
What would your answer be?

Answer
Surfactant administration improves lung compliance which 
leads to an increased change in lung volume for a given 
amount of mean airway pressure. Hence, if the mean air-
way pressure provided to the infant after surfactant admin-
istration is left unchanged, lung compliance improvements 
lead to higher tidal volumes. This can lead to barotrauma, 
volutrauma, and air leak syndromes in the mechanically 

ventilated infant after surfactant administration. Clini-
cally, these changes in lung mechanics can be detected by 
monitoring the infant for increased chest rise or the venti-
lator-measured exhaled tidal volume changes. Once these 
changes are identified, mean airway pressures provided 
should be reduced to minimize the risk for these compli-
cations. In addition, since compliance is increased while 
resistance is unchanged, expiratory time constant increases 
after surfactant administration which could lead to air 
trapping. Thus, reducing I-time and/or respiratory rate, as 
well as monitoring oxygen saturation changes to promptly 
decrease the inspired oxygen concentration may become 
necessary. If volume-targeted ventilation rather than pres-
sure-limited ventilation is used, these manual adjustments 
may not be required since inspiratory pressure is tailored 
to achieve tidal volumes and will decrease as compliance 
improves and the desired tidal volumes can be delivered 
at lower pressures. However, dynamic PV curves found on 
most modern ventilators are not useful to monitor changes 
in lung compliance with surfactant administration because 
these graphics are reset to zero lung volume at the begin-
ning of each breath and will usually not change shape even 
if compliance improves [2,3].

Table 6.1 Lung Mechanics Alterations in Common Neonatal Lung Disorders

Disorder Compliance Resistance Implications

Transient tachypnea of the newborn Reduced Normal Rapid respiratory rate

Meconium aspiration syndrome Reduced Increased Air trapping, air leak syndromes

Respiratory distress syndrome Reduced Normal Rapid respiratory rate, atelectasis

Bronchopulmonary dysplasia Reduced (often reduced 
alveolar compliance but 
increased airway compliance)

Increased
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correlated significantly with higher pulmonary arterial 
oxygen content showing that surfactant administration 
improves ventilation–perfusion matching by allowing atel-
ectatic lung regions to reopen at lower inspiratory pressures. 
While Rrs was found to be unchanged in this study when 
measured 3 h after the surfactant was given, acute increase 
in Rrs should be expected immediately after administration 
of a surfactant dose. Therefore, a transient increase in inspi-
ratory time and/or mean airway pressures may be required 
during this period [1].

Another strategy to increase lung compliance in infants 
with RDS is by increasing mean airway pressure to shift 
lung inflation from the lower (flatter) portion of the PV 
loop to the middle (optimal performance portion). This 
can be achieved in the spontaneously breathing preterm 
infant through the application of CPAP or PEEP. The SUP-
PORT study, a large clinical trial of 1316 infants, compared 
the effectiveness of early intubation with surfactant deliv-
ery to application of CPAP at birth. Infants who received 
early CPAP needed intubation less frequently and required 
mechanical ventilation for a shorter duration in the 1st 
week of life suggesting that CPAP application improved 
lung mechanics in the short term better than surfactant 
administration. However, these advantages for early CPAP 
may not be clinically significant as these two approaches 
were found to be equally effective in reducing the long-
term outcome of death or BPD in these infants [49].

Bronchopulmonary dysplasia
The pathophysiology of BPD has undergone remarkable 
changes over time in the era of near-universal antenatal 
maternal steroid and postnatal surfactant administra-
tion. Classic BPD was usually noted in infants with high 
degree of mechanical ventilation and supplemental oxygen 
requirements and was the result of cystic changes and inter-
stitial fibrosis in large areas of the lungs in affected infants. 
The newer form of BPD is now often seen in infants who 
had mild or no requirement for mechanical ventilation in 
the first several weeks of life. Chest radiography in such 
infants usually reveals uniformly hazy and low lung vol-
umes reflective of arrested alveolar and vascular develop-
ment that leads to fewer and larger terminal air spaces [50].

While increased Raw and airflow obstruction was a con-
sistent and persistent feature in the mechanics of lungs of 
infants with classic BPD, infants with new BPD also show 
abnormally high Rrs at 10 days of life, but then improve with 
age and normalize their Rrs by term GA [51,52]. Low Crs val-
ues at 10 days of life in prematurely born infants correlated 
positively with low forced expiratory airflows indicative 
of airway obstruction at 2 years of life [52]. This could be 
because preterm infants are born with low alveolar compli-
ance but high airway compliance [1]. Chronic overdisten-
sion of these compliant airways due to the high pressures 

required to adequately distend the low-compliance alveoli 
could cause severe distortion of the airways in these infants, 
predisposing them to subsequently develop BPD [53].

Cl is low at birth but increases by 0.17 mL/cm H2O/week 
in preterm newborn infants beyond 28 weeks GA. By term 
postmenstrual age, lung compliance in most prematurely 
born infants reaches mean (SD) values of 2.5 (0.07) mL/
cm H2O [54]. A study of 74 infants that included 23 infants 
with moderate or severe BPD as well as 12 infants with mild 
BPD (mean GA of 26 weeks) and 39 infants without BPD 
who served as controls (mean GA of 31 weeks) found that 
the former groups had lower FRC and specific Crs on day 3 
after birth when compared to the control group. The lowest 
FRC and specific Crs values were noted in the infants with 
moderate/severe BPD. Contrary to its hypotheses, the study 
also found that all infant groups continued to increase 
their FRC and compliance, with the highest increase com-
pared to baseline values noted in the moderate/severe BPD 
group. Thus, infants who later develop BPD had severe 
lung functional abnormalities in their early postnatal life 
[55]. Other studies have also shown reduced FRC and Crs 
at 14 and 28 days of life for infants who later develop BPD 
when compared to gender and GA matched controls with-
out BPD [56]. This evidence suggests that studies of lung 
function could help identify in early identification and risk 
stratification of infants at highest risk for BPD.

Infants with BPD have low FRC at birth, but this lung 
capacity as well as Crs tend to normalize during their infancy 
and are close to values obtained from normal term infants 
by 2 years of age [57]. However, they develop airway abnor-
malities that increase Raw, especially during expiration, in 
their smaller peripheral airways which then continue to be 
persistent into early infancy and later childhood years. Spi-
rometric measurements from 28 infants with a history of 
BPD (GA 26.4 ± 2.1 weeks, mean ± SD) at 68.0 ± 35.6 weeks 
postnatal age showed that when compared to term infants 
without respiratory disease they had decreased forced expi-
ratory volume in 0.5 s (FEV0.5; 76.3 ± 19.6%), forced expi-
ratory flow at 75% of expired forced vital capacity (FEF75; 
59.5 ± 30.7%), and FEF(25–75) (74.0 ± 26.8%) along 
with increased FRC (107.9 ± 25.3%), residual volume 
(RV, 124.5 ± 42.7%), and RV/total lung capacity (RV/TLC, 
128.2 ± 35.3%) indicative of increased air trapping in these 
infants at almost 2 years postnatal age [58]. FEF at 25% of 
forced vital capacity (FEF25–75) was reduced in ex-preterm 
young adolescents born and this decrease was noted in 
those with previous history of BPD as well as those without 
this diagnosis (Anand et al 2003) [59].

Finally, the widely used NICHD BPD definitions use 
the degree of oxygenation impairment and need for sup-
plemental oxygen to classify the severity of lung function 
impairment seen in infants, reflecting the importance of 
poor early developmental alveolarization in the patho-
genesis of this disease. However, the role played by airway 
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abnormalities in causing respiratory symptoms has been 
poorly recognized until recently. A study of 55 infants of 
GA between 23 and 30 weeks measured their lung func-
tion at 6 and 18 months postnatal age. When compared 
to published normative data, infants with BPD had lower 
maximal flow at functional capacity (V’maxFRC), FEV0.5 and 
mid-expiratory flow (MEF50) at 6 months and lower FEV0.5 
and MEF50 at 18 months. While there were differences in 
these measures between infants who had respiratory symp-
toms versus those who did not, there were no differences in 
these airflow obstruction indicators between infants diag-
nosed with mild BPD and those with moderate or severe 
[60]. In addition, a recent meta-analysis found decreased 
FEV1 even in preterm infants without a diagnosis of BPD 
(−7.2%) as well as more severe reductions in infants with 
BPD at 36 weeks PMA (−19%) when compared to term 
controls [61]. This evidence suggests that early life diagno-
sis and classification of BPD severity may not carry prog-
nostic importance in predicting risk for later-life obstructive 
lung disease in prematurely born infants. Every infant who 
is born prematurely is potentially at risk for later-life lung 
impairment and should be monitored for symptoms, such 
as wheezing with early assessments of airway obstruction 
by tests, such as spirometry to optimize care.

Clinical scenario 5
On morning rounds, you are asked to help with ventilator 
settings for two intubated patients: a 4-day-old infant with 
RDS and a 6-month old with BPD both of whom have had 
a poor clinical course during the night with hypoxia and 

hypercarbia noted on their AM blood gases. How would 
you make use of the differences between their respiratory 
mechanics to help you choose appropriate settings on the 
ventilator for each of these infants?

Answer
Young preterm infants with RDS (and TTN) have decreased 
lung compliance but low-normal airway resistance. Their 
time constants are therefore very short. Typical compliance 
and resistance values in intubated preterm infants with RDS 
are 0.0006 L/cm H2O and 50 cm H2O/L/s, respectively, giving 
these infants an average expiratory time constant of 0.03 s. 
This implies that their alveoli can be emptied and filled to 
near-completion in 0.15–0.2 s. These mechanical properties 
of their respiratory system allow the clinician to use faster 
rates by using short I-times while also allowing expiration to 
be fully complete before the next breath begins. A typical 
lung-protective ventilation strategy for these infants would 
be to use low pressure, low tidal volume, and high rates 
with short I-times. Their short time constants also make 
these infants well-suited for high-frequency ventilation 
strategies [62]. Older infants with BPD (and younger infants 
with MAS) have poor lung compliance and high airway 
resistance. Typical values for these parameters are 0.001 L/
cm H2O and 150 cm H2O/L/s for infants with BPD, giving 
them longer time constant of 0.15 s compared to infants 
with RDS. Due to this, these infants often have difficulty in 
completing expiration when they are ventilated with fast 
rates. An ideal strategy to minimize the risk for hypercar-
bia in these infants would be to use slow rates with longer 
breaths and expiratory times that are adequate to allow 
their lungs to empty completely and to minimize the risk 
for air trapping [63].
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CHAPTER POINTS

•	 The pathogenesis of “new” BPD is secondary to gene-
environmental interactions; the latter includes pre- 
and/or post-natal factors

•	 The major environmental factors contributing to lung 
injury are invasive mechanical ventilation, hyperoxia, 
and sepsis (chorioamnionitis, local and systemic early- 
and late-onset neonatal sepsis)

•	 Avoiding intubation or early extubation, minimizing 
hyperoxia exposure, prevention of infection and 
adequate nutrition are ways to prevent/decrease 
lung injury

Introduction

Northway et al. first used the term “bronchopulmonary dys-
plasia” (BPD) to describe a chronic form of neonatal lung 
injury associated with barotrauma in preterm infants [1].

Although there has been significant advancement in 
this field over the last couple of decades including sophis-
ticated, newer and gentler methods of mechanical ventila-
tion (MV), surfactant replacement therapy, and so on, the 
prevalence of BPD remains quite high. Ventilator-associated 
lung injury is a recurring problem in neonatal intensive 
care units (NICUs) and continues to occur at an unaccept-
ably high rate. Among the various factors leading to BPD, it 
has been well established that prolonged MV can injure the 

lungs, causing ventilator-induced lung injury (VILI). VILI 
is multifactorial and there are various forms of injury that 
contribute to the final common pathway causing BPD [2]. 
Barotrauma, or excessive pressure, may damage airway epi-
thelium and disrupt alveoli. Volutrauma refers to the injury 
caused by overdistention of the lungs. Atelectotrauma is a 
term used to describe the injury due to repeated opening 
and closing of the smaller lung units/alveoli. Biotrauma 
is the lung injury caused or aggravated by the release of 
inflammatory mediators [3]. This chapter will focus on the 
factors involved in the pathogenesis of lung injury, includ-
ing the various forms of VILI, in preterm neonates.

Old versus new BPD

Classical or old BPD, present in the presurfactant era, was a 
sequela of respiratory distress syndrome treated with high 
oxygen, barotrauma, and volutrauma. It involved an evolu-
tion of injury and repair that started with an exudative and 
early reparative stage and progressed through a subacute 
fibroproliferative stage to a chronic fibroproliferative stage 
[1]. By early 1990s, exogenous surfactant replacement had 
become a common practice and was followed by the use of 
antenatal steroids in preterm labor. These new practices com-
bined with improved ventilation strategies and better nutri-
tion, allowed survival of more very low birth weight (VLBW) 
infants with lungs in the late canalicular/early saccular stages 
[4]. Jobe coined the term “new BPD” in 1999 to refer to the 
chronic lung disease of preterm infants at that time [5]. This 
“new BPD” demonstrated much less alveolar septal fibrosis 
and airway damage when compared to its old counterpart, 
and was characterized by alveolar simplification and dysmor-
phic microvasculature [6]. Other findings reported include 
bronchial and bronchiolar smooth muscle hyperplasia as well 
as altered number of neuroendocrine cells [4]. Fig. 7.1 shows 
the differences in lung morphology in “old” and “new” BPD.



70

Section Applied Physiology, and Ventilator Support: General Considerations| III |

Fig. 7.1 Changes in Lung Morphology With Gestation and “Old” and “New” Bronchopulmonary Dysplasia (BPD). The 
normal fetal lung is in the canalicular stage between 16 and 27 weeks of PMA. This stage is characterized by differentiation of 
type I and type II cells and establishment of an early alveolar–capillary barrier. The fetal lung progresses into the saccular stage 
at 27–36 weeks of PMA and is associated with surfactant production and increased capillary network. Extreme preterm birth at 
23–25 weeks of gestation during the canalicular stage requiring surfactant therapy, associated with mild inflammation, can lead 
to “new” BPD. “New” BPD is associated with simplified alveoli without secondary septation and pruning of vascular network. 
Preterm birth during early saccular stage followed by prolonged mechanical ventilation without surfactant leads to “old” BPD. 
“Old” BPD is associated with airway lesions associated with epithelial debris, intense fibrosis, and areas of atelectasis alternating 
with cyst formation. Copyright: Satyan Lakshminrusimha.



71

ChapterGenesis of Lung Injury | 7 |

Factors involved in pathogenesis 
of lung injury

The pathogenesis of “new” BPD involves various genetic 
and environmental factors, which—when they act on the 
immature preterm lung—lead to persistent inflammation 
and lung remodeling. The factors involved in the evolu-
tion of “new” BPD are listed in Table 7.1. Multiple recent 
studies have focused on the role of inflammatory media-
tors and immune dysregulation in BPD. Increased levels 
of proinflammatory mediators present in amniotic fluid,  
tracheal aspirates, lung tissue, and serum of premature 
infants at risk for BPD support their role in the development 
of “new” BPD [7]. Fig. 7.2 demonstrates the pathogenesis 
of “new” BPD.

Table 7.1  Factors involved in the pathogenesis 
of lung injury in “new” BPD

Prenatal factors

•	 Pregnancy-induced	hypertension
•	 Hypoxia
•	 Infection	including	chorioamnionitis
•	 Smoking
•	 Lack	of	antenatal	steroids
•	 Genetic	susceptibility
•	 Congenital	anomalies	causing	pulmonary	hypoplasia

Postnatal factors

•	 Lung	immaturity
•	 Oxygen	injury
•	 Mechanical	ventilation
•	 Infection/Sepsis
•	 Corticosteroids
•	 Inadequate	nutrition

Fig. 7.2 Factors Involved in Pathogenesis of “New” BPD. Mechanical ventilation and hyperoxia act on premature lungs 
in the presence of prenatal factors predisposing to BPD, leading to exaggerated inflammatory response with aberrant tissue 
repair causing BPD. See text for details. Ang 2, Angiopoietin 2; CXCL-1, chemokine (C-X-C motif) ligand 1; IL, interleukin; MCP, 
monocyte chemoattractant protein; MMP, matrix metalloproteinase; PIH, pregnancy-induced hypertension; ROS, reactive oxygen 
species; TGF, transforming growth factor; TNF, tumor necrosis factor; VEGF, vascular endothelial growth factor.
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Prenatal factors

Pregnancy-induced hypertension

Multiple studies have found preeclampsia (PE) or preg-
nancy-induced hypertension (PIH) to be associated with 
increased risk of BPD. In a large observational cohort study 
including 106,339 preterm infants, PE was the strongest 
risk factor for BPD (ajusted odds ratio [OR] 2.04, 95% con-
fidence interval [CI]: 1.83–2.29) [8]. Another systematic 
review which included 15 studies also identified hyperten-
sive disorders in pregnancy to be associated with increased 
risk of BPD (P = 0.01; OR = 1.59, 95% CI = 1.11–2.26) [9]. 
However, in another study, PE did not significantly affect 
the risk of BPD in extremely preterm (EP) or extremely 
LBW (ELBW) subjects [10], and hence this association is 
still considered controversial.

Hypoxia

In animal studies, mice exposed to prenatal hypoxia and 
postnatal hyperoxia developed intrauterine growth restric-
tion due to prenatal hypoxia, which had an amplification 
effect on the lung pathology. This model is closer to the 
clinical events corresponding to the development of the so-
called “new” BPD [11,12].

Infection

Chorioamnionitis (CA) is an inflammatory condition of 
the placenta that occurs in response to microbial inva-
sion or pathological processes and causes subsequent 
induction of preterm labor. Increased concentrations 
of proinflammatory cytokines in human amniotic fluid 
and fetal cord blood have been shown to be indepen-
dent risk factors for BPD [13]. A meta-analysis of 59 
studies, involving 15,000 infants, confirmed an asso-
ciation between histologic CA and development of BPD 
[14]. However, the Alabama Preterm Birth Study found 
no association between BPD and CA, but in the same 
study, umbilical cord blood culture positive for Urea-
plasma spp. was associated with increased risk for BPD 
[15]. A nested case control study found a protective effect 
of CA in the absence of postnatal sepsis and prolonged 
ventilation, but demonstrated an increased risk for BPD 
in infants exposed to histologic CA along with mechani-
cal ventilation and postnatal sepsis [16]. Lastly, a cohort 
study involving preterm infants <32 weeks of gestation 
concluded that in these infants exposed to histologic CA 
there was a decreased response to surfactant replacement 
therapy and a need for prolonged ventilation which led 
to increased risk for BPD [17]. Hence, we can conclude 
that CA clearly increases risk for premature preterm birth, 
which in turn is one of the most important risk factors for 
the development of BPD. In addition, CA likely induces 
a chronic inflammatory process that predisposes the lung 

to postnatal injuries [13]. Fig. 7.3 demonstrates the rela-
tionship between CA and BPD.

Maternal smoking

A case control study investigating VLBW infants proposed 
intrauterine smoke exposure to be an independent risk fac-
tor for the development of BPD [18]. These findings were 
further confirmed in a multicenter study, which evaluated 
the influence of smoking and alcohol during pregnancy 
on the outcome of VLBW infants. They concluded that 
smoking during pregnancy results in a high rate of growth-
restricted VLBW infants along with increased postnatal 
complications including BPD [19].

Antenatal steroids

Antenatal steroids are known to be associated with a 
decrease in severity of respiratory distress syndrome 
and neonatal mortality, and hence they were initially 
expected to decrease the risk of BPD [20]. In a Cochrane 
analysis that included 818 infants from 6 studies, the risk 
of BPD (defined as oxygen supplementation at 36 weeks 
of postmenstrual age or PMA) was not significantly dif-
ferent between infants who were exposed to antenatal 
steroids as compared to controls (relative risk [RR] 0.86, 
95% CI: 0.61–1.22) [21]. Overall, these studies suggest 
that antenatal steroid exposure does not modify the risk 
of BPD; however, this may be due to an increase in sur-
vival of the more immature antenatal steroid-exposed 
infants [22].

Genetic susceptibility

Comparison studies among monozygotic and dizygotic 
premature twins have shown that genetic factors accounted 
for 53%–82% variance in liability for BPD [23,24]. Since 
the publication of these 2 studies, over 65 genetic associa-
tions have been implicated in candidate gene association 
studies [25]. Most of these genes are implicated in inflam-
mation and antioxidant responses [25]. Genetic variations 
in SPOCK2, Toll-like receptors 4 and 5, interleukin-18 
(IL-18), macrophage migration inhibitory factor (MIF), 
surfactant proteins, and vascular endothelial growth factor 
(VEGF), among others, have been suspected as playing a 
role in the development of BPD [25].

Congenital anomalies

Survival at birth is dependent on adequate development 
and maturation of the lung in utero. The disruption of alve-
olarization in preterm birth causes BPD. Abnormal bron-
chopulmonary development, resulting in congenital lung 
malformations, and inadequate development are thought 
to contribute to BPD [26].



73

ChapterGenesis of Lung Injury | 7 |

Postnatal factors

Lung immaturity

Neonates predisposed to develop BPD are born pre-
mature and their lungs are either in the late canalicular 

(characterized by formation of primitive alveoli, differen-
tiation of type I and type II pneumocytes, and formation 
of alveolar–capillary barrier) or in early saccular (initiation 
of surfactant production, enlargement of terminal airways, 
pulmonary vascularization) stages of development [27]. 

Fig. 7.3 Chorioamnionitis and BPD. In the absence of prolonged invasive mechanical ventilation (IMV) and postnatal sepsis, 
maternal chorioamnionitis is associated with less risk of BPD (green arrows). In contrast, maternal chorioamnionitis associated 
with prolonged invasive mechanical ventilation and/or postnatal sepsis can lead to microbial invasion and release of inflammatory 
cytokines resulting in a higher risk of BPD (red arrows). See text for details. Copyright: Satyan Lakshminrusimha.
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Alveolar sacs are formed by secondary septation of alveolar 
ducts. With preterm birth, this programed development is 
disrupted, and in the setting of inflammation, alveolariza-
tion is impaired leading to BPD [28]. Recent studies show 
that telomere length in circulating leukocytes or salivary 
cells in young adults born preterm is shorter than in young 
adults born at term [29,30]. This accelerated attrition of 
telomeres, which is one of the major causes of premature 
aging, may also be associated with the development and 
progression of chronic lung disease in preterm infants.

Hyperoxia/Oxygen-related injury

Acute pulmonary injury secondary to hyperoxia is char-
acterized by an inflammatory response with destruction 
of the alveolar–capillary barrier, vascular leak, influx of 
inflammatory mediators, and pulmonary edema, ulti-
mately followed by cell death [31]. In a neonatal mouse 
model of BPD, exposure to hyperoxia in the critical saccular 
stage of lung development replicates the changes seen in 
human BPD and these effects are dose-dependent on the 
fraction of inspired oxygen (FiO2) concentration that was 
administered [32].

Based on animal studies, it has been postulated that 
when the preterm lung is exposed to hyperoxia, there is 
release of vascular mediators like VEGF and angiopoietin 2 
(Ang2) that disrupt the alveolar–capillary membrane lead-
ing to pulmonary edema which contributes to lung injury 
[33,34]. VEGF is present in high amounts in lungs and pro-
motes endothelial cell growth and remodeling [34]. Ang2 
is an angiogenic growth factor that is known to destabilize 
blood vessels, enhance vascular leak, and induce vascular 
regression and endothelial cell apoptosis [33]. Other cyto-
kines including IL-1, IL-6, IL-18, transforming growth fac-
tor beta (TGF-β), tumor necrosis factor alpha (TNFα), and 
VEGF are also released from lung cells that attract inflam-
matory cells to the lung [32]. These proinflammatory 
cytokines invoke significant damage to the capillary endo-
thelium and the alveolar epithelium, resulting in hyaline 
membrane formation and leakage of protein-rich edema 
fluid into the alveoli [35].

Inflammatory cells as well as hyperoxia per se release 
reactive oxygen species (ROS). ROS is also known to be 
generated during normal mitochondrial respiration, the 
reperfusion of hypoxic tissue, and in association with 
inflammation and infection [36]. It is involved in many 
intracellular signaling pathways, including those impor-
tant for normal cell growth and differentiation, as well 
as inflammatory responses during host defense. However, 
when the production of ROS exceeds the antioxidant 
capacity of the cell, oxidative stress follows, leading to cel-
lular and tissue injury via lipid peroxidation, DNA damage, 
and protein oxidation [37]. These ROS further cause cell 
death by activation of key caspases and triggering surface 

death receptors like Fas in the extrinsic pathway or via the 
mitochondrial cell death pathway in which Bax proteins 
interact with or form mitochondrial pores, release cyto-
chrome c, activate caspase-9, and induce cell death [32]. 
This injurious process caused by hyperoxia, with a simul-
taneous attempt at repair, mediated via a variety of factors, 
results in lung pathology that culminates with the charac-
teristic features of BPD in preterm infants.

Mechanical ventilation-related lung injury

In preterm infants, the need for intubation and MV is asso-
ciated with ventilator-induced lung injuries and subsequent 
development of BPD. Lung injury from MV results due to 
volutrauma, barotrauma, or atelectotrauma [38]. The vari-
ous elements involved in the genesis of lung injury in the 
setting of mechanical ventilation are described as follows:
1. Susceptibility due to immature lungs: Immature lungs 

are characterized by reduced amount of collagen and 
elastin as compared to mature lungs. Premature infants 
are most vulnerable to VILI in the period immediately 
following birth because their lungs are partially 
filled with fluid; they are not uniformly ventilated, 
and have reduced functional residual capacity (FRC) 
due to surfactant deficiency. As sacculi formation, 
mesenchymal thinning, and surfactant synthesis 
by type II cells occur late in pregnancy, any damage 
that occurs in the early stages of lung growth might 
affect those phenomena, resulting in long-lasting 
consequences [39].

2. Barotrauma: This is referred to the injury caused 
by high pressures used in ventilation. Exposure to 
pressure increases the risk of air leak syndromes, 
such as interstitial emphysema, pneumothorax, and 
pneumomediastinum, which in turn activate the 
inflammatory cascade [39]. In newborn infants, MV 
is usually time-cycled and pressure-limited, but the 
volume of gas supplied to the lungs is not controlled. 
However, some studies conducted with animals 
showed that lung injury is caused by changes in lung 
volume rather than by the pressure generated inside 
the airways [40].

3. Volutrauma: Volutrauma refers to the lung injury caused 
when the lungs are inflated to a volume larger than the 
total lung capacity during ventilation and resuscitation 
[39]. In premature infants, alveolar atelectasis and 
edema decrease the aerated lung capacity. The 
distribution of the underlying pathology is such 
that only a small portion of the lung is available for 
ventilation. If only a third of the lung is available 
for ventilation, then for a tidal volume of 10 mL/kg,  
the ventilated portion of the lung is stretched to 
an extent equivalent to 30 mL/kg in a healthy lung 
leading to regional overdistention [40]. Because of 
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the structural damage caused by stretching, there 
is migration of leukocytes to the lungs, increase in 
capillary permeability in the lungs, and interstitial and 
alveolar edema. On exposure to high-tidal volumes, 
overdistention of lungs leads to the production 
of proinflammatory cytokines, for example, IL-6, 
IL-8, and TNFα and reduced expression of anti-
inflammatory cytokines such as IL-10 [38]. In a rat 
model of BPD, ventilation with high-tidal volume 
upregulated connective tissue growth factor (CTGF) 
expression (which inhibits branching morphogenesis), 
increased IL-6 mRNA, and upregulated the TGF-β 
signaling molecule [41].

 Even ventilation with low-tidal volumes is also 
deleterious because stretch injury can occur with it by 
overdistention of partially collapsed lungs. In another 
study done on an 8-day-old neonatal rat model, high-, 
moderate-, and low-volume ventilation significantly 
elevated CXCL-2 and IL-6 mRNA levels. In the same 
study, high- and moderate-volume ventilation also 
increased IL-1β and CXCL-1 content [42]. Sustained 
lung inflation has been shown to increase levels 
of proinflammatory cytokines and cause BPD-like 
changes in the lungs of preterm lambs [43]. In 
newborn infants, an overdistention injury may occur 
even just after a few inflations with high-tidal volume 
and after periods as short as 30 min, which indicates 
the importance of performing resuscitation in the 
delivery room with appropriate positive end-expiratory 
pressure (PEEP) [44].

4. Atelectotrauma: In surfactant-deficient premature lungs, 
the alveolar units are prone to collapse, causing a cycle 
of recruitment and subsequent derecruitment of these 
units with each breath that causes lung injury [45]. 
This mechanism of injury explains the observation that 
recruitment of lung volumes to increase FRC protects 
against ventilator-induced lung injury and also reduces 
the need for high levels of inspired oxygen [46]. In 
premature lungs that have low FRC and are more prone 
to atelectasis, ventilation at low lung volumes causes 
release of cytokines along with accumulation and 
activation of peripheral leukocytes in the lungs [47].

5. Biotrauma/Inflammation-related injury: Biotrauma is a 
collective term used to describe the injurious effects 
of infection and inflammation (and oxidative stress) 
on the developing lung. Cytokines are small-secreted 
proteins that can act as inflammatory mediators, 
induce the release of other inflammatory mediators, 
recruit neutrophils, and increase vascular permeability. 
We have described above the inflammation caused 
secondary to volutrauma; however, there are other 
inflammatory mediators that are involved in the 
pathogenesis of BPD that are released due to a 
combination of different modes of lung injury. Studies 

conducted in 2–6-day-old mice, which were ventilated 
for 8–24 h with room air or 40% O2, revealed 
increased and dysregulated elastin assembly along 
with increase in lung cell apoptosis [48]. In an ovine 
model of BPD, lung tissue harvested from preterm 
lambs showed reduced expression of growth factors 
that regulate lung septation (VEGF-A and platelet-
derived growth factor-A or PDGF-A and their receptors 
VEGF-R2 and PDGF-Rα) and increased lung expression 
of growth factors that regulate elastin production (TGF-
α and TGF-β1) when compared to the lung protein 
levels in unventilated control lambs that were studied 
at the same postconceptional age [49].

 In the preterm ventilated baboon model of BPD, 
alveolar hypoplasia and dysmorphic vasculature were 
noted to be similar to that seen in human BPD. This 
model also supported the role of inflammation by 
showing elevations of TNF-α, IL-6, IL-8 levels, but not 
of IL-1β and IL-10 [50]. In other studies on this model, 
increased matrix metalloproteinase-9 (MMP-9) levels 
were associated with lung inflammation and edema 
and alterations in VEGF were seen [51,52].

6. Protective effect of noninvasive ventilation: Previous 
studies using a chronically ventilated (3–4 weeks) 
preterm lamb model of BPD showed nonuniform 
inflation patterns and impaired alveolar formation 
with an abnormal abundance of elastin and 
inflammatory cells [53]. In the same model, reduced 
lung expression of growth factors that regulate 
alveolarization and differential alteration of matrix 
proteins that regulate elastin assembly were also 
demonstrated [49]. A noninvasive (nasal) ventilation 
approach preserved alveolar architecture [54] and 
had a positive effect on parathyroid hormone-related 
protein-peroxisome proliferator-activated receptor-
gamma (PTHrP-PPARγ)-driven alveolar homeostatic 
epithelial–mesenchymal signaling in the preterm lamb 
model [55].

 Similarly, in the 125-day-old baboon model, treatment 
with early nasal continuous positive airway pressure 
(NCPAP) for 28 days led to a pulmonary phenotype 
similar to 156 days of gestational control lungs, 
suggesting that this noninvasive approach could 
minimize lung injury [56]. In the same model, 
delayed extubation (till 5 days) versus early extubation 
to NCPAP at 24 h led to lower arterial to alveolar 
oxygen ratio, high PaCO2, and worse respiratory 
function, likely secondary to poor respiratory drive 
that contributed to more reintubations and time on 
mechanical ventilation. The delayed NCPAP group 
also demonstrated increased cellular bronchiolitis 
and peribronchiolar alveolar wall thickening along 
with increased inflammatory mediators in the 
bronchoalveolar lavage [57].
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 Epidemiological studies have shown that replacing 
invasive MV with NCPAP was associated with the 
reduction in BPD [58]. However, no differences in 
the incidence of BPD or mortality were noted in the 
NCPAP group in the COIN study that randomized 
infants born at 25–28 weeks to receive either NCPAP 
or intubation with MV in the delivery room [59]. Other 
noninvasive ventilation options like nasal intermittent-
positive pressure ventilation (NIPPV) have also been 
shown to reduce the need for intubation within the 
first 48–72 h of life and are associated with decreased 
mortality and/or BPD [60].

Infection/Sepsis

Immune dysregulation caused by infection in susceptible 
preterm infants has been implicated in the pathogenesis of 
BPD [38].

Corticosteroids

Corticosteroids are potent anti-inflammatory agents that 
have been used in VLBW infants to decrease the total num-
ber of days on mechanical ventilation and help in early 
extubation. Although postnatal use of steroids does not 
have any direct role in the pathogenesis of BPD, their use 
modulates the influence of inflammation in the pathogen-
esis of BPD. The 2010 Cochrane review and its revisions in 
2014 and 2017 showed that early use of postnatal steroids 
facilitated extubation and decreased the risk of BPD, but 
did not have significant benefit in reducing neonatal or 
subsequent mortality [61].

Nutrition

Multiple studies have associated poor weight gain, small 
for gestational age status, and poor enteral nutrition as high 
risk factors for developing BPD [62,63]. Exclusive formula 
feeding has been shown to increase the risk for BPD [64]. 
High fluid intake has been associated with increased risk of 
cardiorespiratory morbidity and NEC [65]. A deficiency of 
vitamin A has been associated with decreased lung growth 
and repair.

How to minimize lung injury?

As discussed earlier, one of the most critical factors in 
the pathogenesis of BPD is exposure to hyperoxia. Hence 
it is important to avoid exposure to high concentra-
tions of supplemental oxygen as early as possible given 
the immature antioxidant defenses of the preterm new-
born [66]. Currently, the recommendation is to initiate 
resuscitation for preterm infants in the delivery room 
with a default setting of FiO2 of 0.3–0.4 and titrate by 

5%–10% upward or downward [67]. There is significant 
controversy regarding the precise SpO2 target ranges rec-
ommended for preterm infants beyond the initial resus-
citation in the delivery room. We recommend using a 
lower alarm limit of 88% and a higher alarm limit of 
96% while attempting to target SpO2 of 88%–94% for 
this population [68].

The next area to focus would be to minimize barotrauma 
and volutrauma due to mechanical ventilation. For this 
purpose, noninvasive ventilation should be the initial ther-
apy of choice in preterm infants wherever feasible. A recent 
meta-analysis comparing prophylactic NCPAP with inva-
sive mechanical ventilation demonstrated that the use of 
NCPAP resulted in a modest decrease in the risk of develop-
ing BPD (RR 0.89, 95% CI: 0.79–0.99, P = 0.04) [69]. If a 
preterm infant is intubated, attempts at extubation should 
be done as soon as possible. In a study examining 224 
preterm infants born at <27 weeks, the age at first extuba-
tion attempt correlated directly with total number of days 
on mechanical ventilation and length of stay. They also 
reported that the earlier an extubation attempt, the lower 
the rate of BPD [70]. Extubation should be attempted when 
there is sufficient spontaneous respiratory effort, the level 
of mechanical ventilatory support (particularly the peak 
inspiratory pressures or PIP) has been weaned to reason-
able levels (PIP ≤16 cmH2O), and the patient is a suitable 
candidate for noninvasive mechanical support as a transi-
tional therapy [68,71].

For infants at high risk of BPD, initial fluid intake should 
be limited to 80–100 mL/kg/day and progressive increase 
should aim for a maximum intake of 120–150 mL/kg/day 
by day 7 of life [72]. In a study evaluating effect of human 
milk use on chronic lung disease in VLBW infants, the inci-
dence of BPD fell as the cumulative percentage of human 
milk use for enteral feedings increased. Specifically, by mul-
tivariate logistic regression, they demonstrated that each 
10 mL/kg/day increase in human milk intake was associ-
ated with a 12% reduction in odds of BPD [73]. Therefore, 
maximizing early nutrition, preferably using breast milk 
should be a priority to prevent BPD.

Another nutritive factor that has shown some benefit in 
preventing BPD is vitamin A. National Institute of Child 
Health and Human Development (NICHD)-sponsored ran-
domized controlled trials and a systematic review of other 
trials have shown that postnatal supplementation with intra-
muscular vitamin A (5000 IU) started within a few days of 
birth and given 3 times a day for 4 weeks reduces the risk of 
BPD in about 7% [74]. This translates into a number needed 
to treat of 14 infants to prevent one case of BPD [75].

Prevention of infection using meticulous infection con-
trol measures as well as good antibiotic stewardship should 
be the standard of care for preterm infants.

Fig. 7.4 demonstrates the summary of factors helping in 
prevention of BPD in preterm infants.
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Conclusions

BPD remains a significant cause of mortality and morbid-
ity in the NICUs all over the world despite use of newer 
and gentler means of ventilation. The pathogenesis of BPD 
involves a multifactorial pathway where lung injury due to 

hyperoxia and MV leads to dysregulated immune response 
and aberrant tissue repair in preterm infants. MV causes 
lung injury by various mechanisms that include baro-
trauma, volutrauma, atelectotrauma, and biotrauma. Use 
of noninvasive modes of MV and minimizing free radical 
injury due to hyperoxia have shown significant reduction in 
the rates of BPD in preterm neonates.

Fig. 7.4 Prevention of BPD in Preterm Infants. Reducing volutrauma, barotrauma, and atelectotrauma, early extubation 
(or avoiding intubation), minimizing hyperoxia, prevention of infections, enteral nutrition and vitamin A along with nurturing 
care may play a role in reducing rates of BPD in preterm infants. CLABSI, central line associated blood stream infection; CPAP, 
continuous positive airway pressure; HFNC, high flow nasal cannula; NIV, noninvasive ventilation; VAP, ventilator associated 
pneumonia. Copyright: Satyan Lakshminrusimha.
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Hypoxic Respiratory Failure
Praveen Kumar, MBBS, DCH, MD, FAAP

CHAPTER POINTS

•	 Hypoxemic respiratory failure (HRF) in neonates is 
commonly due to hypoventilation, impaired diffusion 
and/or ventilation-perfusion mismatch and is often 
associated with persistent pulmonary hypertension of 
the newborn (PPHN) and right-to-left shunt.

•	 Severity of HRF is assessed by calculating Alveolar-
arterial oxygen gradient (A-a DO2), arterial to Alveolar 
oxygen ratio (a/A ratio), oxygenation index (OI), 
oxygen saturation index (OSI), respiratory severity score 
(RSS), PaO2/FiO2 (P/F) ratio and SpO2/FiO2 (S/F) ratio.

•	 Management of HRF includes gentle respiratory 
support with permissive hypercapnia, permissive 
hypoxemia (SpO2 in low to mid-90s) and surfactant 
replacement in cases with parenchymal lung disease, 
inhaled nitric oxide in patients with PPHN and if 
intractable despite medical therapy, extracorporeal 
membrane oxygenation (ECMO).

Introduction

Hypoxemic respiratory failure (HRF) is frequently encoun-
tered in neonatal intensive care unit (NICU) and can occur 
in both term and preterm infants. Although the exact inci-
dence of HRF is not known, it has been estimated that 

nearly 80,000 newborn infants require mechanical ven-
tilation in the United States each year and nearly 11% of 
these infants die [1]. The annual cost of hospital care of 
these infants was estimated to be US$4.4 billion [1]. A 
diagnosis of HRF is characterized by presence of hypox-
emia and/or hypercarbia on blood gases and is associated 
with significant morbidity and mortality in these critically 
ill infants. This failure to maintain normal PCO2 and PaO2 
can either be secondary to pulmonary disorders such as 
hyaline membrane disease (HMD) in a preterm infant or 
meconium aspiration syndrome (MAS) in a term infant, or 
cardiac dysfunction such as persistent pulmonary hyperten-
sion in newborn (PPHN) or a large left-to-right shunt in an 
infant with patent ductus arteriosus (PDA). Often, it is a 
result of combination of both pulmonary and cardiac dys-
function in the same patient.

Pathophysiology of HRF

Maintenance of normal PCO2 and PaO2 depends on com-
position of air entering lungs, adequate blood flow to the 
lungs, mature gas-exchange surface, and an intact neuro-
muscular system. The pathophysiology of HRF can be 
attributed to one or more of the following mechanisms.
1. Hypoventilation: Hypoventilation is described as 

a condition in which the total air volume reaching 
alveolar space is inadequate to maintain gas exchange. 
Ventilation, usually reported as minute ventilation 
(VE), is the volume of air expired in 1 min. VE is 
calculated by multiplying respiratory rate (f) by tidal 
volume (Vt), which is a sum of alveolar ventilation 
(VA) and dead space ventilation (VD). Since only 
alveolar air participates in gas exchange, a decrease in 
VA will result in hypercarbia and hypoxemia (Fig. 8.1). 
Administration of oxygen alone may improve PaO2 
with no significant effect on PaCO2. Correction of 

CHAPTER CONTENTS HD

Introduction 81
Pathophysiology of HRF 81
Etiology of HRF 85
Clinical features and assessment 85
Assessment of severity 93
Management 95
References 97



82

Section Applied Physiology, and Ventilator Support: General Considerations| III |

PaCO2 will require increase in VE. Common causes 
of hypoventilation leading to HRF are neuromuscular 
disorders, chest wall deformities, central nervous 
system depression (either due to a primary pathology 
or secondary to maternal or neonatal narcotics/
sedation use), and airway obstruction.

2. Impaired diffusion: Gas exchange across alveolar–
capillary membrane occurs by passive diffusion. 
Hypoxemia is a more prominent finding in conditions 
associated with impaired diffusion. Since CO2 diffuses 
much more rapidly, about 20 times faster than oxygen, 
impaired diffusion by itself is an uncommon cause of 
hypercarbia [2,3]. Factors leading to impaired diffusion 
include thickness of alveolar–capillary junction, 
impaired alignment of alveoli and capillaries, reduced 
number of alveolar capillaries, and shorter RBC transit 
time through capillaries [3]. The examples of clinical 
conditions in a neonate in which impaired diffusion 
contributes to HRF are interstitial lung diseases (ILD), 
bronchopulmonary dysplasia (BPD), and alveolar 
capillary dysplasia (ACD).

3. Ventilation–perfusion mismatch: Ventilation–
perfusion ratio (V/Q ratio) is described as the ratio 
of alveolar ventilation to alveolar perfusion. An 

ideal V/Q ratio of 1 requires that all regions of lungs 
participate in gas exchange, all ventilated alveoli are 
adequately perfused, and all perfused alveoli are 
fully ventilated. Low V/Q ratio, ranging from 0 to 
1, will occur in parts of lung with decreased or no 
ventilation but with adequate perfusion (Fig. 8.2). 
This is also described as intrapulmonary shunting 
as some deoxygenated blood passes through 
pulmonary circulation without participating in gas 
exchange. Effects of changes in V/Q mismatch on 
ventilation and oxygen are shown in Fig. 8.3. Patients 
with low V/Q ratio will present with hypercapnia 
and hypoxia (Fig. 8.3). In contrast, high V/Q ratio 
(ranging from more than 1 to infinity) occurs when 
ventilation is maintained in presence of decreased 
or absent perfusion. This will increase the dead 
space and reduce the overall gas exchange area of 
the lung. However, under normal condition in a 
healthy human adult in erect position, V/Q ratio is 
between 0.8 and 0.9 because of the effects of gravity 
on ventilation and perfusion in different regions 
of the lung. It has been known that the ventilation 
and perfusion of lungs is not uniform and vary 
in different areas of the lungs depending on the 

Fig. 8.1 The effects of hyper- and hypoventilation on the PAO2 (red) and PACO2 (blue) and, therefore, also on PaO2 and PaCO2 
if no other V′A/Q′ mismatch is present. The dashed lines indicate normal values for V′A, PAO2 and PACO2. The diagram is derived 
assuming unchanged cardiac output, O2 consumption, and CO2 production with mixed venous values changing with changes 
in PaO2 and PaCO2. With hypoventilation, PvO2 and PvCO2 are lower and higher than normal, respectively. Note that changes in 
V′A correspond to changes in V′A/Q′ ratio, as blood flow (cardiac output) is held constant. Thus, decreased ventilation (low V′A/Q′ 
ratio) causes PAO2 and PACO2 to move toward the mixed venous values while hyperventilation shifts PAO2 and PACO2 toward their 
inspired values. Hypoventilation thus results in both hypoxemia and hypercapnia. An increase in FiO2 results in an upward shift 
of the PO2 curve while the PCO2 curve remains fixed. In this situation, PaCO2 might be high even in the absence of hypoxemia. 
Reproduced with permission from Petersson J, Glenny RW. Gas exchange and ventilation-perfusion relationships in the lung. Eur 
Respir J 2014;44(4):1023–1041 [2]. Copyright: ERS 2014.

Pv¯O2Pv¯CO2
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airway and hydrostatic pressures [4–7]. Based on 
the differences in V/Q, the lung has three distinct 
zones in an erect position (Fig. 8.4). Zone 1 (upper 
zone in Fig. 8.4) is described as part of the lung in 
which pulmonary arterial pressure is lower than the 
pulmonary alveolar pressure. As a result, capillaries 
in this part of the lung are either collapsed or poorly 
perfused, do not participate in gas exchange, and add 
to the dead space ventilation. Thus, the V/Q ratio is 
more than 1 in this part of the lung. This zone may be 
nonexistent in healthy adults but becomes important 

in ventilated patients with high alveolar pressures 
and/or low pulmonary arterial pressures. Zone 2 
(middle zone in Fig. 8.4) is the region of the lung few 
centimeters above the heart. The blood flow in this 
zone is pulsatile and pulmonary artery pressure is 
greater with the pulmonary venous pressure being 
lower than the alveolar pressure. The V/Q ratio in this 
region of lung is closest to 1. Both pulmonary artery 
and venous pressures are higher than the alveolar 
pressure in zone 3 (lower zone in Fig. 8.4) and the V/Q 
ratio is below 1 in this part of the lung.

Fig. 8.2 Alveolar Oxygen and Carbon Dioxide Partial Pressures (PO2 and PCO2) in Homogeneous Regions With 
Different Alveolar Ventilation–Perfusion Ratio Indicated on the Abscissa. Reproduced with permission from Wagner PD. 
The physiological basis of pulmonary gas exchange: implications for clinical interpretation of arterial blood gases. Eur Respir J 
2015;45(1):227–243 [3]. Copyright: ERS 2014.

Fig. 8.3 Effect of Ventilation–Perfusion (V/Q) on Oxygenation in Lungs. Three-compartment model of the lung with V/Q 
equal to 1 in normal lungs (center figure), V/Q equal to infinity due to no perfusion, and V/Q equal to zero in airway obstruction 
with no ventilation. Copyright: Satyan Lakshminrusimha.
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 Most patient with cardiopulmonary disorders has 
a variable combination of lung units with normal, 
low, and infinite V/Q ratios. This variation in V/Q 
mismatch is less in supine position because the 
vertical dimension of the lung is smaller. Although 
the effect of prone position on V/Q matching has 
been controversial, several animal and human studies 
have shown that clinically observed improvement in 
ventilation and oxygenation in mechanically ventilated 
patients in prone position is due to better V/Q match 
in prone position [6,7]. Minor reduction in overall 
V/Q mismatch is compensated by increase in VE 
till a point is reached when increase in ventilation 
is not sustainable either due to fatigue or degree 
of mismatch. V/Q mismatch is one of the primary 
underlying mechanisms in most patients with HRF.

4. Right-to-left shunts: In presence of right-to-left shunts, 
deoxygenated blood passes from right side to the left or 
oxygenated side of the circulation without participating 
in gas exchange in lungs. Due to the bronchial and 
thebesian (small cardiac veins) circulations, about 
2%–3% of deoxygenated blood passes from right 
to the left side of the circulation in healthy adults. 
The amount of this physiologic right-to-left shunt is 
higher, about 5%–10%, in newborn infants because of 
presence of PFO and PDA in first few days of life and 
contributes to lower resting PaO2 in healthy newborns. 
Right-to-left shunts can be either intracardiac or 
intrapulmonary and can lead to severe hypoxemia and 
respiratory failure. The severity of hypoxemia depends 

on the size of right-to-left shunt (Fig. 8.5). In patients 
with a small right-to-left shunt (≤10%–20% of cardiac 
output), the decrease in PaO2 will be small and it will 
improve with increasing FiO2. In contrast, in patients 
with a large right-to-left shunt (>30%–50% of cardiac 
output) PaO2 will be significantly lower and will have 
minimal or no increase even with administration of 
100% oxygen (Fig. 8.5). Changes in PaCO2 are less 
striking. If VE remains unchanged, PaCO2 will increase 
in nonlinear fashion with increase in the size of right-
to-left shunt. However, PaCO2 in patients with right-
to-left shunt is usually either low or normal because of 
hypoxia-driven increase in VE.

 Cardiac catheterization with the use of Fick principle 
is the gold standard to determine the size of shunt. 
However, several noninvasive methods, such as 
echocardiography, magnetic resonance study of 
the heart, and radionuclide scintigraphy have been 
developed and can provide good estimates of the 
size of shunt in these patients [8–12]. A rough 
estimate of right-to-left shunt can also be obtained 
by evaluating the effect of FiO2 on SaO2 as described 
earlier (Fig. 8.5). However, these techniques are 
helpful in patients with no pulmonary disease and 
V/Q mismatch. Based on the observation that increase 
in FiO2 has minimal or no effect on PAO2 or SaO2 
in patients with right-to-left shunt but will restore 
PAO2 or SaO2 to near normal in patients with V/Q 
mismatch alone, a simplified slide rule method has 
been proposed to evaluate the size of shunt in presence 

Fig. 8.4 Lung Perfusion Zones in Erect Adult.
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of V/Q mismatch [13–16]. A online free version 
of the slide-rule calculator is available from http://
www.noranaes.org/shuntcurves/. Using SaO2 values 
at different FiO2 and patient’s hemoglobin, both the 
size of shunt and extent of V/Q mismatch can be 
calculated.

 Some common causes of intrapulmonary right-
to-left shunt in newborns include atelectasis, 
hyaline membrane disease, and pneumonia. 
Extrapulmonary right-to-left shunt is the cause of 
hypoxemia in neonates with cyanotic congenital 
heart disease.

5. Low inspired oxygen pressure: A low partial pressure 
of oxygen in alveoli (PAO2) is an uncommon cause of 
hypoxemia in most clinical situations but can occur at 
high altitude (such as during air transport), by inhaling 
gas mixture with less than 21% oxygen or due to an 
increased alveolar amount of other gases such carbon 
monoxide and dioxide (Fig. 8.6).

6. Low pulmonary arterial PO2: Another contributing 
mechanism of arterial hypoxemia is the presence 
of low PO2 in the blood entering the pulmonary 
circulation. This could be due to low cardiac output, 
increased oxygen extraction by tissues, and presence of 
abnormal hemoglobin.

Etiology of HRF

A wide range of pulmonary and nonpulmonary disorders 
can cause HRF in newborns. It is important to note that 
most newborns with these conditions have mild to mod-
erate clinical symptoms with minor alterations in PCO2 
and PaO2 and only infants with severe disease may need 
mechanical ventilation. The disorders associated with HRF 
can present either at or after birth and can be divided into 
intra- and extrapulmonary disorders (Table 8.1).

Clinical features and assessment

A detailed history, including events in the antenatal period, 
can be helpful in identifying the likely etiology, the course 
of the disease, and the evaluation and management. The 
gestational age can help clinicians in narrowing down the 
differential diagnosis in a newborn with HRF. While HMD 
is more likely in a preterm infant with no maternal steroid 
treatment prior to delivery, MAS and PPHN are more likely 
to be a cause of HRF in a term or postterm infant. Other 

Fig. 8.5 The Iso-Shunt Diagram Illustrating the Relationship Between PaO2 and FiO2 in the Presence of a Shunt 
Corresponding to Different Percentages of Total Lung Blood Flow. Note the near linear relationship between PaO2 and 
FiO2 in the absence of shunt. With increasing shunt fractions, the change in PaO2 with increasing FiO2 is much more flat. 
Hence, a large increase in FiO2 results in little change in PaO2. For a shunt >30% of cardiac output, even a FiO2 of 1.0 fails to 
result in a PaO2 of 100 mmHg (13.3 kPa). Modeling is based on a hemoglobin concentration of 14 g/dL, PaCO2 of 40 mmHg 
(5.3 kPa) and an arterial–mixed venous oxygen content difference (Ca vO2− ) of 5 mL/dL. Reproduced with permission from 
Petersson J, Glenny RW. Gas exchange and ventilation-perfusion relationships in the lung. Eur Respir J 2014;44(4):1023–1041 
[2]. Copyright: ERS 2014.

Ca−v¯O2

http://www.noranaes.org/shuntcurves/
http://www.noranaes.org/shuntcurves/
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Fig. 8.6 Oxygenation of Capillary Blood as a Function of Time Under Different Conditions. The panel illustrates how 
PeCO2 and hence PaO2 fails to reach PAO2 due to low PvO2

 and short transit time during extreme exercise at sea level (solid curve) 
and moderate exercise at altitude (dashed curve). Reproduced with permission from Petersson J, Glenny RW. Gas exchange and 
ventilation-perfusion relationships in the lung. Eur Respir J 2014;44(4):1023–1041 [2]. Copyright: ERS 2014.

Pv¯O2

Table 8.1  Common causes of hypoxemic respiratory failure (HRF) in newborns

At or soon after birth In postnatal period

Intrapulmonary Extrapulmonary Intrapulmonary Extrapulmonary

HMD or RDS, MAS, atelectasis, 
congenital pneumonia, PPHN

Critical congenital heart 
diseases such as TAPVR

BDP, pulmonary 
hemorrhage, 
pneumonia

Congenital heart diseases such as 
large left-to-right shunts

Neuromuscular disorders such 
as congenital myasthenia gravis, 
myotonic dystrophy, congenital 
malformations of the brain

Neuromuscular disorders such 
as congenital myasthenia gravis, 
myotonic dystrophy, congenital 
malformations of the brain

Anomalies of lung such as 
CCAM, pulmonary hypoplasia 
(could be secondary to 
oligohydramnios from chronic 
leakage or renal anomalies), ACD

Anomalies of thoracic cage 
such as thanatophoric dysplasia, 
congenital diaphragmatic 
hernia

Anomalies of 
lung such as lobar 
emphysema, 
pulmonary 
lymphangiectasia, PIE

Anomalies of thoracic cage such 
as nonlethal skeletal dysplasias

Airway anomalies such as 
laryngeal webs and masses

Airway anomalies such as 
subglottic stenosis, vocal cord 
paralysis

Intrapleural pathologies such as 
pleural effusion, pneumothorax

Intrapleural pathologies such as 
pleural effusion, pneumothorax

Miscellaneous such as CNS 
depression due to maternal 
medications, hypoxic-ischemic 
injury

Miscellaneous such as use of 
sedatives and paralytics

ACD, Alveolar capillary dysplasia; BPD, bronchopulmonary dysplasia; HMD, hyaline membrane disease; MAS, meconium aspiration syndrome; 
PIE. ; PPHN, persistent pulmonary hypertension in newborn; RDS, respiratory distress syndrome.
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important clues in maternal or neonatal history include 
factors associated with infection such as maternal GBS sta-
tus, duration of ruptured membranes, presence or absence 
of chorioamnionitis; presence of abnormalities on prena-
tal ultrasounds such as hydrops fetalis, pleural effusion, 
pulmonary masses; maternal morbidities such as diabetes 
mellitus; maternal medications such as SSRIs, NSAIDS, 
maternal sedatives/narcotics during labor; intrapartum 
complications such as MSAF, fetal distress, shoulder dysto-
cia, instrumental delivery, need for resuscitation after birth, 
and HIE.

All infants with HRF will have variable degree of respi-
ratory distress characterized by tachypnea, sub- and inter-
costal retractions, nasal flaring, and grunting. Although 
these signs of respiratory distress are nonspecific, grunting 
is considered highly suggestive of HMD in a preterm infant. 
Infants with HMD try to increase their functional residual 
capacity by keeping the glottis closed for as long as possible 
and thus grunting is produced as an audible sound because 
of sudden expiration against a partially closed glottis. Use 
of validated scoring systems, such as Silverman–Anderson 

scoring (Table 8.2) or Downe’s scoring (Table 8.3), can 
help in minimizing interobserver variability in assessment 
and monitoring for respiratory distress.

Other significant findings on examination may include 
abnormal/decreased breath sounds, presence of cyanosis, 
lethargy/agitation, crepitations, use of accessory muscles of 
respiration, and signs of hemodynamic instability such as 
poor perfusion. Labile oxygen saturations and lower post-
ductal saturations compared to preductal saturations are 
suggestive of right-to-left shunt through PDA in patients 
with PPHN. Other clinical signs in infants with pulmo-
nary hypertension due to right ventricular hypertrophy 
and failure may include single-second heart sound, systolic 
murmur of tricuspid regurgitation, parasternal heave, and 
hepatomegaly.

Initial assessment in an infant with HRF of a new onset 
usually includes complete blood counts, chest X-ray, and 
blood gas. CBC with a differential count is primarily done 
to screen for underlying infection but also provides use-
ful information on hemoglobin level as both anemia and 
polycythemia may need to be addressed to optimize care 

Table 8.2  Silverman–Anderson scoring system for assessment of respiratory distress

Score 0 1 2

Chest movement Equal Respiratory lag Seesaw respiration

Intercostal retractions None Minimal Marked

Xiphoid retractions None Minimal Marked

Nasal flaring None Minimal Marked

Expiratory grunt None Audible with stethoscope Audible without stethoscope

Interpretation: Higher the score, more severe the respiratory distress; a score greater than 7 indicates respiratory failure

Source: Silverman WA, Andersen DA. A controlled clinical trial of effects of water mist on obstructive respiratory signs, death rate and necropsy 
findings among premature infants. Pediatrics 1956;17(1):1–10.

Table 8.3  Downe’s scoring system for assessment of respiratory distress

0 1 2

Cyanosis None In room air In 40% FiO2

Retractions None Mild Severe

Grunting None Audible with stethoscope Audible without stethoscope

Air entry Clear Decreased Barely audible

RR Under 60 60–80 Over 80 or apnea

Score >4 = Clinical respiratory distress; monitor ABG
Score >8 = Impending respiratory failure

Source: Downes JJ, Vidyasagar D, Boggs TR, Morrow GM. Respiratory distress syndrome of newborn infants. I. New clinical scoring system 
(RDS score) with acid–base and blood-gas correlations. Clin Pediatr 1970;9:325–331.
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of these infants. Chest X-ray can provide useful informa-
tion about the cause of HRF and help in identifying com-
plications of treatment and optimizing the ventilator 
support. Table 8.4 summarizes the typical chest X-ray find-
ings in various disorders responsible for HRF in newborns 
(Figs. 8.7–8.19).

Blood gas estimation can provide crucial information 
about ventilation, degree of hypoxemia, and derangements 
in acid–base status. Normal ABG values for a newborn 

breathing room air at sea level are shown in Table 8.5. 
Although the target PaO2 in patients with HRF is between 
60 and 80 mmHg, a PaO2 between 40 and 60 mmHg can 
be accepted, in order to minimize adverse effects of increas-
ing barotrauma, if there are no signs of end-organ hypoxia 
as assessed by serum lactic acid, blood pressure, and urine 
output. A PaO2 value below 40 mmHg in absence of cya-
notic congenital heart disease is always considered critical 

Fig. 8.8 Chest X-ray of a Newborn With Meconium 
Aspiration Syndrome (MAS).

Table 8.4  Chest X-ray findings in common disorders 
responsible for HRF in newborns

Disorder Typical chest X-ray findings

HMD Poor lung expansion, bilateral symmetric 
diffuse reticulogranular opacities, 
atelectasis, air bronchograms (Fig. 8.7)

MAS Unilateral or bilateral fluffy infiltrates or 
coarse opacities, hyperexpanded lungs 
(Fig. 8.8)

Pneumonia Variable ranging from patchy 
infiltrates or consolidation to being 
indistinguishable from X-ray of HMD 
(Fig. 8.9)

Air leak 
syndromes

Pneumothorax (Fig. 8.10), PIE (Fig. 8.11)

Pulmonary 
hypoplasia

Poor lung expansion with clear lung 
fields (Fig. 8.12)

PPHN Primary PPHN—variable lung expansion 
with clear lung fields (Fig. 8.13)
Secondary PPHN—consistent with 
underlying etiology

CDH Absent diaphragm on the affected side 
with bowel gas in the chest presenting 
as cysts, poor lung expansion (Fig. 8.14)

CCAM Pulmonary cysts localized to one lobe of 
the lung (Fig. 8.15)

Pleural 
effusion

Unilateral or bilateral opacities with shift 
of heart to contralateral side in unilateral 
effusion (Fig. 8.16)

Hydrops fetalis Cardiomegaly with unilateral or bilateral 
pleural effusions, increased pulmonary 
vascular markings (Fig. 8.17)

BPD Variable from increased interstitial 
markings to diffuse cystic changes, 
hyperexpansion (Fig. 8.18)

Skeletal 
dysplasias

Bell-shaped chest with findings of 
pulmonary hypoplasia, thin ribs, 
abnormal long bones (Fig. 8.19)

Fig. 8.7 Chest X-ray of a Newborn With Hyaline 
Membrane Disease (HMD).
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and is associated with significant increase in morbidity and 
mortality in patients with HRF. As oxygen is one of the most 
potent pulmonary vasodilators, it was believed that main-
taining PaO2 values higher than 80 mmHg could be benefi-
cial in patients with pulmonary hypertension. However, the 
data from several animal studies have clearly shown that 
PaO2 values above 80 mmHg provide no additional benefit 

and may even be harmful due to increased production of 
the free-oxygen radicals and its harmful effects on surfac-
tant and pulmonary vasculature.

In contrast to the interpretation of PaO2, interpreta-
tion of PaCO2 requires attention to pH and HCO3

−  values 
in the patient. An increase in PaCO2 and/or decrease in 
HCO3

− values will lower the pH while a decrease in PaCO2 
and/or increase in HCO3

− values will have the opposite 
effect on pH. It is estimated that in patients with acute 
HRF every 10 mmHg change in PaCO2 will change pH 

HCO3−

HCO3−
HCO3−

Fig. 8.9 Chest X-ray of a Newborn With Pneumonia.

Fig. 8.10 Chest X-ray of a Newborn With Right 
Pneumothorax.

Fig. 8.11 Chest X-ray of a Newborn With Pulmonary 
Interstitial Emphysema (PIE).

Fig. 8.12 Chest X-ray of a Newborn With Pulmonary 
Hypoplasia.
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by 0.07–0.08 units. The effect of change in PaCO2 on pH 
in patients with long-standing respiratory failure is less 
marked. Table 8.6 summarizes the interpretation of dif-
ferent alterations in PaCO2, pH, and HCO3

− values. The 
most common abnormalities in an acute phase of HRF 
are respiratory and metabolic acidosis. Respiratory acido-
sis is a result of hypoventilation seen in patients with HRF. 
Metabolic acidosis in patients with HRF is frequently a 
sign of tissue hypoxia and hypoperfusion and is associated 
with increased serum lactic acid and anion gap. The com-
mon causes of metabolic acidosis with normal anion gap 
in newborns include renal bicarbonate loss, renal tubular 

acidosis, and diarrhea. Respiratory alkalosis is a result of 
hyperventilation, which can be in response to hypoxemia 
or in some cases as a result of central hyperventilation with 
brain injury or hyperammonemia. The most common 
causes of metabolic alkalosis in newborns include diuretics 
and loss of excessive amounts of gastric contents.

HCO3−

Fig. 8.13 Chest X-ray of a Newborn With Primary 
Pulmonary Hypertension.

Fig. 8.14 Chest X-ray of a Newborn With Left CDH.

Fig. 8.15 Chest X-ray of a Newborn With CCAM.

Fig. 8.16 Chest X-ray of a Newborn With Right Pleural 
Effusion.
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Fig. 8.17 Chest X-ray of a Newborn With Hydrops Fetalis.

Fig. 8.18 Chest X-ray of a Newborn With 
Bronchopulmonary Dysplasia (BPD).

Fig. 8.19 Chest X-ray of a Newborn With Skeletal 
Dysplasia.

Table 8.5  Normal ABG values for a newborn 
breathing room air at sea level

Normal range

pH 7.35–7.45

PaCO2 35–45 mmHg

PaO2 60–80 mmHg

HCO3 22–26 mEq/L

Base excess ±2–4 mEq/L

SaO2 95%–98%

MetHb <1%

COHb <2%

CaO2 16–22 mL O2/dL
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Although an arterial blood sample is ideal and provides 
most reliable information, both venous and capillary 
blood samples can be used in absence of arterial access 
but require appropriate interpretation based on the site 
of sampling. However, it is important to note that venous 
or capillary blood gases should only be used to assess 
the ventilation (based on PaCO2) and the acid–base sta-
tus (based on pH and bicarbonate values). PO2 in either 
venous or capillary blood gas sample can provide some 
information on adequacy of tissue oxygenation but has 
no correlation with PaO2. A blood gas analyzer provides 
actual pH, PCO2, and PO2, with calculated values of HCO3 
and base excess. In addition, most blood gas machines 

also have a cooximeter which is required to measure Hb, 
carboxyhemoglobin (COHb), methemoglobin (MetHb), 
and SaO2 and this data can be used to calculate the oxygen 
content in the blood (CaO2). Proper interpretation of a 
blood gas result requires information on altitude and frac-
tion of oxygen in inspired air (FiO2) to determine partial 
inspiratory pressure of oxygen (PiO2) by using the alveolar 
gas equation.

Alveolar gas equation
PiO FiO Barometric pressure (PB)2 2= ×

Alveolar PO2 (PAO2) is directly related to partial pressure 
of inspired oxygen PiO2 and inversely related to alveolar 
PCO2. Since alveolar gas exchange occurs by simple diffu-
sion, PaO2 can never exceed PAO2. This difference between 
PAO2 and PaO2 is called alveolar–arterial oxygen gradient 
or difference (A–aDO2) and can be used as a marker of 
severity of the lung disease.

Erroneous blood gas results can occur if blood sample 
contains air bubbles, dilution from infusing fluids (espe-
cially TPN containing dextrose), and excessive heparin. Air 
bubbles can lead to overestimation of PaO2 and underesti-
mation of PaCO2. Dilution of a blood gas sample with IV 
fluids will lead to spuriously low PaO2 and PaCO2 as both 
CO2 and O2 will diffuse from blood into the diluting fluid. 
However, due to the buffering capability of blood, pH may 
not change much. Excessive heparin can lower the pH of 
the sample. Another factor affecting the results of a blood 
gas sample is the body temperature. Blood gas machines 
analyze all samples at 37°C. This means that a blood sam-
ple from a febrile patient gets cooled down and a sample 
from a hypothermic patient is warmed up during the analy-
sis thus altering the values of PaO2 and PaCO2. As a result, 
measured PaO2 and PaCO2 are higher than in a hypothermic 
patient and lower in a febrile patients [17,18]. A change in 
temperature by each degree centigrade will change PaO2 by 
about 5 mmHg and PaCO2 by about 2 mmHg. Because of 
the effects of temperature on oxyhemoglobin dissociation 
curve and basal oxygen consumption, both SaO2 and SvO2 
are affected by changes in the body temperature. A decrease 
in the body temperature shifts oxyhemoglobin dissociation 
curve to the left and lowers the tissue oxygen consumption. 
In contrast, any increase in body temperature has the oppo-
site effect. As a result at any given PaO2, both SaO2 and 
SvO2 will be higher in a hypothermic patient and lower in 
a febrile patient [17].

Noninvasive monitoring

Pulse oximetry

Use of pulse oximetry for continuous assessment of oxy-
gen saturations has significantly improved care of criti-
cally ill patients of all ages and is the standard of care in 

A l v e o l a r    g a s    e q u a -
tion          PiO2=FiO2×Barometric   pr-
essure   (PB)

Table 8.6  Interpretation of alterations in PaCO2, pH, 
and HHCCOO33

−− values

Interpretation pH PaCO2 HCO3
– BE

Uncompensated 
respiratory acidosis

↓ ↑ N N

Partially compensated 
respiratory acidosis

↓ ↑ ↑ ↑

Compensated respiratory 
acidosis

N ↑ ↑ ↑

Uncompensated 
respiratory alkalosis

↑ ↓ N N

Partially compensated 
respiratory alkalosis

↑ ↓ ↓ ↓

Compensated respiratory 
alkalosis

N ↓ ↓ ↓

Uncompensated 
metabolic acidosis

↓ N ↓ ↓

Partially compensated 
metabolic acidosis

↓ ↓ ↓ ↓

Compensated metabolic 
acidosis

N ↓ ↓ ↓

Uncompensated 
metabolic alkalosis

↑ N ↑ ↑

Partially compensated 
metabolic alkalosis

↑ ↑ ↑ ↑

Compensated metabolic 
alkalosis

N ↑ ↑ ↑

Mixed respiratory and 
metabolic acidosis

↓↓ ↑ ↓ ↓

Mixed respiratory and 
metabolic alkalosis

↑↑ ↓ ↑ ↑

↓, Decreased; ↑, increased; N, normal.

HCO3−

HCO3−
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all developed countries. In addition to being noninvasive, 
oxygen saturations using pulse oximetry (SpO2) have been 
shown to correlate well with arterial oxygen saturations 
(SaO2) measured by cooximeter on blood gas analyzers. 
However, there are differences between SpO2 and SaO2, 
which are important for all clinicians to know in order to 
make appropriate decisions about the patient care. SpO2 
is also referred to as functional oxygen saturations and is 
expressed as:

Functional oxygen saturations Oxyhemoglobin/
(Oxyhemoglobin Deoxyhemoglobin)

=
+

In contrast, SaO2 is the oxygenated fraction of the total 
hemoglobin and is also called fractional oxygen satura-
tions.

Fractional oxygen saturations Oxyhemoglobin/
Total hemoglobin

=

The total hemoglobin in the above equation includes 
types of hemoglobin with limited or no capacity to bind 
with oxygen, such as COHb, MetHb, and others. Since 
levels of COHb and MetHb are low in most clinical situ-
ations, the correlation between SpO2 and SaO2 is fairly 
good with SaO2 being 2%–3% lower than accurately mea-
sured SpO2. However, under certain clinical conditions, a 
pulse oximeter can overestimate oxygen saturations by as 
much as 6% and the correlation between SpO2 and SaO2 
is significantly lower when less than 80% of hemoglobin 
is oxygenated [19]. Other factors affecting the accuracy of 
SpO2 include improper probe placement, motion artifact, 
electromagnetic and ambient light interference, irregular 
rhythm, loss of pulsatile circulation, and poor perfusion 
states [20]. These factors tend to cause erroneously low 
SpO2 readings. The effect of skin color on SpO2 has been 
evaluated in several studies [20–25]. Although pulse oxim-
etry is considered accurate in presence of jaundice, some 
earlier studies observed that SpO2 readings in dark infants 
may not be reliable especially when SaO2 is less than 80% 
[22–24]. However, a recent study using current generation 
of pulse oximeters in infants with hypoxemia secondary to 
CCHD did not find any difference in SpO2 based on skin 
pigment [25].

Simultaneous pre- and postductal SpO2 measurement 
can provide significant clues to the etiology of HRF in 
infants with PDA. A lower postductal SpO2 suggests right-
to-left shunt at the level of PDA and is seen in infants with 
PPHN and many duct-dependent CCHD such as hypoplas-
tic left heart and coarctation of aorta. As per current guide-
lines, a postductal SpO2 lower by 4% or more is considered 
significant and an indication to obtain echocardiogram to 
exclude critical congenital heart disease [26]. A higher post-
ductal SpO2, sometimes referred to as “reverse differential 
cyanosis”, is rare and seen in infants with complex critical 

congenital heart lesions such as dextrotransposition of the 
great arteries with persistent pulmonary hypertension or 
aortic interruption/coarctation.

Noninvasive PO2 and PCO2 monitoring

Transcutaneous PO2 (PtcO2) and transcutaneous PCO2 
(PtcCO2) monitoring equipment are available but have 
significant limitations for widespread use. These systems 
require skin temperature to be 42–45°C to improve perfu-
sion, which increases the risk of skin burns with prolonged 
use. Factors affecting the results include hypotension, 
shock, peripheral vasoconstriction, edema, patient move-
ment, improper placement of the sensor and equipment 
calibration errors [27]. In a recent retrospective, cohort 
study from a large neonatal ICU, authors observed only 
a moderate correlation between PtcCO2 and PCO2 but 
reported reduction in the number of blood gases done in 
infants on PtcCO2 monitors [28]. No difference in dura-
tion of mechanical ventilation and major morbidities was 
noted [28].

End-tidal CO2 (PetCO2) measurement, also called cap-
nography, has been suggested as an alternative method 
of continuous, noninvasive monitoring of PCO2 [29–35]. 
These devices can be either qualitative, also known as colo-
rimetric detectors, detect the presence or absence of CO2 in 
exhaled air, or quantitative which provide the exact value 
of PCO2 in exhaled air. Use of these devices to confirm suc-
cessful endotracheal intubation is strongly recommended 
and is becoming a routine practice in most units [36,37]. 
The continuous quantitative measurements of PetCO2 cor-
relate well with PaCO2 in healthy adults but are somewhat 
less reliable in critically ill patients with high PCO2 values. 
Higher respiratory rates and smaller tidal volumes in neo-
nates have been cited as some of the reasons for poor corre-
lation between PetCO2 and PaCO2 in neonates and young 
infants [29]. Although capnography has become a standard 
of care for intubated patients in operating rooms, its use in 
neonatal intensive care is variable.

Assessment of severity

Alveolar–arterial gradient 
and (A–aDO2)
A–aDO2, the difference between PAO2 and PaO2, reflects 
the degree of V/Q mismatch or diffusion impairment. Nor-
mal A–aDO2 in healthy adults in room air is 5–15 mmHg 
but is usually between 25 and 30 mmHg in a newborn 
due to small amount of right-to-left shunt through PFO. 
Normal value for A–aDO2 in healthy adults breathing 
100% oxygen can be significantly higher in absence of any 

Functional   oxygen   saturations=Oxyhe
moglobin/(Oxyhemoglobin+Deoxyhe
moglobin)

Fractional   oxygen   saturations=Oxyhe
moglobin/Total   hemoglobin
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cardiopulmonary disease because high FiO2 will lead to 
increase in both PAO2 and PaO2 but the increase in PAO2 is 
higher than the increase in PaO2. A–aDO2 in healthy adults 
breathing 100% can be 80–120 depending on the age of 
the patient [38]. A–aDO2 is calculated using the following 
formula:

A aDO [(PB PH O) FiO ] (PaCO ÷ RQ) PaO2 2 2 2 2− = − × − −

PB = Atmospheric pressure (760 mmHg at sea level)
PH2O = Partial vapor pressure (47 mmHg in inhaled 
air in alveoli at 37°C)
FiO2 = Fraction of oxygen in inspired air
PaO2 = Partial pressure of oxygen in arterial blood
PaCO2 = Partial pressure of carbon dioxide in arterial 
blood
RQ = Respiratory quotient (1 with purely carbohydrate 
diet but 0.8 on a regular diet)
For all practical purposes, for an infant on 100% oxygen 

at sea level this equation can be simplified as

A aDO 713 PaO PaCO2 2 2− = − −

Based on observations that A–aDO2 higher than 600–
620 mmHg for 8–12 consecutive hours is associated with 
80%–100% mortality rate, an A–aDO2 >605–620 mmHg 
for 4–12 h is recommended as one of the criteria for con-
sidering extracorporeal membrane oxygenation (ECMO) 
[39–42].

Arterial to alveolar (a–A) oxygen 
ratio
The a–A oxygen ratio is calculated by dividing the PaO2 by 
PAO2 and is another measure of oxygen transfer across the 
lung. The normal value of a–A oxygen ratio is greater than 
0.9. In patients breathing higher FiO2, a–A oxygen ratio is 
reported to be more reliable indicator of pulmonary gas 
exchange as compared to A–aDO2 [43]. Arterial to alveolar 
(a–A) oxygen ratio of less than 0.22 has been used in sev-
eral studies as a cutoff for administration of surfactant and 
≤0.10 was considered as severe respiratory failure [44,45].

Oxygenation index
The oxygenation index (OI), a frequently used indicator of 
severity of lung disease in neonates with HRF, is calculated 
as follows:

OI [MAP FiO PaO ] 1002 2= × ÷ ×

The OI has been recommended to determine the need 
for rescue therapies such as ECMO, as well as to predict 
survival and outcome in conditions such as CDH. OI of 
more than 15–20 has been used as a cutoff for moderate 

disease severity and initiation of iNO in several studies. The 
OI of ≥25 indicates severe hypoxemic respiratory failure 
and a value of >40 has been a long-standing criterion for 
consideration of ECMO in many centers. In a prospective 
study of pediatric HRF, peak OI was an independent pre-
dictor of outcome and a steadily increasing risk of death 
was observed with increasing OI [46]. A recent retrospec-
tive, multicenter study of infants born with CDH reported 
that best OI on first day of life is one of the best prognostic 
factors for survival in these infants [47].

Oxygen saturation index
Oxygen saturation index (OSI) is similar to OI but substi-
tutes SpO2 for PaO2.

OSI [100 MAP FiO ] SpO2 2= × × ÷

Correlation between OSI and OI and utility of OSI in 
newborns and children with HRF has been evaluated in 
several studies [48,49]. Based on the data from 255 chil-
dren with ALI/ARDS, investigators estimated that an OSI 
of 6.5 would be equivalent to an OI of 5.3 and PaO2/FiO2 
ratio of 300 (well accepted criteria for the diagnosis of ALI 
in children), and an OSI of 7.8 would equal PaO2/FiO2 
ratio of 200 (criteria for the diagnosis of ARDS) and an OI 
of 8.1 [48].

Respiratory severity score
The respiratory severity score (RSS) is calculated using the 
following formula:

RSS MAP FiO2= ×
An advantage of RSS is that it can be calculated in 

patients with no arterial access and PaO2. RSS was used in 
a large multicenter trial in which preterm infants undergo-
ing mechanical ventilation were treated with a SpO2 goal 
of 88%–94% and were expected to have a PaO2 range of 
40–70 mmHg. Based on these assumptions, a severity score 
of 3.5 was considered equivalent to an oxygenation index 
between 5 and 9 [50]. Other investigators have reported a 
strong association between RSS and OI in infants with oxy-
gen saturation (SaO2) between 88% and 94% (R2 = 0.982, 
n = 101; P < 0.001) [51]. With SpO2 between 88% and 94%, 
RSS of ≥3 correlated with an OI of ≥4.9 (95% CI, 3.4–6.5) 
and RSS of ≥10 was consistent with an OI of ≥14.1 (12.5–
15.8) [51]. A correlation outside these SpO2 range has not 
been evaluated.

PaO2/FiO2 ratio
The PaO2/FiO2 ratio, also called P/F ratio, is another com-
mon measure of oxygenation and is most often employed 
in ventilated patients. A normal PaO2/FiO2 ratio is 

A − a D O 2 = [ ( P B − P H 2 O ) 
×FiO2]−(PaCO2÷RQ)−PaO2

A−aDO2=713−PaO2−PaCO2

OI=[MAP×FiO2÷PaO2]×100

OSI=[100×MAP×FiO2]÷SpO2

RSS=MAP×FiO2
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300–500 mmHg, with values less than 300 mmHg indicat-
ing abnormal gas exchange and values less than 200 mmHg 
indicating severe hypoxemia. A P/F ratio ≤300 and ≤200, 
respectively, have been used to define ALI and ARDS [52].

SpO2/FiO2 ratio
SpO2/FiO2 (S/F) ratios provide information like P/F ratio 
but have the advantage of being calculated in patients with 
no arterial access and PaO2. However, it can only be used 
in patients with saturations in 80%–97% range since the 
oxyhemoglobin dissociation curve is nearly linear with 
SpO2 in this range. In a large ARDS network trial of 672 
patients, S/F ratios correlated well with P/F ratios [52]. It 
was estimated that an S/F ratio of 235 correlates with a P/F 
ratio of 200 and an S/F ratio of 315 correlates with P/F ratio 
300 in a cohort of patients with ALI and ARDS [52]. These 
findings have been validated by several subsequent studies 
in children with ALI or ARDS [53–56].

Use of P/F and S/F ratio has not been validated in neo-
natal HRF yet.

Different studies have used different indices of severity 
of HRF, but it is important to note that each scoring system 
provides somewhat different information, and these are not 
completely interchangeable. Of these indices, OI, A–aDO2, 
and a/A ratio are used most frequently in newborns. In a 
study of 155 preterm infants below 34 weeks of gestation, 
investigators compared ability of these three indices to pre-
dict respiratory outcome [57]. All three parameters, OI, A–
aDO2, and a/A ratio, were similar in their ability to predict 
the combined outcome of CLD/death. However, none of 
these indices were superior to birth weight or gestational 
alone in predicting this outcome [57]. In a similar study in 
late preterm infants (gestational age 34 0/7–36 6/7), the 
ability of the maximum A–aDO2 (AUC 0.97), minimum 
a/A ratio (AUC 0.95), and minimum PaO2/FiO2 (AUC 0.95) 
to predict need for mechanical ventilation were similar 
[58]. The cutoff values with highest predictive ability were 
reported to be >200 mmHg for A–aDO2, <180 mmHg for 
PaO2/FiO2, and <0.3 for a/A ratio [58].

Management

The initial steps in management of an infant with HRF 
include stabilizing and securing the airway, and attention 
to breathing and circulation. Supplemental oxygen and 
appropriate ventilator support should be provided, and 
vascular access should be established. Appropriate treat-
ment of underlying condition responsible for HRF such as 
HMD, pneumonia must be initiated without delay. Other 
goals of care include prevention of iatrogenic lung injury 
while maintaining adequate perfusion and oxygenation 

to avoid organ injury. The clinical management of under-
lying conditions such as HMD or PPHN is discussed in 
individual chapters on these topics. However, certain basic 
principles guiding care of neonates with HRF are briefly 
discussed here.

Respiratory support
Adequate and optimum respiratory support is the key 
to the management of neonates with HRF. Patients in 
initial stages of HRF can be managed effectively with 
different modes of respiratory support, such as low/
high flow nasal cannulas, CPAP, noninvasive mechani-
cal ventilation, and supplemental oxygenation [59–63]. 
However, most cases with severe and advanced HRF will 
require intubation and mechanical ventilation. Differ-
ent ventilation modalities such as pressure-limited ven-
tilation, volume-targeted ventilation and high frequency 
ventilation among others have been studied in neonates. 
However, there is limited evidence to support if any 
one modality is superior to others [59,63–67]. Some 
recent studies have shown that volume-targeted ventila-
tion may be better than pressure-limited ventilation in 
preterm infants [68,69]. Irrespective of the ventilation 
modality used, adequate lung expansion and synchro-
nization between patient and ventilator are necessary to 
obtain good gas exchange. Optimum continuous airway 
distending pressure is the key to adequate lung expan-
sion. The goal is to use the minimum airway distend-
ing pressure necessary to achieve lung expansion up to 
9–10 ribs on chest X-ray. A prudent use of sedatives and 
analgesics may help in reducing pain, decreasing oxygen 
utilization, and improve ventilation by improving syn-
chronization and compliance. Use of permissive hyper-
capnia and permissive hypoxia has also been suggested 
in order to minimize iatrogenic lung injury in these 
patients.

Permissive hypercapnia
Permissive hypercapnia is a frequently used lung protective 
strategy in mechanically ventilated patients. The underly-
ing concept is that accepting higher than normal PCO2 will 
reduce the barotrauma and thus decrease the likelihood of 
ventilator-induced lung injury and chronic lung disease. 
Mild to moderate hypercapnia in animal models has been 
shown to increase lung compliance, improve V/Q match, 
but has variable effects on airway resistance and diaphrag-
matic function [70]. Hemodynamic effects of hypercapnia 
include increased cardiac output, cerebral vasodilatation 
with increased cerebral blood flow, and reduced microvas-
cular permeability [70]. Effects of mild to moderate hyper-
capnia in the setting of pulmonary hypertension and sepsis 
are less clear.
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Although this strategy has been used in patients of all 
ages, its use in neonates gained acceptance in late 1990s 
and continues to be widely practiced despite the lack of 
evidence to support its use in neonates [71,72]. There 
is a lack of consensus on what level of PCO2 is safe and 
acceptable in newborns, and different studies have used 
different cutoffs to describe permissive hypercapnia. 
One of the earliest studies focused on short-term out-
comes of infants with permissive hypercapnia (PaCO2 
in 45–55 mmHg range) compared to infants with nor-
mal PaCO2 (35–45 mmHg) in the first 96 h of life and 
reported that permissive hypercapnia allowed faster wean-
ing from the ventilator [73]. Two subsequent randomized 
studies with higher PaCO2 targets in permissive hypercapnia 
groups reported no reduction in the incidence of death or 
BPD [74,75]. However, a significantly increased combined 
outcome of mental impairment or death (P < 0.05) was 
reported in the permissive hypercapnia group (target PaCO2 
between 55 and 65 mmHg for the first 7 days of life) in 
one of these studies [75]. Two other studies also reported 
that hypercapnia in first few days of life was associated with 
severe intraventricular hemorrhage and adverse neurodevel-
opmental outcome in preterm infants [76,77].

In a randomized controlled multicenter trial from 
Germany entitled permissive hypercapnia in extremely 
low birth weight infants (PHELBI), 362 ELBW infant were 
enrolled and randomly assigned to either a high target 
or control group [78]. Target PCO2 values in permissive 
hypercapnia group were 55–65 mmHg for first 3 postnatal 
days, 60–70 mmHg from days 4 to 6, and 65–75 mmHg 
on days 7–14, the target PCO2 in the control group was 
40–50 mmHg, 45–55 mmHg, and 50–60 mmHg for the 
corresponding three periods. There were no significant 
differences in important neonatal outcomes, such as 
rates of BPD or death, mortality, intraventricular hemor-
rhage, and retinopathy of prematurity in the two groups 
[78]. No differences were found on neurodevelopmental 
assessment at 2 years ± 3 months corrected age either 
[79]. A recently published meta-analysis of these studies 
concluded that permissive hypercapnia is of no benefit in 
extremely low birth weight infants and does not reduce 
the rates of BPD, mortality, IVH, PVL, NEC, ROP, and had 
no impact on neurodevelopmental outcomes of these 
infants [72]. The risks and benefits of PH in term infants 
with HRF have not been studied systematically. However, 
several studies have reported it to be well tolerated and 
to improve survival in patients with congenital diaphrag-
matic hernia [80–82].

Permissive hypoxia
Although supplemental oxygen is necessary for manage-
ment of newborns with HRF, controversy exists on ideal 
oxygen saturation targets in infants requiring supplemental 

oxygen especially in preterm infants. A better understand-
ing of harmful effects of free-oxygen radicals and reports of 
associations between liberal oxygen use and adverse out-
comes such as retinopathy of prematurity and lung injury 
promoted the practice of accepting relatively low oxygen 
saturations in infants with HRF [83–93]. On the other 
hand, there are concerns that too restrictive use of oxygen 
can lead to tissue hypoxia, adverse neurodevelopmental 
outcomes, and even increased mortality. The ideal range 
of oxygen saturation in these infants remains unclear. To 
answer this important question, several large double-blind, 
randomized, multicenter studies have been completed 
[94–98]. Although there were some minor differences in 
the protocol design of these studies, all studies compared 
short- and long-term outcome of ELBW infants managed 
with low oxygen saturation (high 80’s) compared to higher 
oxygen saturation target (low 90’s). Some of the concerns 
cited about these studies include significant overlap in SpO2 
between the two groups, accuracy of SpO2 monitors, and 
oxygen-saturation calibration problem requiring update 
to the SpO2 monitor in two of these studies. Two meta-
analyses of these studies have been published [99–100]. 
The first meta-analysis, neonatal oxygenation prospec-
tive meta-analysis (NEOPROM), concluded that relative 
risks for mortality (1.41, CI 1.14–1.74) and NEC (1.25, 
CI 1.05–1.49) are significantly increased in low compared 
to high oxygen saturation target infants [99]. The RR for 
severe retinopathy of prematurity was significantly reduced 
to low as compared with high oxygen saturation target 
infants, and there were no differences in rates of BPD and 
brain injury between the two groups [99]. Although the 
second meta-analysis also observed a significant increase 
in mortality and NEC in low oxygen saturation group, the 
authors cautioned that the quality of evidence for these 
outcomes was moderate to low and uncertainty remains 
about the optimal target range for SpO2 in ELBW infants 
[100]. Follow-up at 18–24 months corrected age has been 
published for these studies and no significant differences in 
the primary outcome of death or major disability between 
the low and high oxygen saturation target groups were seen 
[97,101,102]. A recently published Cochrane review con-
cluded that targeting lower (85%–89%) SpO2 increased the 
average risk of mortality by 28 per 1000 infants but had 
no significant effect on the composite outcome of death 
or major disability or on major disability alone [103]. In a 
clinical report on this topic, the AAP Committee on Fetus 
and Newborn concluded that the ideal oxygen saturation 
range is likely to be patient-specific and will vary based on 
several factors, such as gestational age at birth, postnatal 
age, and presence or absence of different complications of 
prematurity [104]. Although there are no evidence-based 
recommendations for SpO2 targets in late preterm and term 
infants, it is prudent to keep SpO2 levels in the range of 
90%–95% in all newborns with HRF.
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Surfactant replacement therapy
Surfactant deficiency is one of the most common causes of 
HRF in premature infants. Exogenous administration of sur-
factant in these infants has been shown to reduce mortality 
and morbidity [105–108]. Although multiple randomized 
trials and meta-analyses have shown surfactant therapy to be 
beneficial in preterm infants with HRF, the optimal dose and 
timing of administration have not been clearly defined [105–
108]. Current evidence supports an individualized approach 
and the decision to administer surfactant should be based on 
the severity of lung disease and the degree of respiratory sup-
port to maintain ventilation and oxygenation [105]. Although 
a detailed discussion on this topic is provided in chapter on 
surfactant (Chapter 24: Respiratory Distress Syndrome and 
Surfactant Therapy) of this book, some key principles are:
•	 Currently available natural and synthetic surfactants 

are equally effective. However, clinical trials are on the 
way to produce improved synthetic surfactants.

•	 A phospholipid dose of at least 100 mg/kg is required 
for good clinical response but an initial dose of 
200 mg/kg may be superior.

•	 Although routine prophylactic administration is not 
recommended at any gestational age, it should be 
administered early in the course of the disease.

•	 Surfactant replacement in infants with MAS improves 
oxygenation and reduces the need for ECMO.

•	 Role of surfactant replacement in patients with 
conditions associated with possible surfactant 
inactivation such as in patients with neonatal 
pneumonia, pulmonary hemorrhage, and others is less 
well established and requires further study.

•	 Routine use of surfactant in term infants with CDH has 
not been shown to improve clinical course or outcome.

Extracorporeal membrane 
oxygenation (ECMO)
ECMO, a form of cardiopulmonary bypass, has been shown 
to be a lifesaving intervention in newborns with HRF unre-
sponsive to maximal medical management. A multicenter, 
randomized trial from the United Kingdom demonstrated 
that the use of ECMO in critically ill neonates reduced mor-
tality nearly by half (59% without use of ECMO and 39% 
with ECMO) [109]. The improvement in survival was noted 
irrespective of the underlying pathology. Use of inhaled nitric 
oxide and other vasodilator therapies in addition to improved 
ventilation strategies have led to a significant reduction in the 
number of infants requiring ECMO over the last 2 decades. 
An important limiting factor is the gestational age of the 
infant. The need for systemic heparinization and technical 
difficulties of cannulating infants below 2000 g birth weight 
preclude its use in newborns born at less than 34 weeks of 
gestation at birth. Other common exclusion criteria include 
presence of major IVH, significant coagulopathy, lethal con-
genital malformation, irreversible brain injury or pulmonary 
pathology. Currently, ECMO is only used as a rescue therapy 
for late preterm and term newborns with a very high risk of 
death with standard treatment. Further research is necessary 
to evaluate if it can be beneficial in infants with less severe 
disease. A detailed discussion of different types of ECMO, 
inclusion criteria, complications, and outcome is provided in 
chapter on ECMO  (Chapter 22: Extracorporeal Membrane 
Oxygenation for Refractory Respiratory Failure) of this book.
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Comparison of Ventilators
Augusto Sola, MD

Introduction

For decades, neonatal ventilation has been performed in 
the intermittent mandatory ventilation (IMV) mode, pres-
sure limited and time cycled. The Baby Bird ventilator, spe-
cifically designed for ventilating newborn babies in early 
1970, saved many lives. The author started to ventilate 
newborn babies with this ventilator in 1974. At that time, 

neonatal providers were taught pulmonary physiology and 
all the mechanics and pneumatics involved in the respira-
tor. In the current era of neonatal ventilation, the younger 
generation of neonatal care providers are dismayed that 
with the Baby Bird (1) had no digital or LED readouts, (2) 
a handheld chronometer had to be used to time the inspi-
ratory time (Ti), and (3) there was no knob to “set” the 
respiratory rate, which had to be measured during 30–60 s 
with a watch or a clock each time a change in Ti or expira-
tory time was made.

Many things have changed since the early 1970s with 
automatization and computerization of ventilators, but 
the fundamentals of clinical assessment and pulmonary 
physiology have not changed. What we knew then we must 
know now in order to ventilate infants adequately, regard-
less of the ventilator or the mode of ventilation used to 
assist gas exchange in a patient.

In this chapter, I will describe ventilator modes avail-
able in current ventilators and summarize a state-of-the-art 
comparison of the performance and respiratory mechan-
ics measurements of many of the commonly used neona-
tal ventilators. The important caveats to keep in mind are 
that there is not an “ideal or optimal” neonatal ventilator 
and that respiratory mechanics measurements in neonatal 
ventilators need further refinement and standardization of 
measurement and computation methods before these may 
be used for reliable respiratory mechanics assessments in 
small neonates.

I consider that to improve outcomes—one baby at a 
time—it is not a machine that will make the difference. 
What is essential is that neonatal care providers fully under-
stand the machine they are using, that they pay continuous 
attention to details, and that they provide individualized 
care, grasping the clinical and physiologic changes that 
occur over time, sometimes rapidly, to each individual baby.
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Discrepancy between values set on 
the ventilators and the measured 
ones

Minimum discrepancies between the set parameters and 
those truly delivered are negligible in children and adult 
patients, but may be important in newborns. Indeed, the 
lower the birth weight the smaller the tidal volume (Vt) 
needed for alveolar ventilation. For example, a newborn 
with a weight <1 kg usually requires a 2–4 mL gas exchange 
volume. With such low volumes, the differences between 
set volumes and delivered ones may not be insignificant.

Several years ago (2002), we demonstrated under con-
trolled laboratory conditions that true expired tidal volume 
(Vte), as measured by the three ventilators and two free-
standing pulmonary mechanics monitors (PMM), differed 
markedly from the gold standard measurements. The great-
est discrepancy was seen in the smallest Vt, by up to 28%. 
Additionally, any added component to the ventilatory sys-
tem caused additional inaccuracies. In addition, we found 
differences among the respirators tested between the values 
set and those truly delivered. Differences and comparisons 
of neonatal ventilators are summarized later.

The greatest discrepancies within and between them 
are seen at lower Vt and with the worse lung compliance. 
The effects of even small changes in peak flow or peak 
pressure points can have a significant effect on the calcula-
tion of lung mechanics when Vt are very small. It is likely 
that the predominant feature of the discrepancy between 
actual and displayed values of compliance and resistance 
is the Vt. Hence, babies with lower birth weights or “sicker” 
lungs would be affected most by inaccuracies in pulmo-
nary mechanics measurements. In some studies, decreas-
ing dynamic compliance of the respiratory tubing was not 
associated with greater inaccuracy in Vte measurements. 
However, others have shown that different respiratory cir-
cuits can have an impact on the discrepancies.

An important caveat is that the studies that evaluate 
ventilator performance are generally performed in opti-
mal controlled ventilation conditions, which are hardly 
reproducible in vivo. In the NICU not only there is a much 
greater inherent variability of conditions but several factors 
are not the same at all times for the same baby. Under-
standably, there could therefore be significant differences 
within the same NICU and between different units.

Thus, it must be kept in mind that with the same ven-
tilator several factors can have a variable impact in poten-
tial discrepancies. Such factors could be infant-related or 
not, and they are summarized in Table 9A.1 and Figs. 9A.1 
and 9A.2.

The accuracy and precision of any ventilator depends at 
least on the variables mentioned in Table 9A.1. For example, 
a large leak in the endotracheal tube can contribute to an 
overestimation of respiratory system resistance by 51% and 
underestimation of elastance by 23%. Decreasing dynamic 
compliance can be associated with greater inaccuracy in 
Vte measurements in some ventilators. In clinical use, the 
resistance generated by the endotracheal tube should be 
taken into account when observing ventilator resistance 
readouts. The smaller the internal diameter of the endotra-
cheal tube the larger the potential problem. However, this 
factor cannot be estimated accurately because endotracheal 
tube resistance can vary significantly depending not only 
on size and shape but also on flow rate and frequency. Fur-
thermore, the flow waveforms vary among the ventilators 
and these can have effect on differences found.

Additionally, clinicians need to be aware that in pres-
sure control mode Vte, as measured by the Siemens Servo 
300A respirator, was significantly overestimated by 20%–
95%, with the biggest discrepancy occurring at the smallest 
Vte. VIP Bird and Dräger Babylog 8000 had a tendency to 
underestimate Vt by up to 25% at the smallest Vte. However, 
when paired with a freestanding PMM, these same two ven-
tilators read over target by up to 18%.

Avea, SLE, and Dräger use hot-wire anemometer 
types, while the VIP Bird flow sensor is of the differential  

Table 9A.1  Factors that affect discrepancies between set and delivered values

Noninfant-related factors Infant-related factors

Losses (leak) through endotracheal tube
Secretions
Nasal prongs
Type of respiratory circuit
Humidifier chamber
Flow settings and waveforms
Room temperature
Aging of the different components of the system during 
routine use

Disease
Size for endotracheal tube
Position
Changing compliance and resistance
Chest wall distortions
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pressure across a fixed resistance type. The Avea, SLE, and 
VIP Bird all measured airway pressure at the patient con-
nection, while the Dräger ventilators use internal inspira-
tory and expiratory pressure sensors to compute airway 
pressure based on the known pressure drop in the patient 
circuit. And again, a unique circuit is supplied by the manu-
facturer in some cases (i.e., SLE) but not in others.

During real ventilation of infants, which involves all 
the variables mentioned, the differences between values 
set on the ventilators and the delivered ones may at times 
be even larger than those identified and published in 
bench studies. These are reasons why it is objectively chal-
lenging to make truly meaningful comparisons in clini-
cal ventilatory care. Clinicians that utilize these ventilator 
parameters should understand the limitations of these 
measures.

An important significant discrepancy exists between Vte 
measured at a ventilator and that measured with a pneu-
motachometer sensing at the endotracheal tube in infants. 
Therefore, in ventilated infants, Vte should be determined 

with a pneumotachometer or sensor placed at the proximal 
airway. The Siemens ventilator, the flow sensor measures 
flow at the distal end of the expiratory tubing.

All ventilators in all bench studies underread the true 
value in normal simulated lungs by about 2%–8%, reach-
ing a peak of −9% to −11% bias. In contrast, they can over-
estimate Vte for simulated sick lungs (+4% to 10%).

The Avea had the least bias and tighter confidence lim-
its, and remained at a constant mean bias of about −2.0% 
across various simulated lung conditions. The Dräger Baby-
log consistently underestimated Vte across all three simu-
lated lung conditions at between −8 and −11%.

Bias in the compliance 
measurements
Some respirators (Avea, VIP Bird, SLE, and others) basi-
cally compute compliance as the ratio of Vte to peak airway 
pressure minus PEEP. This would result in underestimation 
of compliance, as peak airway pressure usually includes a 

Fig. 9A.1 Basic ventilator design and factors contributing to discrepancies (red font) between set and measured values. Copyright: 
Satyan Lakshminrusimha.
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resistive element. The Dräger Evita in one study underes-
timated compliance for all three simulated abnormal lung 
conditions but overestimated compliance in the simulated 
normal lung condition (+17% bias).

As another finding from studies, the Avea and SLE both 
increased in progressing from simulated normal lung con-
dition (−18 and −19%, respectively) to simulated severely 
ill lung condition (−26% for Avea and −40% for SLE), 
whereas bias in compliance measurements for the Dräger 
Babylog remained within the range of −8% to −16% in 
progressing from normal to severe simulated lung con-
ditions. The observed accuracy differences likely reflect 
inconsistent methodologies and algorithms used by the 
manufacturers to compute compliance.

Likewise, inconsistent computation algorithms may 
account for the wide range in resistance.

Bias in the resistance measurements
There are also difficulties with the measurement of resis-
tance, where the bias could be as low as 1.5–2.0 (Dräger) 
or 5–7 times worse in other respirators. The Avea does not 
display resistance values >100 cmH2O/L/s by manufacturer 
design.

Assessment of accuracy and 
precision of measurements
In an actual lung, changes in PEEP and PIP level may both 
alter the functional residual capacity and shift Vt excursions 
along the sigmoidal pressure–volume response of the lung 
with concomitant changes in compliance and resistance. 
But for testing and comparison purposes, it is desirable to 
keep compliance and resistance constant, as is the case with 
the single or multicompartment linear lung model.

According to the International Standards Organization for 
testing ventilators, all of the ventilator manufacturers stated 
a range of accuracy of ±8% to ±10% for pulmonary function 
measures. Most of the tested ventilators generally conform to 
this with normal lung mechanics when Vt are largest. However, 
in preterm sick infants and in simulated severe lung mechanics 
Vt are smallest. We and others have shown inaccuracies in the 
measurements of neonatal ventilators. Accuracy of the Vt mea-
surements also demonstrates some dependency on the level of 
PIP and PEEP and the degree of bias or errors in measurements 
in all machines studied varied by the severity of simulated lung 
condition. Such variability limits clinical use of these measure-
ments. As we first demonstrated that Vte, as measured by three 
then commonly used ventilators and two freestanding PMM, 

Fig. 9A.2 Modes of Ventilation. The basic factors that define each mode of ventilation include invasive (e.g., endotracheal tube) versus 
noninvasive (e.g., nasal cannula), synchrony of spontaneous breaths with ventilator inflations, trigger (initiation), limit (maintenance), 
and cycling (termination of inflation). Closed-loop SpO2–FiO2 control is a new feature available with some ventilators. Copyright: Satyan 
Lakshminrusimha.
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differed markedly and that in clinical neonatology no “gold 
standards” for Vte or other respiratory parameters existed, we 
and others concluded that Vt readings are inaccurate and vary 
widely between different ventilators and freestanding PMM.

Additionally, and probably as important, the shape of 
the Vt delivery over time may also influence pathology. 
Only further studies can delineate the underlying causes for 
the discrepancies, errors, and impact on pathology, perhaps 
using a multicompartment nonlinear lung model.

Ventilator mode classification

In the past several years, automatization of neonatal ven-
tilators has progressively increased with advances on sen-
sor technology and microprocessors. The different modes 
of neonatal ventilation have expanded tremendously with 
this automatization. It is really amazing that modern infant 
ventilators have 15 and up to 25 modes possibilities. This is 
not simple for clinicians at the bedside!

With the aim of easing comprehension and simplifying the 
approach to neonatal ventilation, one tactic is to first identify 
and describe three main points (Table 9A.2). First, is the ven-
tilation invasive (endotracheal tube) or noninvasive (nasal/
facial interphase)? Second, how are the infant’s breaths? Is she 
or he breathing spontaneously all the time? When all breaths 
are spontaneous, we speak of continuous spontaneous ven-
tilation (CSV) as it happens with CPAP and cannula. IMV is 
when spontaneous breaths are possible between mandatory 
breaths controlled by the ventilator. The spontaneous res-
pirations may or may not be supported with pressure sup-
port (PS), which by definition occurs only in spontaneous 
breaths. Continuous mandatory ventilation (CMV) is where 
all breaths are mandatory without spontaneous breathing 
or triggering (like in apnea of any cause and with high fre-
quency). When some of the spontaneous breaths trigger ven-
tilator breaths, synchronized intermittent ventilation (SIMV) 
occurs. If the infant triggers all ventilator breaths, the mode is 
called assist/control (A/C).

Finally, in this initial approach, the modes can be classi-
fied according to which is the controlling variable, the pres-
sure, or the volume.

There are many variables that may trigger, limit, and/
or end the inspiratory phase and others that influence the 
expiratory phase and baseline pressure. The more frequently 
used neonatal ventilators, described later in Table 9A.3, can 
provide one or more of the different modalities listed in 
Table 9A.2, where accepted abbreviations are also listed.

Newer ventilatory modes such as VAPS and MMV may 
prove very beneficial for weaning but have limited clinical 
experience in the newborn at present. Nasal (noninvasive) 
HFOV modes have potential, but the problem of insuffi-
cient data still persists.

Commonly used ventilators and 
ventilator performance comparison

The following tables show salient comparison points for 
“conventional” ventilators (Table 9A.3) and high-frequency 
ventilators (HFV) (Table 9A.4).

Based on factors discussed previously, it is difficult, if not 
impossible, to have a true in vivo performance analysis and 
comparison. The controlled and rigid conditions that exist 

Table 9A.2  Modes of ventilation

Invasive ventilation (synchronized or not)
Noninvasive (nasal) (synchronized or not)
Breathing spontaneously (CPAP; pressure support)
Triggering assisted breaths (SIMV vs. A/C)
No triggering (IMV; HFV; apneic)
Intermittent mandatory ventilation—IMV (spontaneous 
breaths are possible between mandatory breaths)
Continuous mandatory ventilation—CMV (all breaths are 
mandatory)
Continuous spontaneous ventilation—CSV (all breaths are 
spontaneous)
Volume control—VC or pressure control—PC
Time cycled/pressure limited —TCPL (or PC-IMV)
Flow cycled/pressure limited—FCPL
Synchronized intermittent mandatory ventilation—SIMV
Assist/control ventilation—A/C
Inspiratory time termination—ITT
Pressure control ventilation—PCV
Pressure-regulated volume control—PRVC
Pressure support ventilation—PSV
Volume support ventilation—VSV
Volume-targeted ventilation—VTV
Volume guarantee ventilation—VG
Targeted tidal volume plus—TTVplus

Volume assured pressure support—VAPS
Volume target pressure control—VTPC
Volume target pressure support—VTPS
Proportional assist ventilation—PAV
Neurally adjusted ventilatory assist—NAVA (EAdi: 
monitoring the electrical activity of the diaphragm)
High-frequency jet ventilation—HFJV
High-frequency oscillatory ventilation—HFOV
High-frequency “hybrid” ventilation
Noninvasive ventilation (NIV); synchronized (NISIMV)
Nasal intermittent positive ventilation (NIPPV); 
synchronized (sNIPPV)
Mandatory minute ventilation—MMV
Airway pressure release ventilation—APRV
Auto-FiO2: Closed-loop automatic oxygen control
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Table 9A.3  Commonly used ventilators in 2017 (alphabetic order)

Respirator
Control vari-
able: volume

Control variable: 
pressure

Other modes 
available Sensor Other

Avea A/C (with demand 
flow); SIMV 
(demand flow and 
artificial airway 
compensation)

A/C; SIMV; TCPL; VG; 
pressure-regulated 
volume control

CPAP + PS with 
volume limit; 
nasal IMV; airway 
pressure release; 
biphasic ventilation

Proximal flow Flow cycle, demand 
flow, artificial airway 
compensation, port 
for Heliox
Closed-loop  
FiO2–SpO2 controls

Bird VIP Gold 
series^

A/C; SIMV A/C; SIMV; TCPL; 
volume target; PS

CPAP + PS Not manufactured 
any longer

Bourns/Bear 
Cub 750^

No A/C; SIMV Proximal flow Not manufactured 
any longer

Dräger Babylog 
VN500

No A/C; SIMV; VG; MMV APRV; nasal CPAP, 
noninvasive IMV

Proximal hot wire 
anemometer

HFOV optional

Dräger Evita 
XL-neo; Infinity 
V500 (Various)

A/C; MMV A/C; SIMV; VG; PS APRV; CPAP +PS; 
noninvasive

Flow trigger Variable PS

Dräger Babylog 
8000

No VG Not manufactured 
any longer

Fabian No A/S; SIMV;VG; volume 
limit

Noninvasive; nasal 
CPAP; PS

Volume trigger; 
flow trigger

Closed-loop  
FiO2–SpO2  
controls; HFOV

Leoni Plus No SIMV (+ PS) (+ VG and 
limitation)

NIV; nasal CPAP Auto-FiO2; HFOV

Newport e360 
and WAVE

No A/C; SIMV VTPC and VTPS; 
biphasic pressure 
release

Flow or 
pressure trigger

Cycling-off timing, 
breath by breath

HT70 Plus A/C; SIMV Noninvasive Transport

Puritan Bennett 
840; 980*

A/C; SIMV (+ PS) 
volume support

A/C; SIMV (+ PS) Bilevel (+ PS); 
synchronized 
noninvasive

Leak compensation; 
volume control plus; 
PAV

Servo-I; NAVA SIMV; volume 
control with 
flow adaptation 
automode

PRVC; SIMV; Bi-vent; 
automode

Nasal CPAP; PS; 
NAVA; volume 
support; noninvasive

Differential 
pressure and 
EAdi

CO2 monitor; port 
for Heliox; active 
exhalation valve

SLE 4000 and 
5000

No SIMV (TCPL and FCPL) PS; TTV Differential 
pressure and 
flow triggering

HFOV in 5000  
model Valveless
TTVplus

Siemens Servo 
300A

SIMV; PS SIMV; PS PRVC and volume 
support

Expiratory flow 
and pressure 
transducer

Stephanie 
(Stephan)

A/C; IMV; SIMV 
(flow controlled; 
pressure limit)

A/C; SIMV (pressure 
controlled; volume 
limitation)

PS; PAV; NIV 
(apc*); CPAP: HFV

Flow; pressure 
(proximal) and 
apc*

Auto-FiO2 (Nova)
HFOV

Sophie 
(Stephan)

No A/C; SIMV; VG (volume 
target with volume 
limit; with ITT or not)

PS; NIV; CPAP Flow (proximal) 
and apc*

Auto-FiO2

(Masimo) Optional 
HFOV

The abbreviations used in this table are summarized in Table 9A.2.
*apc: abdominal pressure capsule
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in simulation models (under which studies have been per-
formed) do not exist in clinical practice.

Table 9A.3 summarizes salient features of commonly 
used ventilators in 2017, and provides a comparison 
between them, including the two control variables (volume 
and/or pressure), the various ventilator modes available, 
and other issues. As mentioned previously, there are differ-
ences in accuracy and precision in Vte. It is beyond the scope 
of this chapter to describe each and every aspect and feature 
of every single ventilator currently used. Other variables, 
including sensors used, are briefly described later.

Summary of various factors in 
neonatal ventilators

Historically, infant ventilators were designed to deliver 
pressure-limited breaths by diverting a preset constant flow 
through a pressure pop-off valve. This is referred to as the 

“time-cycled and pressure-limited” mode. Some modern 
ventilators like AVEA (CareFusion) still offer this modality.

There are differences in available features in the differ-
ent respirators and also on the specific terminology each 
may be using. To stress the importance of knowing com-
pletely the ventilator a clinician decides to use for the baby 
in NICU, I will describe below a few points and examples 
that show how complex and variable things could be.

Inspiratory flow
This is variable in different ventilators. In volume control 
modes, it is directly set. The higher the flow for a given Vt, 
the shorter the Ti. Inspiratory flow is indirectly set during 
pressure control modes and is a function of the set ∆P and 
the pressure rise time, for a given value of respiratory sys-
tem time constant. Peak inspiratory flow decreases as respi-
ratory system resistance increases or the pressure rise time 
increases. Some ventilators adjust flow according to infant 
needs.

Table 9A.4  High-frequency ventilators

Respirator
Principle for 
operation

Rate 
(Hz)

M-MAP 
(cmH2O)

Amplitude 
(cmH2O) VTV Exhalation Other

Bunnell Life 
Pulse Jet 
ventilator

Microprocessor 
controlled, time 
cycled, pressure 
controlled

4–11 Adjusting 
PEEP

Indirectly by 
setting PIP 
and PEEP

No Passive, 
unimpeded

Unique  
mechanism

Sensormedics Valve oscillator 3–15 45 90 No Active valve Electromagnetic 
flow generator

Twinstream Electric-driven 
microprocessor-
controlled jet 
ventilator

1–25 PIP <35 Variable No Venturi assisted Two different jet 
streams (Pulsatile 
BiLevel ventilation); 
Pulsatile CPAP

Dräeger 
VN500

Venturi assisted 
expiration (hybrid)

5–20 40 90 Yes Active valve. 
Ejector 
integrated in the 
valve

Volume guarantee 
available (VTV)

BabyLog
8000+

% Maximum NO No longer sold

SLE 5000 Bidirectional 
jets + CMV

3–20 45 180 No Valveless Significant O2 
consumption

Stephanie/
Sophie

Valve oscillator 5–20 30 % Maximum Yes Active valve Differential 
pressure

Leoni + Membrane-integrated 
diaphragms

5–20 40 100 Yes Active VTV

Fabian Voice coil generator 5–20 80 Yes Active VTV

M-MAP, Maximum mean airway pressure; VTV, volume-targeted ventilation mode. MAP is the “average” pressure delivered to the lung 
throughout the respiratory cycle.



109

ChapterComparison of Ventilators | 9A |

Flow triggering involves less patient effort and is more 
commonly used in neonatal/infant ventilators. It has 
become clear that proximal flow sensors are the best to pro-
vide flow-triggered synchronization of ventilator breaths 
as well as proximal volume measurements. All ventilators 
except one are that way. However, validity and comparison 
studies on the wide range of flow sensors clinically in use 
are very necessary.

Sensors
1. Heated wire anemometer: It measures the amount of 

current required to keep a heated wire at a constant 
temperature as gas flows past the wire and heat is 
convected. This current can be converted to a flow 
measurement, and integrated to determine volume.

2. Differential pressure pneumotachometer: As gas flows 
through the sensor across an element, a differential 
pressure is created between the upstream and 
downstream sensing ports. The change in pressure 
across the element is proportional to flow.

3. Abdominal pressure capsule (apc): It is placed over 
the abdomen “under” the diaphragm. It senses 
initiation of diaphragmatic excursion. Such capsule 
(Graseby capsule) was previously used for invasive 
SIMV ventilation by a ventilator no longer in the 
market. Currently, one ventilator has it for noninvasive 
ventilation (Table 9A.3).

4. Neurally adjusted ventilatory assist (NAVA) triggers a 
ventilator breath with a diaphragmatic neural sensor, 
by monitoring electrical activity from the diaphragm 
(EAdi). This technique uses a modified feeding tube 
containing a number of electrode sensors for the 
measurement of diaphragmatic EMG (Table 9A.3).
It is known that differing pressure and flow patterns may 

play a role in observed compliance and resistance discrep-
ancies and have been related to significant variability in the 
performance of neonatal ventilators.

Pressure triggering
It is sometimes difficult for the VLBW infant to consistently 
trigger PS with this mode of triggering as compared with 
flow triggering.

Differences in setting pressure 
support
In SIMV + PSV mode, the PS level for spontaneous breaths 
is set (and read) differently in different ventilators. PS is a 
pressure in cmH2O above PEEP during spontaneous breaths. 
In some ventilators, it is set (and read) directly in cmH2O 
as such (i.e., 5 cmH2O). In others, it is read as the pressure 
above atmospheric pressure (adding PEEP + PS). So, for 

example, if PEEP were 6 cmH2O and PS 8 cmH2O, the pres-
sure above atmospheric pressure will be 14 cmH2O. In other 
ventilator, PS is set as % of the delta pressure (PIP–PEEP) 
used for the mandatory breaths. In such cases, if manda-
tory breaths were set at PIP 18 cmH2O and PEEP 6 cmH2O, 
the delta pressure will be 12 cmH2O. If PSV PS is set at 
50%, then the PS level during spontaneous breaths will be 
0.5 × 12, which would of course be 6 cmH2O above PEEP. 
Obviously, pressure above atmospheric pressure during PS 
spontaneous inflations will be then 6 + 6 = 12 cmH2O.

Leak compensation
Some ventilators have artificial airway compensation and 
calculate the drop in pressure through the endotracheal 
tube and add that amount of pressure to the system. When 
there is leak compensation, the flow control valve and the 
exhalation valve work together to compensate for base-
line leaks. Leak compensation in invasive and noninva-
sive modes has wide variations between ventilators. It is 
not clear if these variations have clinical importance but 
they can affect synchronization; additionally, leak has been 
shown to be a major factor leading to autotriggering. A 
recent study found that the median asynchrony index was 
up to 29% in invasive ventilation, and 48% in NIV. In view 
of the fact that an asynchrony index >10% has been con-
sidered severe asynchrony in previous studies, the appro-
priateness of premature/neonatal patient-triggered modes 
on many ICU ventilators must be questioned.

I will end this section with a few more examples of some 
terminology and features. The Puritan Bennet respirator has 
variable features depending on the manufacture date (before 
2005 or from later) and the availability of the NeoMode 
option. Trigger could be chosen to be by flow (preferred) or 
pressure. PEEP can be predefined. There is a “bilevel” mode 
which has not been well studied in neonates. This ventila-
tor uses a terminology for pressures which include “Ppeak” 
which in some way is the limit for the maximum pressure 
in the circuit. The high alarm will be 2 cmH2O above maxi-
mum pressure. The peak pressure delivered to the baby is 
called Pi (inspiratory pressure) in this respirator. This Pi is 
pressure above PEEP, and it is the pressure delivered to the 
lungs during each ventilator breath. If PEEP were 6 cmH2O 
and Pi 18, the ventilator will deliver 24 cmH2O. In order 
to increase Pi, it is necessary to ensure that the high alarm 
limit of Ppeak is increased. If not, the chosen Pi will not 
be delivered. This ventilator also has an algorithm that 
does not allow to decrease inspiratory pressure to less than 
PEEP + 5 cmH2O. Therefore, if PEEP were 6 cmH2O inspi-
ratory pressure cannot be less than 11 cmH2O. When the 
volume mode is used, Pi is usually the same as Ppeak.

Proportional assist ventilation (PAV) is available in some 
ventilators (Table 9A.3). Elastic and resistive unload-
ing may be used to support the infant’s own respiratory 
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effort. Adjusting the degree of elastic and resistive unload-
ing is possible according to the patient’s individual needs. 
This allows compensation for decreased compliance (i.e., 
increased elastance) and increased resistance of the respira-
tory system, allowing the patient to use his/her own respi-
ratory control mechanisms.

Close loop or automated FiO2-control (auto-FiO2) is avail-
able in a few modern respirators (Table 9A.3). This is not 
in use in the United States as it has not been approved by 
the FDA.

Other: The vast majority of current ventilators have low 
and high alarms, a wide range of pressures and Vt that 
can be delivered, and “nice graphics,” but these are not 
included in Table 9A.3. Some ventilators allow for Heliox 
and nitric oxide delivery and most have internal battery 
and compressor.

High-frequency ventilators

Different HFV are compared in Table 9A.4.
HFV uses lower transpulmonary pressure and Vt than any 

other modality of assisted ventilation. It can be defined by 
the type and method of pressure and flow wave measured 
at the proximal endotracheal tube. These can be considered 
as square or sine (sinusoidal; triangular) waves. The wave 
form of most of the HFV is sinusoidal, except for Sensor-
medics and SLE5000 which have a square waveform. At an 
alveolar level, all devices deliver some form of a sine wave.

The Bunnell Jet is FDA-approved in the United States. 
The Sensormedics 3100A and 3100B are the only dedicated 
HFO ventilators; most other devices are hybrid devices offer-
ing conventional and high-frequency ventilation options. 
Table 9A.4 shows the most significant points comparing HFV.

Amplitude: In HFV, it is the principal determinant of Vt. 
It is the difference between peak inspiratory pressure (PIP) 
and positive end-expiratory pressure (PEEP), or “height” of 
the wave or “delta” pressure (∆P). Most ventilators display 
∆P in cmH2O. The Leoni plus compensates for any leak or 
change in compliance. Sensor Medics 3100A has lower Vt 
output at higher frequencies. This can be compensated by 
increasing the power setting or amplitude.

% Maximum amplitude: Two respirators (Dräger Baby-
Log 8000+ and Sophie) display amplitude as a percentage 
of the maximum delta pressure that the ventilator can gen-
erate in that individual infant at the preset frequency, I:E 
ratio, endotracheal tube, and mean airway pressure (MAP). 
Therefore, amplitude delivery cannot be assumed to be 
exchangeable from different ventilators, between infants, 
or even in the same infant with variable settings. As one 
example of variability, maximum reported amplitude in 
vivo settings for Sophie is 80 cmH2O and for Dräger Baby-
Log 8000+ is 35 cmH2O.

Inspiratory:expiratory (I:E) ratio is usually 1:1–1:3 in 
most HFV, but the Babylog 8000+ has up to 1:5. Vt is higher 
with a 1:1 ratio, but expiratory time is shorter.

Diffusion coefficient of CO2 and Vt monitoring: All of 
the listed ventilators in Table 9A.4, except Sensormedics, 
Bunnell Jet, and Twinstream, have this capability.

Clinicians should be aware that modern high-frequency 
oscillators exhibit important differences in the delivered 
∆P and Vt. Ventilator-displayed settings are not directly 
transferable between devices due to differences in oscil-
lator performance. Understanding the behavior of each 
ventilator remains paramount to its optimal use and 
application, especially given the wide range of oscillators 
available. The traditional definition of high-frequency 
devices as oscillators, jet, or flow-interrupters, with or 
without active expiratory mechanisms, is no longer appro-
priate. The characteristics of the generated pressure and 
flow waveforms vary between devices, and classifying 
devices as square wave (complex waveform harmonics) or 
sine wave (simple harmonics) devices is more appropri-
ate. In all published studies, the pattern of attenuation of 
the pressure wave through the circuit and test lung, and 
thus delivered Vt, is not consistent for the various oscil-
lators. Additionally, humidification provides a variable 
that is difficult to standardize. Gas compressive effects of 
the chamber and the circuits used influence the fidelity 
of the pressure and flow measurements. Some ventilators 
(Sophie, Fabian, and Leoni Plus) have dedicated circuits; 
others do not.

With larger inner diameter of endotracheal tubes 
(3.5 mm) and low-frequency conditions and I:E ratio 1:1, 
many devices could generate Vt that would potentially be 
greater than dead space. At frequencies of 5 and 10 Hz, all 
ventilators, except Babylog 8000, generated airway pressure 
amplitudes greater than 28.6 cmH2O and Vt greater than 
6 mL at the airway opening. By contrast, at 15 Hz some 
HFV were unable to produce Vt >3.0 mL at maximum ∆P 
(i.e., Leoni Plus, Dräger VN500, and BabyLog 8000).

The wide range of flow sensors is also a confounding 
factor for HFV, especially as more devices offer “volume 
guarantee” during HFOV.

Similar to conventional ventilators, HFV parameters 
are not perfect and there are errors and differences in ∆P, 
Ti, and I:E ratio. MAP may show drifting over time. This 
may affect CO2 elimination if alveolar ventilation suffers. 
Insufficient MAP, with inadequate lung volume, can lead 
to elevated PaCO2, similar to insufficient CPAP and PEEP 
in conventional modes. Excessive MAP can lead to air trap-
ping and also produce hypercarbia due to “airway obstruc-
tion.”

Regarding Vt measurements and the mode of VG on 
HF ventilation, it sounds “attractive,” but much more is 
still needed to determine its accuracy and reliability and 
whether it has any impact on neonatal outcomes.
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Discussion and final comments

The ability to evaluate respiratory mechanics in response to 
ventilator settings and clinical interventions was difficult or 
impossible to accomplish in the NICU. Automatization of 
neonatal ventilation has brought significant advantages, but 
unfortunately many of them are still not fully understood 
or used to their full capacity by bedside care providers.

In the past, the clinician had to choose all parameters 
delivered by the ventilator, and the possibility to track 
disease progress by measuring pulmonary mechanics and 
respiratory physiology was nonexistent. Currently, we can 
evaluate graphics and waves, but setting online continu-
ous estimates of respiratory function is far from perfect in 
accuracy and reliability; even in preset values of neonatal 
test lungs there are systematic deviations from true values. 
Limitations in pulmonary mechanics monitoring exist, and 
should be considered in the interpretation of data used to 
guide clinical management. Comparison of Vte and other 
pulmonary mechanics measures between babies in the 
same unit or between centers may be very inaccurate. Pul-
monary mechanics monitoring should never replace the 
expertise of skilled caregivers, as the use of flawed informa-
tion for clinical decision-making may be more detrimental 
than no information at all.

In several available modes, the newborn baby is the one 
who chooses parameters. In some circumstances, this has 
proven not to be the best or ideal for that particular baby. 
Drawing an analogy with teenagers, the babies may ask for 
things that are not good for them at a time they are not 
fully mature or capable to make that decision and under-
stand the potential ramifications or adverse consequences.

There are many dimensions necessary for adequacy of 
mechanical ventilation of a newborn infant. Five or six of 
them should never be forgotten in clinical care:
1. Knowing the infant, his/her clinical condition, and 

changing status over minutes, hours, or days.
2. Individualized care.
3. Pulmonary and cardiovascular physiology.

4. Do not overexpand alveoli in inspiration—that is, 
do not tolerate chest excursions during manual or 
mechanical ventilation. It is sufficient to auscultate 
good air entry and see improvements in clinical 
condition (SpO2, CO2, and other).

5. Understand completely the ventilator you are using.
Many people ask which is the best respirator. Or, which 

is the best mode to use? I have heard various and discrepant 
answers to these two questions. Individual studies, some 
with significant biases and methodological issues, try to 
provide us with answers. However, network meta-analysis 
does not provide a clear answer and it is very unlikely that 
one mode of ventilation will be found to be “the best” for 
all babies in all NICUs. Some reply “A/C + VG,” others 
“SIMV + PS + VG,” and so on. The former can pose signifi-
cant difficulties for some infants. A recent meta-analysis in 
Cochrane mentions that infants ventilated using VTV modes 
had reduced death and chronic lung disease compared with 
infants ventilated using pressure-limited modes, but com-
ment on the further needs to compare and refine VTV strat-
egies. I would like to emphasize that each individual baby 
and the dimensions mentioned above (and others) should 
be considered to guide individualized clinical care.

With over 43 years of ventilating newborn infants, I 
would like to share that I learnt almost all I know today 
about respiratory physiology and neonatal ventilation 
starting in medical school in Argentina (Physiology) and 
then pediatric residency and neonatal fellowship in the 
United States (1974–79). During those times many babies 
survived well, with no sequelae, using a good and reli-
able pressure-limited and time-cycled neonatal ventilation 
(Baby Bird). Other infants, no doubts, could have benefited 
from what is available today. The caveats today are not to 
rely solely and completely on a machine nor to trust baby’s 
“wishes.” To continue to improve outcomes, the best venti-
lation strategy, still today, necessitates physiology, detailed 
clinical evaluation, and unswerving dedication by the bed-
side. It is likely that using them as the basis, the potentially 
optimal ventilation strategy is one that uses the lowest pos-
sible Vt with FiO2-guided higher PEEP and prone position-
ing, regardless of the mode chosen.
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The Importance of Heating and Humidifying 
the Inspired Gases During Mechanical 
Ventilation: Identifying the Ideal Settings and 
Circuit Configuration During Ventilation
David A. Todd, FIMLS, MSc, PhD, MBBS, K.Y. Ashok Murthy, P.K. Rajiv, DCH, MD

CHAPTER POINTS

•	 During intubation and mechanical ventilation it is 
essential that the inspired gases are optimally heated 
and humidified

•	 Failure to achieve optimum heat and humidification 
of inspired gases will result in acute and potential long 
term damage to the upper and peripheral airways

•	 In this chapter we will explore the natural processes 
that heat and humidity the inspired gases and the 
devices that are commonly used to artificially attain 
these natural processes.

•	 We will then state our recommendations and our 
“do’s and don’ts” during ventilation to achieve the 
least damage to the airways

Normal gas conditioning in the 
respiratory tract

When intubated, the upper airway (UAW), which heats and 
humidifies inspired air to core body temperature and 100% 
relative humidity (RH), is bypassed [1]. The UAW promotes 
viable pulmonary function by regulating the heat and 
humidity of inspired and expired gases. During inspiration, 
the UAW progressively adds heat and humidity from the 
mucosa to the inspired gases in the nasopharynx and tra-
chea. Heat and humidity is transferred back, during expira-
tion, from the moist and warm alveolar gases to the mucosa, 
thereby preparing it for use in the next cycle. Unlike in the 
adult population, where thermal mapping of the respira-
tory tree has yielded clear data about the heat and moisture 
exchange in the UAW, there is very little data for neonates 
[2–10]. The typical values of heat and humidity along the 
respiratory tract for the adult are shown in Table 9B.1 [3].

Moisture and heat are added or removed from the inspi-
ratory and expiratory gases by evaporation, condensation, 
and convection, and are a continuum with the inspired gas 
humidity (IH) at the lower trachea/main bronchi measured 
at 44 mgH2O/L absolute humidity (AH), equivalent to 
core body temperature (37°C) and 100% RH (Table 9B.1, 
Fig. 9B.1) [1–3,11,12].

However, the minimum standards for IH during 
mechanical ventilation are recommended to be an AH of 
33 mgH2O/L in the United Kingdom [13] and 30 mgH2O/L 
in the United States [14].
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Essential terminologies and 
definitions
AH, expressed in mgH2O/L, is defined as the amount of 
water vapor (mg) per unit volume (L) of gas.

RH, expressed in %, is the ratio of the actual water vapor 
content of a gas to the amount required to saturate the 
same gas volume at the same temperature. There is a fixed 
relationship between AH, RH, and temperature.

Suboptimal conditioning of inspired 
gases to the AW

During both conventional and high-frequency ventilation, 
the gases entering the ventilators are at extremely low tem-
perature and humidity (15°C, 0.3 mgH2O/L) and must be 
heated and humidified prior to entering the AW [1,4–16]. 
The longer the respiratory system is exposed to subopti-
mal heat and humidity, the more likelihood that there will 
be acute and potentially long-term damage. This will affect 
mucociliary transport velocity (MTV) which normally runs at 
19.2 ± 1.6 mm/min due to the ciliary beat frequency (CBF) of 
around 17–25 beats/s when at the body temperature (37°C), 
atmospheric pressure and saturated with water vapor (BTPS: 
37 mmHg or 6.2 kPa) (Fig. 9B.2) [1]. The longer the exposure 
to the suboptimal heat and humidity, the higher the likeli-
hood of reducing the delicate balance between the pericellular 
fluid (aqueous sol) depth, CBF, and MTV (Figs. 9B.2–9B.5).

In the preterm baby (PB), this is especially important as 
the AW is immature both in respect to UAW and peripheral 
AW (PAW), where the alveoli may not be fully matured in the 
both the type I and type II cells. In the PB, the damage to the 
AW from suboptimal heat and humidification of the inspira-
tory gases may be more rapid and with greater long-term con-
sequences such as bronchopulmonary dysplasia (BPD) [17]. 
Exposure to suboptimal heat and humidity beyond the endo-
tracheal tube (ETT) leads to increased lung damage [1,4–8].

Low heat and humidity delivered to the UAW and respi-
ratory tract leads to flattening of normal tracheal mucosa, 
replacement of epithelial cells by nonciliated epidermoid 
squamous metaplastic cells, and exposed openings of the 
submucosal glands—indicative of erosion similar to PBs 
with BPD (Figs. 9B.3 and 9B.6) [4–7].

Excess heat and humidity results in condensation of 
water. This may cause thermal damage, decreased mucous 
viscosity resulting in reduced effective mucociliary trans-
port, dilution of surfactant, hypotonic challenge, and injury 
causing cell damage with interstitial edema, especially in 
the PAW (Figs. 9B.3 and 9B.6) [1,4,8,9,15].

In addition, the ETT, through mechanical irritation, has 
a significant effect on the integrity of the UAW and can pre-
cipitate damage to the vocal cords, tracheal rings, beyond 
the ETT and at the carina (Fig. 9B.4).

Structure and function of the AW 
lining

The respiratory tract is lined with ciliated epithelial cells 
(Fig. 9B.5) [1]. Each cell carries about 200 cilia at its apex. 
The mature cilia are 5–6 µm in length and carry a crown of 
short claws at their tip. The cilia support and push an aque-
ous layer of mucus upward so that it can be expectorated. 
This is known as the mucociliary escalator.

Mucus is secreted by goblet cells and submucosal mucous 
glands as globules of 1–2 mm in diameter. They absorb 

Fig. 9B.1 Heat and Moisture Changes in the Upper Airway. 
Modified from Walker JEC, Wells RE, Merrill EW. Heat and Moister 
exchange in the respiratory tract. Am J Med 1961;2:259–267 [11].

Table 9B.1  Change of temperature and humidity during 
inspiration and expiration in the adult

Position

Inspired 
temperature  
(°C)

Relative 
humidity  
(%)

Absolute 
humidity 
(mgH2O/L)

Change of temperature and humidity during inspiration in 
the adult

Nares 22 51 10

Larynx 31–33 81–89 26–32

Mid Trachea 34–35 90–96 34–38

Main Bronchi 37 100 44

Change of temperature and humidity during expiration in 
the adult

Nares 32–34 86–90 27–34

Larynx 36 96 40

Extracted and modified from McFadden ER, Pachinko B, Bowman 
H, et al. Thermal mapping of the airways in humans. J Appl Physiol 
1985;58:564–570 [3].
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water from the aqueous layer and subsequently swell rap-
idly. Mucus consists of glycoproteins, proteoglycans, lip-
ids, and 95% water. It forms small flakes, larger plaques, 
or blanket-like covers that float on the luminal surface 
and trap inhaled particles and other compounds, such 
as bacteria, macrophages, and cell debris. Experimental 
evidence exists that mucus secretion is stimulated when 
particles come into contact with the ciliated surface. Such 
particles are subsequently encapsulated by mucus and car-
ried away by the mucociliary escalator.

Achieving the optimum heat 
and humidity

Circuit configuration
Situations of low or inadequate heat and humidity deliv-
ered to the respiratory tract may arise whenever assisted 

ventilation (invasive or noninvasive) is initiated. This may 
occur at birth in the delivery suite to the neonatal intensive 
care unit, for example, during resuscitation, stabilization, 
or transport of a neonate.

Low levels of humidity contribute to a fall in compli-
ance, with decreased surfactant activity, and a rise in AW 
resistance, alveolar gas trapping, thereby increasing the risk 
of hypoventilation [1,12]. Systemic moisture loss could 
also result [1,12]. It is our suggestion that the optimum 
heat and humidity targets for PBs be at or close to a temper-
ature of 37°C and AH of 44 mgH2O/L in the inspired gas as 
it passes beyond the ETT and into the respiratory tract. This 
is higher than the recommended UK and US minimum 
standards [13,14].

High humidity levels, on the other hand, will lead to 
inflammatory responses, thermal injury, and low-viscosity 
secretions (Fig. 9B.3) [10,15,16]. Mucociliary transport is 
impacted adversely. Prolonged exposure exacerbates these 
effects. When the exposure to suboptimal humidification 

Fig. 9B.2 Diagrammatic representation of mucosal function during changes over time in heat and humidity levels from 
optimum to suboptimum levels. This ranges is from “ideal” mucus transport velocity (MTV) at optimum heat and humidity levels to 
negligible MTV and cell damage at suboptimum levels of heat and humidity. Modified from Williams R, Rankin N, Smith T, et al. Relationship 
between the humidity and temperature of inspired gas and the function of airway mucosa. Crit Care Med 1996;24:1920–1929 [1].
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crosses 20–30 min, shearing of the PAW due to surfactant 
deficiency results in the greatest damage. With continued 
excess humidity and water of condensation, this could 
potentially lead to ventilator-associated pneumonia (VAP).

Excess heat and humidity may occur during ventilation 
of the newborn, but the common scenario is low heat but 
high humidity. Thermal energy is trapped in water at high 
temperatures as moist gases (steam) and will cause severely 
more damage than dry gas at the same high temperature. 
High humidity with low temperatures will affect the muco-
ciliary transport of the ciliated epithelium within the tra-
chea and UAW and will cause disruption of the type I and 
type II cells in the PAW. In the PAW, this will lead to inter-
stitial edema and may lead to fibrosis and potentially BPD 
in the PB (Figs. 9B.3 and 9B.6) [10,15–17].

Humidifiers add water vapor to the inspired gases by 
heating water in a chamber. The humidification device 
does not measure humidity in the system, but it relies on 
a measurement of temperature, which is performed by the 
proximal airway temperature probe (ATP) in a dual TP sys-
tem (Fig. 9B.7).

The two configurations of ATP placement are shown in 
Fig. 9B.7. In configuration Fig. 9B.7.1, the proximal ATP 
(pATP) is placed at the outlet of the humidifier chamber 
(position A). This is often combined with the heater hose 
adapter for ease of assembly. The other measurement of 
temperature is performed by placing the distal ATP (dATP) 
as position B at the end of the heated inspiratory limb close 
to the ETT (Fig. 9B.7.1). The inspiratory limb between these 
two ATP positions is heated by a heater wire in the inspiratory  

Fig. 9B.3 The UAW and PAW Changes During Low and High Heat and Humidity of Inspired Gases. Middle: 
Photomicrographs of UAW and PAW of normal trachea by scanning electron microscopy (SEM) and normal alveoli by light 
microscopy (LM) and transmission electron microscopy (TEM). UAW showing the folding and a predominance of ciliated columnar 
epithelial cells on the crests and a predominance of goblet cells in the furrows with the “wheatfield”-like appearance of the cilia on 
the crests of the mucosal folds. PAW showing normal appearance of alveoli, thin epithelium (EPI), and endothelium (END) of the type 
I and endothelial cells and type II cells. Left: Photomicrograph showing UAW during low heat and humidity conditions and showing 
abnormal trachea loss of the folding and complete loss of ciliated columnar epithelial cells and goblet cells in the furrows by LM. 
Photomicrographs showing abnormal tracheal epithelium SEM × 12.5, bar = 1 mm, showing dried mucous of tracheal epithelium 
and complete loss of ciliated epithelium; SEM × 750, bar = 10 µm, loss of the “wheatfieid”-like appearance and replaced by dried 
mucous layer. Right: Photomicrograph showing PAW during high heat and humidity conditions by LM and TEM showing interstitial 
edema and breakdown of the cellular integrity with vesicles (V) in the type I cell epithelium. Todd collected photomicrographs.
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limb either within the inspiratory limb or incorporated 
into the tubing and surrounding the inspired gases. In con-
figuration Fig. 9B.7.2, there is a small unheated extension 
tube after the dATP, at position C. To achieve optimum heat 
and humidification to the PB and term neonate, this exten-
sion should not be used as this will cause a drop in inspired 
temperature and rain out of water leading to potential lung 
damage (Table 9B.2) [5,10,15,16].

Temperature and humidity (offset) 
settings
To achieve a target of 37°C and 44 mgH2O/L beyond the 
ETT in the trachea, it is common to set 37°C as the target 
temperature at the humidifier chamber outlet (pATP). 
This will condition the gas exiting the humidifier to 37°C 
and an AH of 44 mgH2O/L of water vapor. The inspira-
tory limb will heat the gas as it progresses to the patient, 
using the heater hose wires. At the end of the heated sec-
tion, the temperature should have been elevated by 3°C 
from 37°C to 40°C (thus the humidifier is set at 40-3 
[offset]). The water vapor should remain 44 mgH2O/L, 
but this may be affected by humidicrib and environ-
mental temperature [4]. As the gas now traverses past the 

pneumotach (or hotwire anemometer [Table 9B.2]), ETT, 
and its adapter, there will be a temperature drop due to 
this section being unheated. The fall should be the 2–3°C 
depending on the temperature of the humidicrib, circuit 
setup, and position of the pATP and dATP, and may be up 
to 4.5°C (Table 9B.2). This should result in the desired 
target of 37°C and 44 mgH2O/L being achieved in the tra-
chea (Fig. 9B.8).

Clinical situations with suboptimum 
conditions
There are other factors that may interfere with the achieve-
ment of the target temperature and moisture gas condition-
ing and should be managed appropriately. These factors 
include:
1. Ambient air conditions: In high ambient air 

temperature conditions, the environment will also 
provide heat to the humidifier chamber and inspiratory 
limb. The humidifier chamber will add less heat energy 
to the inspiratory gas, as it is easier to attain the target 
temperature. This will reduce the water vapor content 
added to the inspired gas, as the water in the chamber 
will not evaporate as much due to it being cold. During 

Fig. 9B.4 Damage to the Vocal Cords and Trachea From the ETT and Beyond the Carina, and Erosion and Deciliation of the 
Epithelial Cells With Mucous Strands.
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therapeutic hypothermia, excessive humidity and 
rainout of water may occur due to the low ambient 
temperature [18].

2. Location of dATP in a heated field: In conditions 
where the baby is nursed with a radiant warmer, if the 
distal ATP is placed in the radiant field it may falsely 
register a higher temperature than that of the inspired 
gas. The humidifier will respond by reducing the heat 
added, causing a fall in the water vapor to suboptimal 
levels. We recommend a small foil reflector disc placed 
over the dATP to prevent this. A similar situation may 
arise if the dATP is located within a hot incubator that 
may cause the same suboptimal humidity delivered 

to the patient. Less mature neonates with low birth 
weight (who have higher incubator temperatures) 
require close attention to this factor. Colder inspired 
gases where condensation of water may occur could 
lead to more instances of VAP, chronic lung disease, 
especially in very PBs [15–17]. Potentially altered 
pressure and changing alarm may also occur with 
rainout of water [19].

3. During resuscitation, transport, changing ventilator 
circuits, and setting up of the ventilator equipment 
and circuit: It is essential that during resuscitation, 
transport, and changing ventilator circuits, a heated 
and humidified respiratory circuit be used to prevent 

Fig. 9B.5 Representation of the Mucociliary Transport Escalator in the Upper Airways (UAW). This depicts (1) the 
submucosal gland producing the more thicker mucus gel (mucus flakes) that trap microparticles in the UAW, (2) the goblet cells 
that produce the aqueous sol that baths the cilia of the ciliated epithelial cell, and (3) the movement of the mucus flakes toward 
the glottis. Modified from Williams R, Rankin N, Smith T, et al. Relationship between the humidity and temperature of inspired gas 
and the function of airway mucosa. Crit Care Med 1996;24:1920–1929 [1].
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Fig. 9B.6 Heat Humidity Grid.

Fig. 9B.7 Common Humidifier Configurations. (1) The airway temperature probes are placed at position A—the outlet of the 
humidifier chamber (pATP) and position B—patient proximal or distal to the heated inspiratory tube (dATP). (2) The dATP is placed 
at position C—between the heated inspiratory tube and an unheated extension limb that is patient proximal.
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damage to the lungs (Figs. 9B.3 and 9B.4). In addition, 
it has been shown that heating and humidifying 
the inspired gases during resuscitation prevents 
hypothermia in PBs <32-week GA, and this may 
also be the case while using mask ventilation during 
resuscitation [20,21]. The clinical situations below are 
examples where there may be suboptimum heat and 
humidity delivered to the baby:
a. During resuscitation and transport of the PB or even 

term infants, it is essential that the inspired gases 
are heated and humidified. Because PBs are more 
prone to rapid heat losses, they have an even greater 
need for such protective measures.

b. During ventilator circuit changes that should be 
performed weekly, it is usual to bag/hand ventilate 
the babies. It is essential that the bagging circuit is 
attached to a heat and humidifier system.

Ventilators/ventilation: types, 
modes, and circuitry

In this chapter we will consider heat and humidifying the 
respiratory circuit during different types of ventilation, 
including conventional ventilation (CV), high-frequency 

Table 9B.2  Inspired gas temperature at different humidicrib temperatures with the distal airway temperature 
probe (dATP) either inside the humidicrib with the set temperature at 36.5°C (position B, Fig. 9B.7.1) 
or outside the humidicrib set temperature at 39.0°C (position C, Fig. 9B.7.2) with the unheated 
extension tube within the humidicrib

Position of ATP Humidicrib temperature (°C)

30.8 32.9 35.2 36.2 37.2

Inspired temperature with 
dATP at position B (°C)

36.4 ± 0.1 36.4 ± 0.1 36.4 ± 0.1 36.4 ± 0.1 36.4 ± 0.1

Inspired temperature with 
dATP at position C (°C)

34.7 ± 0.2 35.5 ± 0.3 36.6 ± 0.1 36.8 ± 0.1 37.7 ± 0.1

All inspired temperatures were measured proximal to the pneumotach or hotwire anemometer to avoid increases in reading.
Modified from Todd DA, Boyd J, Lloyd J, John E. Inspired gas temperature during mechanical ventilation: effects of environmental temperature and 
airway temperature probe position. J Paediatr Child Health 2001;37:495–500 [5].

Fig. 9B.8 Humidifier Settings and Effects. In the “heated section” shown in the inspiratory limb, the gas exiting the humidifier 
chamber is heated to attain 2 or 3°C elevation at the patient proximal end. The amount of water vapor remains the same. In 
the “unheated section,” consisting of the extension piece/adapter and endotracheal (or tracheostomy) tube, there will be a 
corresponding temperature drop.
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ventilation (HFV), continuous positive airway pressure 
(CPAP), high-flow nasal cannula (HFNC), and low-flow 
nasal cannula (LFNC).

There are different types of ventilators and ventilation 
devices on the market, and these have varying modes of 
ventilation, but the most important difference for the inva-
sive ventilation is the difference between CV and HFV. Due 
to the mechanism of flow and tidal volume differences 
between CV and HFV, there is a difference in the type of dam-
age seen with low inspired gas temperature and humidity 
(Fig. 9B.9A–D), and thus it is vitally important to adequately 
heat and humidify the inspired gases with the correct ven-
tilator circuit setup. If this damage continues in prolonged 
ventilation, regardless of the initial cause of the damage, then  

metaplasia of the UAW (Fig. 9B.9E and F) and fibrosis of the 
PAW may be the outcome (Fig. 9B.9G and H) that is essentially 
BPD. Several mechanisms are in place during HFV including 
the type of high-frequency generator (flow interrupter, jet and 
oscillator [High Frequency Oscil latory Ventilation {HFOV}]) 
as well as inspiratory flow; increased inspiratory flow will pro-
duce increased inspired temperature but decreased humid-
ity delivered [22–25]. As well, amplitude has an effect on 
inspired humidity—the higher the amplitude, the lower the 
inspired humidity [25]—while oscillation frequency has less 
effect on inspired humidity [25].

The necessity of additive heat and humidification 
remains essential in noninvasive modes, even though the 
nares and UAW are not bypassed. Medical gases that are 
cold and dry (15°C, 0.3 mgH2O/L) drive CPAP, HFNC, and 
LFNC systems and will lead to drying of mucosal secretions 
and hypothermia if not conditioned adequately (heated 
and humidified). More CPAP is now being used in the PBs 
as the delivery of surfactant either by the INSURE method 
(intubation, surfactant, extubation) or MIST (minimally 
invasive surfactant therapy) has gained popularity, simi-
larly for HFNC as this mode of noninvasive ventilation 
is becoming more popular [26]. The inspired gases from 
both CPAP and HFNC must be passed through a heated 
humidification system prior to entering the patient. Some 
HFNC systems base their heat and humidification on using 
vapor transfer cartridges to enrich the gas stream with water 
vapor. For LFNC, the gases must be passed through a water 
bubbler system prior to entering the nares.

Types of heat and humidifiers

1. External: to ventilator
a. F&P
b. Wilhamed

2. Internal: to the ventilator
a. Stephanie
b. Sophie

External heat and humidifiers
In external heat and humidifiers, the basic principles are 
similar. Cold gases with low humidity (15°C, 0.3 mgH2O/L) 
are directed from the ventilator to the heated humidifier 
chamber where the gases pass through the humid gas above 
the heated water. The water in the humidifier chamber is 
heated via a “hot plate” below the humidifier chamber. 
During the passage over the heated water, the dry gas will 
obtain heat and moisture from the moist air and pass into 
the heated inspiratory limb with a temperature of 37°C 
containing 44 mgH2O/L gas. In the heated inspiratory limb, 
the gas is then warmed to 40°C (may be variable depending 
on the type and manufacturer of humidifier base) and thus 

Fig. 9B.9 Various Types of Damage to UAW. Differing type 
of damage to upper AW at low humidity and temperature 
caused by high frequency (A and B) versus conventional 
ventilation (C and D); chronic changes that occur in BPD from 
either type of initial damage (A–D) with squamous metaplasia 
of the UAW (E and F) and fibrosis of the PAW with mucous 
plugging of the UAW (G and H). Modified from Todd DA, John 
E, Osborn R. Tracheal damage following conventional and high 
frequency ventilation at low and high humidity. Crit Care Med. 
1991;19:1310–1316 [8]. Todd collected photomicrographs.
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maintains the AH of 44 mgH2O/L. Prior to entering the ETT, 
the gas will drop in temperature, but this will depend mainly 
on the ventilator type, humidicrib temperature, position of 
the dATP, and ventilator circuit setup [4,5,22,25].

Internal or inbuilt heat and 
humidifiers with ventilator such as 
Stephanie/Sophie
When ventilating infants with ventilators that have inbuilt 
heating and humidification systems, it is important to posi-
tion the humidification system correctly within the circuit 
together with optimizing the system. With the Stephanie/
Sophie ventilator, the inbuilt heating and humidification 
system is essentially a heater block immersed in a chamber 
½ to ¾ filled with water. The inspiratory gases flow into the 
chamber and pass over the heated moist air above the water 
increasing in heat and humidity. They exit of the heater and 
humidifier block to the proximal ATP (pATP) and  distal 
ATP (dATP) that are within the inspiratory limb away from 
the heater block (Fig. 9B.10) [22,25]. This is dissimilar to the 
external heat and humidifiers (Figs. 9B.7 and 9B.8), where 
the pATP is at the exit of the heat and humidifier chamber 
and it is essential in the Stephanie and Sophie ventilators to 
insulate the inspiratory limb to reduce rainout of water and 
reduction of inspired temperature and humidity [22,25].

We recommend the following settings:
1. Stephanie ventilator: “39-2°C,” that is, 39°C at the dATP, 

and 37°C at the exit from the humidifier. This differs 
from the manufacturer’s specification of “37-2°C” [22].

2. Sophie ventilator: “40-3°C” as the Sophie ventilator 
has a higher setting. We also recommend using the 
long circuit rather than the short circuit supplied 
with these ventilators as this improves the AH of the 
inspired gases [25].

Achieving optimum humidity

Recommendations for inspired gases during intubation 
and ventilation are as follows:
•	 Humidity

•	 UK recommendation >34 mgH2O/L gas
•	 US recommendation >30 mgH2O/L gas
•	 Our recommendation: 44 mgH2O/L gas (or as close 

to this)
•	 Temperature

•	 Our recommendation: 37°C at the distal ATP (or as 
close to this)

•	 Optimal heat and humidification of inspired gases 
is essential during intubation and ventilation. Many 
factors contribute to the conditioning of inspired gases, 
including
•	 Ventilator type (CV/HFV)
•	 Ventilator mode (CV/HFV)
•	 Ventilator settings
•	 Humidifier type (external and type of external/

inbuilt with ventilator)
•	 Humidifier settings (proximal and distal ATP)

•	 Thus, it is imperative to optimize and therefore 
adjusts the setting of the heat and humidifier system 
accordingly

Dos and Don’ts

1. The ventilator circuit must be changed at least once per 
week.

2. The humidifier system must be inspected at least 
once a shift (3 times/day) for correct temperature 

Fig. 9B.10 Respiratory Circuit for Stephanie and Sophie Ventilators Showing the Heater Block Immersed in Water and 
Temperature Probes in Distal Inspiratory Limb. There are two temperature probes (D and E) that follow an insulated inspiratory limb.
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probe positioning, signs of any damage to any of 
the accessories, the adequacy of water level in the 
chamber, the presence of condensate in the circuit, and 
any other manufacturer’s recommended guidelines. 
Overheating (although less common) can lead to a 
cascade of effects beginning with mucosal heating. 
Overhumidification can lead to increased secretions 
and hypoxemia. Excess condensate in the circuit 
indicates an inappropriate humidifier setting. Unlike 
the vapor associated with the delivery of heat and 

humidity into the AWs, the condensate may be 
contaminated by bacterial colonization and may lead 
to VAP.

3. The humidifier chamber and circuits must always be 
below the ETT height. This will prevent any condensate 
from inadvertently flowing into the airways, which can 
be catastrophic.

4. If the condensate is difficult to manage, the use of 
water traps in the inspiratory and expiratory limbs may 
be considered.
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 pathophysiology leading to optimizing ventilator man-
agement. Knowledge of graphics further aides in early 
troubleshooting while adjusting ventilator parameters 
and preventing potentially detrimental complications.

Introduction

Real-time ventilatory graphics are the display of measured 
and derived values captured when a patient is treated with 
mechanical ventilation. Physicians, nurses, and respiratory 
therapists working with critically ill newborns should rec-
ognize these visual representations in order to understand 
adequacy of the ventilation support used and response of 
the infant.

Most of today’s ventilators, including high-frequency 
machines, capture many ventilator parameters and can 
generate multiple graphic displays. Sadly, most often clini-
cians fail to understand or ignore the potentially valuable 
information provided by these displays.

Historical timeline

As early as the 1929, pressure–volume (P–V) relationships 
were studied by Von Neergaard and Wirtz in isolated liq-
uid- and air-filled cat lungs. They observed a difference in 
the inspiratory and expiratory P–V relationship in the air-
filled but not with water-filled lungs. They concluded the 
existence of a surface-acting material, which produced the 
different mechanical actions [1].

In 1960s, there was tremendous advancement in neo-
natal respiratory support as neonatal ventilation was 
considered as a viable therapy. Gregory et al. published 
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CHAPTER POINTS

Real-time ventilator graphics are an integral part of 
understanding the pathophysiology of mechanically 
ventilated infants. Breath to breath patient ventilator 
interactions give insight to underlying lung function 
through evaluations of waves and loops. Responses of 
individual patient as reflected by displays showing pres-
sure, volume, and flow waveforms, pressure–volume 
and flow–volume loops, and trend screens, helps clini-
cians to enhance understanding  of underlying lung 
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their seminal work in 1971 showing that the applica-
tion of continuous positive airway pressure (CPAP) in 
newborns with respiratory distress syndrome reduced 
mortality [2]. Continuous real-time display of ventila-
tor parameters became possible in the 1980s after intro-
duction of the portable computer. Bhutani et al. in 1988 
described a stand-alone device to evaluate the respira-
tory status of sick neonates with bedside analysis of pul-
monary mechanics, providing graphical information, 
and quantitative data for day-to-day pulmonary manage-
ment [3]. By the 1990s, the manufacturers of neonatal 
respirators started displaying various types of graphics, 
from simple to complex. Over last 20 years there has 
been tremendous progress with sophisticated computer-
generated models calculating a number of parameters 
from various modes of respiratory support provided to 
the infants.

Role of ventilator waveforms

•	 Identify pathophysiologic processes
•	 Recognize patient’s response to therapy and monitor 

patient’s disease status
•	 Calculate respiratory mechanics
•	 Optimize ventilator settings and treatment
•	 Determine effectiveness of ventilator settings
•	 Detect adverse effects of mechanical ventilation
•	 Minimize risk of ventilator-induced complications—

allow user to interpret, evaluate, and troubleshoot 
ventilator and patients’ response to ventilator

Ventilator graphic classification

Basic waveforms (scalar graphic)—any single variable (e.g., 
flow, pressure, volume) plotted against time.
•	 Pressure versus time scalar
•	 Flow versus time scalar
•	 Volume versus time scalar
Loops—the two-dimensional graphic display of two 
scalars.
•	 P–V loop
•	 Flow–volume loop

Basic waveforms

The three basic plots of airway pressure, gas flow change, 
and volume change are referred as scalar tracings. Most 

systems display these settings simultaneously in real time 
during respiratory support. Basically, the information 
provided shows the pressure and flow needed to produce 
the resulting tidal volume on a breath-to-breath basis. 
Most ventilators define a volume target for each patient 
and that can be seen on the display. Additionally, the ven-
tilators show two loops which combine these measured 
values, and which change their shape according to the 
different conditions affecting the infant. The P–V loop 
essentially shows the relationship of change in volume 
with change in pressure, whereas the flow–volume loop 
informs about flow dynamics and the effects on volume 
(Fig. 10.1).

Pressure waveform

Pressure waveforms contain both inspiratory and expi-
ratory components. Inspiratory waveforms demonstrate 
several components. Peak inspiratory pressure (PIP) is the 
maximum pressure generated in the system. Resistance 
pressure is the pressure produced secondary to resistance 
of the whole circuit including hoses, endotracheal tube, 
and bronchi. It is related to dynamic compliance of the 
chest and present only with movement of air. Plateau 
pressure is alveolar compliance pressure generated by 
delivered volume. It is related to static compliance of the 
lung. Expiratory pressure waveform shows the pressure 
returning to baseline positive end-expiratory pressure 
(PEEP) level. Mean airway pressure is defined by the area 
under curve for a single inspiratory and expiratory cycle. 
PEEP remains at the preset level above atmospheric pres-
sure in between breaths. Decrease in pressure below that 
level indicates patient effort, artifact, or circuit leaks [4]. 
This pressure waveform typically seen in adults is not as 
conspicuous in newborns. Neonatal ventilators typically 
do not show the PIP peak and a lower pressure plateau 
(Fig. 10.2).

Flow waveform

Flow waveform also has inspiratory and expiratory com-
ponents. Both inspiratory and expiratory waveforms con-
sist of accelerating and decelerating flow. Inspiratory flow 
denotes a positive wave, whereas expiratory flow is shown 
as a negative wave below the baseline zero. Maximum flow 
is the flow generated during the inspiratory phase. In vol-
ume control mode, machine delivers a steady flow of gas 
while target volume is reached and the inspiratory wave-
form thus becomes rectangular [5]. As against in pressure 
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control mode, the machine delivers just enough flow to 
produce the pressure desired and inspiratory waveform is 
decelerating [6]. Expiratory flow wave has an acceleration 
phase in the beginning which ends in peak value and this 
is usually followed by slow phase retuning back to baseline 
(Figs. 10.3 and 10.4).

Volume waveform

Pressure and flow impact is summarized and shown on the 
volume waveform. Most clinicians rely on the displayed 

number rather than the wave to determine delivered 
volume. However, the displayed volume number often 
reflects an average value, and during SIMV, where both 
spontaneous and mechanically generated breaths occur, 
this average may reflect neither volume correctly. The vol-
ume waveform, on the other hand, shows comparative size 
of spontaneous and ventilator-generated volumes. Tidal 
volume may be more accurately determined by inspect-
ing this waveform. The volume waveform is useful also 
in assessing the presence of air leak, adequacy of volume 
delivery, impact of changing ventilator settings, and to 
evaluate whether patient is generating enough volumes 
(Fig. 10.5).

Fig. 10.1 (A and B) Basic waveforms and loops displayed on ventilator. In frame (A), the scalar tracings from top to bottom are 
pressure, flow, and volume; in frame (B), the flow–volume loop is on the left, and the pressure–volume loop is on the right.
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Fig. 10.3 (A) Flow waveform of spontaneous breath. (B) Flow waveform in volume control and pressure control ventilation.

Fig. 10.2 (A) Pressure waveform in adults. (B) Pressure waveform in newborn.
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Pulmonary mechanics and loops

Assessment of pulmonary mechanics can be done by graph-
ing changes in pressure or flow with volume over time.

Pressure–volume loop

Lungs change shape according to force applied and the 
lung behaves differently during inspiration and expira-
tion. This defines hysteresis. After release of inspiratory 
force, the recoil in elastic components brings the lungs 
back to their original state. Plotted against volume, the 
pressure changes required to inflate and deflate form a 
P–V loop. The different appearance of the inspiratory and 
expiratory limbs of the P–V loop is a display of hysteresis 
[7]. This loop shows change in compliance with change 
in volume. Over last several years this assessment has 
played important part in developing protective lung strat-
egies for the support of patients with respiratory distress 
syndrome [8].

In spontaneously breathing patients, inspiration creates 
a negative pressure that produces filling of the lungs to the 
tidal volume. Positive pressure is created at the expiration 
due to elastic recoil and it decreases to zero at the end of 

expiration. In a spontaneously breathing patient, the vol-
ume added to the circuit leads to decrease in circuit pres-
sure, hence the tracing of the loop proceeds in a clockwise 
fashion. The whole loop shifts to right with application of 
CPAP or PEEP (Fig. 10.6A–B).

In a ventilated patient, the loop begins not at zero pres-
sure, but at the set PEEP. With increasing pressure from the 
PEEP baseline, there is gas volume delivery to the lungs, 
producing the inspiratory portion of the loop. Inspiration 
ends based on how ventilation is set to be delivered: in time 
cycled modes when the preset inspiratory time has passed; 
in flow triggered modes when inspiratory flow has fallen 
to a set percentage; and in volume-triggered modes when 
a set tidal volume has been achieved. Pressure and volume 
fall as the lung deflates. Opening pressure reflects the mini-
mum pressure required to recruit alveoli. Initial rapid rise 
corresponds to alveolar recruitment. Maximum pressure is 
the pressure above which there is very little increase in vol-
ume with increase in pressure at which point the beaking 
occurs. Closing pressure is the pressure on expiratory limb 
at which point volume steeply drops. It reflects elastic recoil 
of the lung and chest wall. The pressure and volume val-
ues recorded at the highest value of the loop correspond 
to PIP and tidal volume, respectively. However, PEEP lies 
somewhere in between opening and closing pressures 
(Fig. 10.6C).

As there is no significant circuit flow at the beginning 
and end of inspiration, the change in pressure required 
is that needed to distend the lung. If a line is drawn in 
the P–V loop from beginning to end inspiration, essen-
tially bisecting the loop, its slope is change in volume 
over change in pressure–dynamic respiratory system 
compliance.

P–V loops can show changes in mechanical properties of 
the lungs, air leaks, evidence of overdistension, adequacy of 
applied PEEP, and circuit problems (Fig. 10.7).

Patient-triggered pressure–volume 
loop
Efforts by the patient while on ventilator may show trig-
ger on the P–V [9]. This patient ventilator dyssynchrony is 
reflected on lower left quadrant. This area can increase or 
decrease based on adjusting trigger sensitivity on the ven-
tilator (Fig. 10.8).

Increased resistance
With an increase in airway or circuit resistances or both, the 
loop flattens out away from the dynamic compliance line 
indicating that relatively higher pressure is required to over-
come the resistance and reach targeted volume. In this sce-
nario the dynamic compliance decreases. Increased bowing 
of the P–V loop should alert the clinician to investigate 

Fig. 10.4 Spontaneous and Ventilated Flow Waveforms.

Fig. 10.5 Volume Waveform.
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Fig. 10.7 Pressure–Volume Loop in Ventilated Patient. (A) Representation of pressure volume loop in ventilated patient. (B) 
Pressure volume loop as viewed on ventilator screen.

Fig. 10.6 (A) Pressure–volume loop in spontaneously breathing patient and (B) a spontaneous breath in a patient on CPAP or 
PEEP. (C) Opening, maximum, and closing pressures on a pressure–volume loop.
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whether the endotracheal tube is kinked or obstructed, 
whether suctioning is needed or bronchodilator adminis-
tration is necessary for airway narrowing (Fig. 10.9).

Compliance changes
The shape and position of P–V loop can be altered by 
change in compliance. Decreases in compliance reflect the 
need for greater pressure application to cause a fixed volume 
change. This will cause the P–V loop to rotate toward the 
x-axis. On the other hand, if compliance increases, with less 
pressure required for a given change in volume, the loop 
then rotates toward the y-axis. Slopes of dynamic compli-
ance are significantly altered with these changes (Fig. 10.10).

Alveolar overdistension
Larger tidal volumes in some patients can lead to alveo-
lar overdistension which would then appear on P–V loop 
as “beaking.” It is appreciated at the terminal portion of 

the inspiratory limb [10]. Beaking denotes that any further 
increase in pressure would lead to minimal change in tidal 
volume. Clinician in this scenario should be cautious man-
aging infant on the ventilator because at this point alveoli 
are likely to have near-maximal expansion. Active weaning 
of pressure is recommended until beaking is no longer seen 
(Fig. 10.11).

Volutrauma and atelectotrauma
P–V loops can greatly influence outcomes related to the 
ventilator-induced lung injury by helping the clinician to 
optimizing ventilator settings [11]. Pulmonary compliance 
increases at pressures above the lower inflection point. This 
is the point at which alveoli begin to open. Repeated alveo-
lar opening and collapse can lead to atelectotrauma. Mini-
mizing pulmonary damage secondary to atelectasis can be 
achieved by optimizing the PEEP to a value near or above 
the lower inflection point. On the other hand, pulmonary 
compliance decreases at the upper inflection point, at 
which alveolar overdistension occurs. This in turn may put 
the infant at risk for volutrauma [12]. Keeping PIP below 
the maximum pressure may decrease this risk (Fig. 10.12).

Circuit leak
The P–V loop makes identifying a leak in the ventilator cir-
cuit easy. The expiratory limb of the loop will not return to 
zero volume. The ventilator display may also show a % leak 
value; the loops will quickly provide visual confirmation 
(Fig. 10.13).

Air hunger
If the infant is not getting adequate flow, the P–V loop 
may assume the shape of figure of 8. That usually would 

Fig. 10.8 Patient-Triggered Pressure–Volume Loop.  
(A) representation of triggering phase (B) Patient triggering on 
ventilator screen.

Fig. 10.9 Pressure–Volume Loop With Increased 
Resistance.
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indicate inadequate hysteresis. This may also reflect the 
unstable chest wall of the neonate. This can be corrected by 
increasing flow or rise time (Fig. 10.14).

Flow–volume loop

The flow–volume loop describes the airflow during tidal 
breathing. Volume is shown on the x-axis and flow is on 
the y-axis. Flow–volume loops are particularly important 
in the assessment of excessive airway resistance and in 
alerting for the presence of copious airway secretions or 
circuit leaks. Neonatal ventilators show the flow–volume 
loop with the inspiratory limb above the x-axis and expi-
ratory limb below the x-axis. The loop moves clockwise 

Fig. 10.10 Pressure–Volume Loop With Change in Compliance.

Fig. 10.11 Beaking of Pressure–Volume Loop Secondary 
to Alveolar Overdistension.

Fig. 10.12 Zones of Barotrauma and Atelectotrauma on 
Pressure–Volume Loop.

Fig. 10.13 Circuit Leak on Pressure–Volume Loop.
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with inspiration proceeding up and to the right, while 
expiration begins when flow drops to zero, then continues 
below the x-axis, and returns back to zero flow at the end 
of expiration. The loop shows the rapid rise in flow in early 
inspiration, with constant flow as volume is delivered, and 
a rapid fall in flow back to zero as volume delivery ceases. 
In the expiratory limb, peak expiratory flow occurs early 
in exhalation depending on patient’s efforts. After peak 
flow is achieved, the expiratory limb tracing progresses 
to the effort-independent portion of the curve. This area 
is of particular interest when assessing airway resistance 
(Fig. 10.15).

Variable extrathoracic obstruction
Increase in inspiratory resistance, suggesting an extratho-
racic obstruction, is demonstrated on flow–volume loop 
with flattening of only inspiratory portion of the loop 
(Fig. 10.16).

Variable intrathoracic obstruction
Intrathoracic obstruction such as in obstructive airway dis-
ease preferentially flattens expiratory portion of the flow–
volume loop (Fig. 10.17).

Fixed airway obstruction
Airway obstruction such as in airway anomalies (e.g., tra-
cheal stenosis) or related to endotracheal tube block or 
kink produces variable changes in both inspiratory and 
expiratory positions, either flattening both inspiratory and 
expira tory components (Fig. 10.18A and B) or scooping 
out of expiratory limb (Fig. 10.18C). Excessive tracheal 

Fig. 10.14 Air Hunger on Pressure–Volume Loop. Fig. 10.15 Normal Flow–Volume Loop.

Fig. 10.16 Flow–Volume Loop in Variable Extrathoracic 
Obstruction.

Fig. 10.17 Flow–Volume Loop in Variable Intrathoracic 
Obstruction.
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secretions on the other hand often produce a sawtooth 
appearance to the expiratory limb of the flow–volume loop 
which is generally considered a reliable indicator that tra-
cheal suctioning is required.

Turbulence
The circuit airway flow is set too high, or if there are secre-
tions in the airway, sensor, or circuit that interfere with 
the flow, the flow–volume loop may create a noisy signal. 
This can be seen on both inspiratory and expiratory com-
ponents of flow–volume loop as having waveform with 
serrated edges. Careful inspection for secretions or con-
densation as well as consideration for endotracheal tube 
suctioning should be undertaken when the loop produces 
such sawtooth appearance (Fig. 10.19).

Airway leak
Similar to the P–V loop, an airway leak is seen in the 
flow–volume loop when the expiratory limb returns to 
zero without a return to the zero volume point. This 
is due to the fact that the inspiratory volume is greater 
than the expiratory volume because of an airway leak 
(Fig. 10.20).

Extubation
If a patient is accidentally extubated, then the flow–volume 
loop shows flow going in the inspiratory loop but not 
returning to zero at the end of expiration. The expiratory 
loop on the other hand is missing as the machine does not 

Fig. 10.18 (A–C) Flow–volume loop in fixed airway obstruction.

Fig. 10.19 Effect of Turbulence on Flow–Volume Loop.
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get any feedback from the patient. There are no false posi-
tives to this display! If this pattern is present, the patient is 
extubated (Fig. 10.21).

Patient ventilator dyssynchrony

Dyssynchrony is the effect of the patient’s respiratory 
demands not being appropriately met by the adjusted ven-
tilator settings. Instead of assisting with breathing, the ven-
tilator may interfere with respiration which in turn causes 
increase in the work of breathing [13]. It may contribute to 
outcomes especially for infants requiring long-term ventila-
tion. Further it may add to neonatal morbidities by causing 
pneumothorax or fluctuating cerebral blood flow lead-
ing to intraventricular hemorrhage [14]. Any of the four 
phases of respiration could be affected with dyssynchrony 
(Fig. 10.22).

Trigger asynchrony
This is the most common form of dyssynchrony in human 
patients [15]. It occurs in the initiation phase of inspira-
tion, which is also termed “the trigger mechanism.” Types 
include ineffective triggering, autotriggering, and double 
triggering [16].

Ineffective triggering occurs when a patient-generated 
decrease in airway pressure (an inspiratory attempt) with 
a simultaneous increase in airflow is inadequate to trigger 
a machine-delivered breath. This form of dyssynchrony is 
often related to an inappropriately set sensitivity setting 
on the ventilator. Also, increasing levels of pressure sup-
port may suppress respiratory drive and lead to increased 
frequency of ineffective triggering [17]. Triggering delay 
and ineffective triggering are easier to identify by view-
ing the flow than pressure. When ineffective triggering is 
detected, the clinician should carefully look for evidence 
of an improper triggering threshold including auto-PEEP, 
significant muscle weakness or fatigue, reduced respiratory 
drive, or an excessively high level of sedation or anesthesia 
(Fig. 10.23).

Autotriggering is a form of trigger asynchrony and occurs 
when a breath is delivered by the ventilator because of a 
change in airway pressure or flow where patient is not 
attempting to take breath. Autotriggering can be caused by 
an inappropriately low threshold or sensitivity setting, cir-
cuit leaks, fluid or secretions within the circuit, or cardiac 
oscillations. Autotriggering is also likely when there are 
prolonged periods of no expiratory flow between breaths 
(Fig. 10.24).

Double triggering or breath stacking is defined as two 
back to back delivered breaths separated by an expiratory 
time less than half the mean expiratory time. It occurs 

Fig. 10.20 Effect of Airway Leak on Flow–Volume Loop.

Fig. 10.21 Flow–Volume Loop After Extubation.

Fig. 10.22 Phases of Pressure Waveform.
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when patient has prolonged effort more than the inspi-
ratory time set on ventilator, or tries to breathe before 
expiration phase of ventilation is over. That results in 
the patient receiving a tidal volume twice the desired or 
preset amount. Risks include overdistention and alveolar 
trauma. This type of trigger asynchrony may be caused by 
low tidal volumes, short inspiratory time, or low flow rates 
(Fig. 10.25).

Flow asynchrony
Flow asynchrony is the result of a ventilator supplying gas 
to the inspiratory circuit either too fast or too slow for the 
individual patient. In volume-controlled modes where 

inspiratory flow rates are constant, it is easiest to detect flow 
asynchrony by comparing passive and patient-triggered 
breaths by viewing pressure or volume waveforms. The trig-
gered breaths appear “scooped-out,” concave with rising 
pressure while viewing on pressure tracing and a sawtooth 
in the plateau phase on the flow tracing. Flow asynchrony 
may also be noticed on flow–volume and P–V loops and 
may be visualized as irregular concavities of the inspira-
tory limbs. Increase inspiratory flow until the two types 
of breaths have similar-appearing waveforms is recom-
mended. In pressure-control modes when inspiratory flow 
is inadequate, the pressure tracing assumes a “scooped-out” 
appearance during the inspiratory plateau. When inspira-
tory flow is excessive, one may notice an early overshoot in 

Fig. 10.25 Double Triggering on Pressure Waveform.

Fig. 10.23 Ineffective Triggering in Flow Waveform.

Fig. 10.24 Autotriggering on Pressure Waveform.
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the airway pressure waveform. Adjusting rise time is needed 
in this setting until the pressure waveforms appear square, 
have no plateau concavity, and have no evidence of over-
shoot (Fig. 10.26).

Termination asynchrony
Termination asynchrony or cycling asynchrony involves 
inspiration being terminated too early (premature cycling) 
or too late (delayed cycling).

In premature cycling, the patient is continuing to make 
inspiratory efforts at the time the ventilator cycles off. It 
may be a feature of unsynchronized ventilation. On the 
ventilator flow waveforms, premature cycling may be 
detected by noticing an abrupt initial reversal in the expira-
tory flow waveform. Synchronizing ventilator may be able 
to fix this issue (Fig. 10.27).

In delayed cycling, the patient initiates active expiratory 
efforts while the ventilator is continuing to deliver inspira-
tory flow. Pressure spike on the pressure waveform during 
middle-to-late inspiration can be seen. On the flow wave-
form, it is seen as an abrupt, rapid decline in inspiratory 
flow near end inspiration. It can be fixed by reducing inspi-
ratory time or tidal volumes (Fig. 10.28).

Expiratory asynchrony
Expiratory asynchrony typically manifests as auto-PEEP 
with increased peek airway pressure leading to gas trap-
ping. If auto-PEEP is detected, one of the maneuvers to 
prolong expiratory time (i.e., trigger sensitivity, peak flow, 
flow pattern, rise time, inspiratory time, cycle threshold, 
I:E ratio, and respiratory rate) is usually needed [18]. With 
auto-PEEP increasing, the patient may have difficulty in 
reaching the triggering threshold. Increasing PEEP may lead 
to improvement in triggering sensitivity and efficacy. Now 
that rapid rates are no longer used in favor of fully synchro-
nized modes, this is rarely, if ever, seen in newborns. Auto-
PEEP is a result of violating the expiratory time constant 
(Fig. 10.29).

Pulmonary mechanics and graphics

Using the pulmonary graphics, various pulmonary mea-
surements can be calculated which may be useful diagnos-
tically as well as prognostically.

Compliance
Compliance is a measure of the lung’s ability to stretch 
and expand between inflation and deflation (distensibil-
ity of elastic tissue). In clinical practice it consists of two 
different measurements, static compliance and dynamic 
compliance. Compliance is measured by P–V loop 
through ratio of change in volume for change in pressure. 
The relationship is linear starting at functional residual 
capacity. As the lung compliance decreases such as in 
respiratory distress syndrome, pneumonia, and atelecta-
sis, the P–V loop becomes more flat. Healthy newborns 
have lung compliance between 1.5 and 2 mL/cmH2O. In 
preterm infant, compliance varies with gestational age 

Fig. 10.26 Flow Asynchrony on Pressure Waveform.

Fig. 10.27 Premature Cycling on Flow Waveform.

Fig. 10.28 Delayed Cycling on Pressure Waveform.
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and weight [19] (Table 10.1). Also, it improves as pre-
term infants mature. Static compliance is the compliance 
without any gas flow through the lungs, whereas dynamic 
compliance is determined by tidal volume for change in 
driving pressure. Dynamic compliance measurement is 
useful to estimate change in volume for every pressure 
change on ventilator.

Dynamic compliance Tidal volume / PIP PEEP= −

Resistance
Resistance is any opposition to airflow throughout the 
respiratory system. It consists of frictional resistance to 
airflow (80%), tissue resistance (19%), and inertial forces 
(1%). Resistance is calculated by driving pressure divided 
by airflow volume. Normal airway resistance in term new-
born is 20–40 cmH2O/L/s. Hysteresis of P–V loop repre-
sents resistive work of breathing. Resistance decreases with 
increase in gestational age. Patients with BPD have high air-
way resistance due to associate barotrauma and therefore 
increased resistive work of breathing.

Role of pulmonary graphics in 
bedside ventilator management

Optimizing PIP
PIP can be adjusted for infants managed on pressure-lim-
ited ventilator by viewing tidal volume for chosen PIP value 
with goal of providing volume of 5–6 mL/kg.

Optimizing PEEP (Fig. 10.30)
PEEP can be adjusted to provide adequate tidal volume and 
viewing favorable P–V relationship on loops avoiding over-
distention and underinflation.

Optimizing airflow
Flow–volume loops may aide in adjusting flow. Excessive 
circuit flow may lead to overdistention and excessive PEEP. 
This in turn can lead to hypoventilation with wider hyster-
esis and turbulence.

Dynamic   compliance=Tidal   volume/P
IP−PEEP

Fig. 10.29 Expiratory Asynchrony With Generation of Auto-PEEP.

Table 10.1  Variation in compliance and resistance at different gestational ages

Gestational age ≤26 weeks 27–28 weeks 29–30 weeks ≥31 weeks

Tidal volume, mL/kg 6.1 ± 1.7 5.7 ± 1.5 5.1 ± 1.2 5.2 ± 0.8

Pulmonary compliance, mL/cmH2O/kg 0.27 ± 0.18 0.35 ± 0.22 0.40 ± 0.23 0.77 ± 0.75

Pulmonary resistance, cmH2O/L/s 194 ± 161 139 ± 117 101 ± 64 87 ± 76

Flow-resistive work, g.cm/kg 38 ± 29 28 ± 17 21 ± 14 15 ± 1.2

Change in compliance per week,  
mL/cmH2O/week

0.16 0.19 0.19 0.24

Adapted from Bhutani VK, Bowen FW, Sivieri EM. Postnatal changes in pulmonary mechanics and energetics of infants with respiratory distress 
syndrome following surfactant treatment. Biol Neonate 2005;87:323–331 [19].
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Optimizing inspiratory time
Effects on tidal volume, hysteresis, P–V and flow–vol-
ume relationships can be assessed by changing inspira-
tory time. Higher inspiratory time may lead to excessive 
pressures, decrease in expiratory time, and inadvertent 
PEEP.

Optimizing synchrony
Real-time evaluation is helpful for team to visualize syn-
chrony on displays. Patient discomfort can be predicted 
earlier with these displays showing discomfort.

Optimizing tidal volume
Optimal functional residual capacity (FRC) can be pre-
dicted by adequate tidal volume and shape of P–V loops. 
Changes in volume noted on displays can be trouble-
shooted for various conditions.

Troubleshooting for ventilator 
graphics

Air trapping (auto-PEEP)

Causes

•	 Increased expiratory resistance (either in the airways or 
in the circuit)—thick secretions, bronchospasm

•	 Insufficient expiratory time
•	 Early collapse of unstable alveoli/airways during 

exhalation

How to identify it on the graphics

•	 Pressure–time: While performing an expiratory hold, 
the waveform rises above baseline

•	 Flow–time: The expiratory flow does not return to 
baseline before the next breath begins

•	 Volume–time: The expiratory portion does not return 
to baseline

•	 Flow–volume loop: The loop does not meet at the 
baseline

•	 P–V loop: The loop does not meet at the baseline

How to fix

•	 Identify the cause and resolve
•	 Give a treatment or suction
•	 Decrease inspiratory time
•	 Increase flow
•	 Add PEEP

Increased resistance

Causes

•	 Bronchospasm
•	 Damp or blocked expiratory valve/filter
•	 Endotracheal tube problems (too small, kinked, 

obstructed)

Fig. 10.30 Effect of PEEP on pressure–volume curve with bold line showing adequate PEEP, dotted line showing low PEEP, and 
dashed line showing excessive PEEP.
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•	 High flow
•	 Secretion buildup
•	 Water in the circuit

How to identify

•	 Pressure–time: The PIP increases, but the plateau stays 
the same

•	 Volume–time: It takes longer for the expiratory curve to 
reach the baseline

•	 Flow–time: It takes longer for the expiratory curve 
to reach baseline and the expiratory flow rate is 
reduced

•	 Flow–volume loop: Decreased expiratory flow with a 
scoop in the expiratory curve

•	 P–V loop: The loop will be fatter, bulges to the 
right with inspiratory resistance and to the left with 
expiratory resistance

How to fix

•	 Identify cause and fix it
•	 Bronchodilator treatment
•	 Suction
•	 Drain water
•	 Change circuit
•	 Change endotracheal tube
•	 Decrease PF rate
•	 Change expiratory filter

Decreased compliance

Causes

•	 ARDS
•	 Atelectasis
•	 Abdominal distension
•	 Congestive heart failure
•	 Consolidation
•	 Fibrosis
•	 Hyperinflation
•	 Pneumothorax
•	 Pleural effusion

How to identify it

•	 Pressure–time: The PIP and plateau both increase
•	 P–V loop: Lays more horizontal

How to fix

•	 Treat the cause
•	 Increase PEEP

Increased compliance

Causes

•	 Surfactant therapy
•	 Natural resolution of RDS/pneumonia
•	 Intercostal drain for pneumothorax

How to identify it

•	 Pressure–time: PIP and plateau both decrease
•	 P–V loop: Stands more vertical (upright)

How to fix

•	 Aggressive weaning of pressures

Active exhalation

Causes

•	 Patient is exhaling below FRC due to air trapping 
(volume dumping)

•	 Pain
•	 Positional change
•	 Equipment calibration problem

How to identify it

•	 Volume–time: Expiratory waveform goes below the 
baseline

•	 P–V loop: Expiratory loop goes past the zero point
•	 Flow–volume loop: Expiratory part goes past the zero 

point

How to fix

•	 Reduce air trapping
•	 Calibrate equipment
•	 Relieve pain

Partial obstruction

Causes

•	 Suction catheter left in ETT
•	 Tissue flap
•	 Mucus plug
•	 Water/secretions in the circuit or airway

How to identify

•	 Flow–volume: Flow is not steady and constant, but 
varies as the obstruction moves around

•	 P–V loop: Jagged instead of smooth
•	 Flow–volume loop: Jagged with fluctuating flow
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How to fix it

•	 Pull catheter out of ETT
•	 Suction
•	 Drain water
•	 Change circuit
•	 Move the endotracheal tube

Overdistension

Causes

•	 Tidal volume set too high (volume ventilation)
•	 Pressure set too high (pressure ventilator)
•	 Could occur in pressure ventilator with compliance or 

airway resistance changes

How to identify it

•	 P–V loop: Bird beak at the top of the loop

How to fix it

•	 Reduce tidal volume (volume ventilation)
•	 Reduce pressure (pressure ventilation)

Leak

Causes

•	 Expiratory leak: Air leak through a chest tube, BP 
fistula, ETT cuff leak, NG tube in trachea

•	 Inspiratory leak: Loose connections, ventilator 
malfunction, faulty flow sensor

How to identify

•	 Pressure–time: Decreased PIP
•	 Volume–time: Decreased tidal volume, in expiratory 

leaks keep tidal volume returning to baseline
•	 Flow–time: Peak expiratory flow decreases
•	 P–V loop: Expiratory side does not return to the baseline
•	 Flow–volume loop: Expiratory part does not return to 

baseline

How to fix it

•	 Identify source of leak and fix it
•	 Do a leak test and make sure all connections are tight

Ventilator graphics in special 
situations

Surfactant administration
The administration of exogenous surfactant to an infant 
with RDS typically lowers alveolar surface tension and 

improves pulmonary compliance. It happens rapidly, and 
one must monitor loops as both flow–volume and P–V 
loops will show significantly higher volume administered. 
There is a risk of overdistension of the lung if pressure is 
not reduced rapidly enough to reduce volume.

Bronchopulmonary dysplasia
Infants with bronchopumonary dysplasia (BPD) can 
demonstrate combination of restrictive and obstructive 
patterns based on the severity. Flow–volume loop may 
demonstrate flattening of both components of loops, 
demonstrating diminished inspiratory as well as expira-
tory flow rates. Infants with BPD may at times manifest 
with abnormal central airway collapse causing BPD spell 
where wheezing becomes prominent with increased expi-
ratory effort, and infant may become cyanotic. Infants 
on ventilator may show lack of air movement or acute 
obstructive pattern with near-zero volume on inspiratory 
as well as expiratory components (Fig. 10.31). Broncho-
dilator effects can also be demonstrated in patients with 
BPD with loops. Effective treatment would show signifi-
cant improvement in both the inspiratory and expiratory 
flows. The loop would be opened with improved tidal vol-
ume delivery.

Pneumothorax
Pneumothorax is suspected when autocycling occurs with 
sudden increase in respiratory rate without any patient 
input associated with sudden decrease in the exhaled tidal 
volume and minute ventilation. It may occur because of 
a leak anywhere in the system starting from the ventilator 
right up to the patient’s lungs. The exhaled tidal volume 

Fig. 10.31 Flow–volume loop comparing normal lungs (bold 
line), BPD lungs (dashed line), and BPD while having a spell 
(dotted line).
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will be lower than the set parameters, and this may set off a 
ventilator alarm for low exhaled tidal volume, low minute 
ventilation, circuit disconnect, or rapid respiratory rate. The 
lung compliance may acutely decrease with atelectasis of 
the affected lung.

Waveforms with high-frequency 
ventilators (Fig. 10.32)
Unlike conventional ventilation, HFOV is reliant on the 
waveforms generated to achieve gas exchange at much 
smaller tidal volumes. The waveforms generated by mod-
ern oscillators have unique shape, frequency character-
istics, and resultant amplitudes at comparable settings. 
Oscillators generate either a square or sine wave pat-
tern with varying frequencies. The Fabian, Leonie+, and 
BL8000 mainly show sine waves, whereas VN500 pres-
sure waveform is a sine wave with steep expiratory slope. 
The SensorMedic 3100B waveforms at 1:2 I:E ratio and 
SM3100A at both I:E settings show square waves. At 1:2 
ratio, the SM3100B waveforms produce an initial inspira-
tory pulse followed by a notch, then stepwise reductions 
in pressure and flow preceding peaks. The SLE5000 exhib-
its a square wave comparable to SM3100A and B at 1:1 
ratios. It is hard to determine whether the marked differ-
ences in delivered waveforms are likely to translate into 
clinical differences in oscillatory performance or lung 
protection [20].

Limitations of ventilator graphics

With increasing use of noninvasive ventilation, there has 
been decrease in trend in following waveforms on the 
ventilator. Both pressures and volumes are reliable when 
infants are intubated. The current ventilators providing 
noninvasive support cannot optimally measure both these 
parameters partly due the fact that nasal interface does not 
block nostrils. Additionally, pressures and volume gener-
ated at the nasal interface cannot reliably measure the same 
parameters at the laryngeal opening as both pressures and 
volumes are lost in variable proportions to esophagus. Also, 
with uncuffed endotracheal tubes used in newborns mea-
sured volumes and pressures could be different depending 
on the leak. With use of new sophisticated ventilators, cli-
nicians try to focus on the numbers and pay less attention 
to the waveforms. Unfortunately, in this day and age less 
and less clinicians have knowledge of how the ventilator 
works and how to troubleshoot them.

Summary

•	 Ventilator graphics analyze breath-to-breath 
performance of the infant on the ventilator which is 
then displayed as waveforms, loops, and trends.

Fig. 10.32 Scalar Waveforms With High-Frequency Jet Ventilator Connected to AVEA® Ventilator.
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•	 Respiratory physiology can be easily understood by 
reviewing the ventilator graphics.

•	 Some of the complications including hyperinflation, 
extubation, auto-PEEP, and so on may be evident from 
graphics before they are clinically apparent.

•	 Continuous monitoring can help decrease the 
frequency of blood gas analysis and radiography, 
reducing the cost of care as well as increasing the 
comfort of the patient.
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Introduction

Despite advances in antenatal and neonatal care, many 
preterm as well as term newborn babies need mechanical 
ventilation to ensure survival and reduce suboptimal out-
comes. However, mechanical ventilation may contribute to 
mortality as well as morbidities. Strategies aimed at avoid-
ing mechanical ventilation have shown a significant impact 
on the incidence of bronchopulmonary dysplasia (BPD) in 
preterm infants [1]. Even term babies requiring ventilatory 
support may suffer from significant morbidity and mortality 
[2,3]. In spontaneously breathing preterm infants, continu-
ous positive airway pressure (CPAP) [4] or nasal intermit-
tent positive pressure ventilation (NIPPV) [5] from birth 
is recommended with intubation reserved for babies not 
responding to noninvasive respiratory support [4]. The use 
of minimally invasive surfactant therapy in spontaneously 

breathing preterm infants is becoming more common [6] 
and has been shown to reduce the need for ventilation [7].

New advances in ventilation technology and patient 
monitoring, including pulmonary graphics, can help opti-
mize the management of preterm as well as term babies 
needing respiratory support. This section provides practical 
guidance for the initiation and early optimization of venti-
lation for critically unwell babies.

Indications for mechanical 
ventilation

Newborn babies may require mechanical ventilation for 
respiratory and nonrespiratory reasons within either an 
urgent or elective time frame. Attending clinicians must 
always ask: Do I need to intubate and ventilate this baby or can 
I manage them with less invasive support?

The common indications for mechanical ventilation 
include:
•	 Respiratory

•	 Anticipated significant surfactant deficiency or 
apnea at birth

•	 Early and significant respiratory distress syndrome 
(RDS) not responding to noninvasive respiratory 
support (including less invasive surfactant therapy 
administration)

•	 Worsening respiratory failure on noninvasive support
•	 Inadequate respiratory drive/strength

•	 Nonrespiratory
•	 Inability to maintain safe airway
•	 Systemically unwell, for example, hypotension 

requiring intervention or severe sepsis
•	 Certain surgical conditions directly or indirectly 

affecting airway or respiratory status, for example, 
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•	 Mechanical ventilation may be associated with harm.
•	 A structured algorithm for initiation and weaning is 

suggested.
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congenital diaphragmatic hernia, necrotizing 
enterocolitis

•	 Surgery (perioperative period)

The decision to ventilate may not be simple and may 
require a risk to benefit assessment by senior team mem-
bers, reviewing key information such as:
•	 Indication for mechanical ventilation
•	 Gestational age and weight
•	 Antenatal history (e.g., antenatal steroids, prolonged 

rupture of membranes)
•	 Current respiratory status including chest X-ray (CXR)
•	 Recent and anticipated respiratory course
•	 Current systemic status, for example, hypotension, 

NEC, HIE
•	 Imminent transport

Equipment

A number of modern neonatal ventilators are available. 
They offer advances in patient safety but are complex, and 
this complexity may increase the risk of human error. Fur-
ther, the use of different nomenclature can be confusing. 
Each service needs to be very familiar with its ventilator of 
choice and be clear as to how it complements their respira-
tory support strategy.

An ideal modern ventilator should have the following 
properties:
•	 Offer a variety of modes of ventilation including high 

frequency ventilation (HFOV)
•	 Easy transition to HFOV
•	 User friendly interface and simple controls
•	 Reliable performance
•	 Accuracy with ability to make small changes in 

parameters
•	 Circuits with low compliance
•	 Facility for efficient and accurate volume targeting
•	 Reliable pulmonary graphics to guide changes
•	 Informative alarm system
•	 Ability to work with other equipment, for example, 

nitric oxide delivery, end-tidal CO2 monitoring

Goals of mechanical ventilation

Generic goals of intubation and ventilation include [8]:
•	 Secure airway
•	 Support baby’s own respiratory efforts when feasible
•	 Optimal oxygenation with acceptable CO2 clearance
•	 Minimal adverse effects, for example, ventilator-

associated lung injury (VALI)

•	 Prepare for safe surgery or transport
•	 Add to stabilization of the critically unwell baby

Initiation of mechanical ventilation

Algorithm 11A.1 provides a framework for the initiation of 
mechanical ventilation [8]. Recently, a greater proportion of 
babies have been managed without intubation, using alter-
native approaches alongside improved antenatal care. Each 
service needs to be clear about indications for ventilation and 
ventilation avoidance. Some services will direct staff to man-
age extreme prematurity with intubation based on factors, 
such as gestational age; whereas others will aim to avoid intu-
bation and manage respiratory care with alternative methods 
until intubation is required as a rescue strategy. Once intuba-
tion has been deemed necessary, most clinicians will opt for 
a version of conventional mechanical ventilation. Some ser-
vices choose HFOV as the default modality to start ventilation.

After setting up the ventilator for safe use, key initial venti-
lation settings need to be chosen, including peak inspiratory 
pressure (PIP), peak-end expiratory pressure (PEEP), inhaled 
oxygen concentration (FiO2), inspiratory time (Ti), and respi-
ratory rate (RR). Knowledge of antenatal factors as well as use 
of premedication and surfactant is important. Settings used 
in stabilization can guide these but typical initial settings for 
most preterm babies would be within the following ranges:
•	 PIP: 16–20 cmH2O
•	 PEEP: 4–6 cmH2O
•	 Ti: 0.3–0.35 sec
•	 Rate: 40–60 bpm

A new 25-week gestation baby, who received surfactant in 
the delivery room, may be started on 18/5, Ti 0.3 s and RR of 
40 bpm. Early observation of minute ventilation, tidal vol-
ume, and saturation, combined with chest examination can 
be used to guide minor changes as lung volumes stabilize and 
synchrony improves. Alternatively, a baby receiving surfac-
tant later, for respiratory distress and rising FiO2, after a trial 
of CPAP, may require a higher PIP (>20 cmH2O) to ensure 
adequate recruitment. A higher PEEP of 5–6 cmH2O will 
reduce atelectasis. When initiating ventilation in babies with 
abdominal distension, significant atelectasis or pulmonary 
hemorrhage, a PEEP of 6–8 cmH2O should be used. Again 
observation of tidal volumes and minute ventilation will 
help. Determining optimum Ti and rate requires knowledge 
of the lung disease and observation of pulmonary graphic 
waveforms. In low compliance lung disease, a shorter Ti of 
0.2–0.3 s and a higher rate of 50–60 bpm will allow you to 
achieve a target minute ventilation of 200–300 mL/kg/min.

If the severity of lung disease is unclear or breathing is 
reduced, we recommend initiating ventilation with synchro-
nized intermittent mandatory ventilation (SIMV) mode. The 
clinician should stay with the patient to assess synchrony 
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and response. As parameters stabilize, the use of volume tar-
geting and a better trigger mode should be considered.

The anticipated duration of ventilation will vary accord-
ing to the underlying diagnosis and predicted natural his-
tory. If the duration of ventilation is anticipated to be short, 
for example, a 30-week gestation baby showing a good 
response to early surfactant, then initiation of a weaning 
process (see later) including adjunctive therapy, for example, 
caffeine citrate should be considered early. Alternatively, 
babies expected to be on the ventilator for longer periods, 
for example, a 23-week gestation baby in poor condition, 
the focus should be on early optimal ventilation aimed at 
minimizing VALI, with a package of good intensive care sup-
port including sedation. For babies with good respiratory 
drive, assist-control (AC) ventilation mode in combination 
with volume targeting (see below) provides uniform tidal 
volumes and a lower work of breathing [9]. A lower backup 

rate should increase the number of triggered breaths, ventila-
tor synchrony [10], and reduce the work of breathing [11,12]. 
When entering the weaning phase, volume targeted pressure 
support ventilation (PSV) mode can allow babies to deter-
mine their own respiratory pattern with better synchrony 
and at a lower MAP [13]. Most babies will usually require a 
brief period of SIMV followed by either AC or PSV.

Neurally adjusted ventilatory assist (NAVA) mode can aid 
ventilator synchrony by unloading respiratory muscles [14].

Ventilation strategies and choosing 
the right mode

A practical approach (Algorithm 11A.2) to achieve optimal 
ventilation for each individual patient can be achieved by 

ALGORITHM 11A.1 INITIATION OF VENTILATION.
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ALGORITHM 11A.2 VENTILATION STRATEGY.
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asking four questions [8]. These questions may need to be 
revisited with changes in the clinical course.
1. Does the baby require significant ventilation, for example, 

MAP >10 cmH
2
O?

 Clinical scenarios include those with very low 
compliance, such as significant surfactant deficiency, 
pulmonary hemorrhage, meconium aspiration 
syndrome, and patients with pulmonary hypoplasia. 
Typically, the baby will require support with a high-
mean airway pressure (>10 cmH2O), high-inspired 
oxygen requirement (>50%), and high respiratory rate, 
typically 50–60 bpm.

 If the answer is yes, then the clinician must strive 
to optimize the patient–ventilator interaction, at 
these higher settings. Effective early sedation and 
the occasional brief use of muscle relaxants can help 
stabilize the clinical situation, achieve an open lung, 
and reduce the risk of air leak. PEEP values between 
5 and 8 cmH2O will maintain lung recruitment. 
Occasionally, higher PEEP values of 9–10 cmH2O are 
used as part of a recruitment maneuver [15]. Observing 
trends in expiratory tidal volume (Vte) (4–6 mL/kg) 
and minute ventilation is a useful guide to stable 
ventilation.

 Oxygenation index values above 25 indicate severe 
ventilation–perfusion imbalance [16] and worsening 
values may need consideration of HFOV and adjuvant 
treatments, such as surfactant and nitric oxide.

 If the answer is no, then move on to the second 
question.

2. Can the respiratory rate be delegated to the patient?
 This explores how good the patient’s respiratory 

drive is.
 If the answer is yes, then the patient can be put on a 

time cycled patient triggered mode, for example. AC 
with a low backup rate [11], that is, set typically at 
30 bpm.

 If the answer is no, and you anticipate the baby won’t 
trigger many breaths then use SIMV.

3. Are the patient’s lungs adequately recruited and is the 
ET leak <40%?

 If the answer is yes, then the patient would benefit 
from using volume targeting. Adequate recruitment 
at this stage can be confirmed with clinical signs and 
CXR. Vte is usually set at 4–6 mL/kg.

 If the answer is no, then review the patient to see what 
could be optimized. If the leak is >40%, consider the 
cause and change ET tube if indicated. If the lungs are 
underrecruited then consider a recruitment maneuver. 
Reconsider volume guarantee after performing these 
steps.

 The final question is
4. Is the patient ready for weaning? Typically, this will 

be true once the oxygen requirement and MAP have 

stabilized and are at acceptable levels, for example, 
<40% and 8–10 cmH2O, respectively. The mean 
airway pressure prior to successful extubation will vary 
with the underlying lung disease and other patient 
factors. The relationship between MAP, weaning, and 
extubation is unclear [17]. The patient should be 
hemodynamically stable with no contraindications to 
extubation.

 If the answer is yes, AC mode with a low backup rate 
(typically 30 bpm) and a set volume target (typically 
4–6 mL/kg) will allow the MAP to fall as the lung 
mechanics improve (Algorithm 11A.3) [8]. Ensure that 
the sedation is appropriately weaned and the patient 

ALGORITHM 11A.3 WEANING  
VENTILATION.
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has been given caffeine, if indicated. To improve 
synchrony, switch to the flow-cycled mode PSV [18]. 
Continue with a low backup rate (typically 30 bpm). 
Monitor the Ti as values consistently below 0.2 s may 
lead to progressive atelectasis [19].

 HFOV as the initial mode
 Some services have become skilled with HFOV as the 

initial mode of respiratory support. Compared to 

services choosing conventional modes, these services 
have a high number of medical and nursing staff 
who are familiar with the theory, effective use, and 
problem-solving associated with HFOV. Although not 
consistently proven, HFOV may offer some advantages 
to some patient groups requiring ongoing ventilation 
[20]. However, HFOV is usually reserved as a rescue 
mode.
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•	 Modern intensive care should aim to predict and 
prepare for deterioration events.

Approach to deterioration 
on a ventilator

Intensive care is associated with adverse outcomes inde-
pendent of the underlying disease [1]. The origin of these 
may be “silent,” for example, hypocapnia and hyperoxia 
during excess ventilatory support or be directly associ-
ated with deterioration events while on the ventilator, 
for example, hypoxia secondary to a blocked endotra-
cheal tube (ETT). Deterioration events are common [2] 
and can be anticipated in certain situations, for example, 
air leak in pulmonary hypoplasia. Services should target 
these events as a part of their quality improvement strat-
egy. Exposure to approved guidance and simulation train-
ing [3] can enhance the recognition and management of 
these episodes by key decision makers and the intensive 
care team.

Deterioration awareness strategy
•	 Anticipation
•	 Rapid information synthesis
•	 Assessment maneuvers, analysis, and diagnosis

Anticipation of potential deterioration events should be 
a part of the narrative of daily assessments and decision-
making. Once the underlying disease has been diagnosed 
and assessed, the natural history on the ventilator should 
be discussed by the team. This should include duration of 
ventilation, need for other organ support, and the anticipa-
tion of likely complications and when they may occur.

Modern intensive care collects and presents impor-
tant diagnostic information at very frequent intervals, for 
example SaO2 trends, pulmonary graphic data, and blood 
gases. Recognizable patterns in these information flows can 
be used to warn of impending deterioration to prepared 
decision-makers and team members, for example, trend 
data on minute ventilation, tidal volume, and resistance 
may herald a blocked ETT before profound desaturation 
and bradycardia. Information immediately available to the 
team includes clinical examination, ventilation parameters, 
pulmonary graphics, monitoring data, nursing feedback, as 
well as recent blood gases and X-rays (Table 11B.1).

The rapid collection, synthesis, and analysis of these data 
into recognizable patterns based on common problems are 
the key to correct timely intervention to minimize risk of 
sudden death or long-term morbidity (Algorithm 11B.1).

The majority of the deterioration events are either respi-
ratory or cardiorespiratory in nature and present as a desat-
uration episode, usually accompanied by bradycardia. Less 
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Table 11B.1  BOLDPEEP approach to deterioration on a ventilator

B O L D P E EP

Bad or wors-
ening lung 
disease Obstructed ETT Long ETT Displaced ETT Pneumothorax

Equipment 
failure

Equipment–
patient asyn-
chrony

History No antenatal 
steroids, PPROM, 
high FiO2, 
weaned too 
quickly, blood up 
ETT

Secretions, sepsis, 
blood up ETT, 
variable FiO2

Never settled on 
ventilator, long 
ETT on X-ray, 
dental rolls in use

Sudden 
desaturation, 
no response to 
T-piece ventilation 
or increasing FiO2 
and PIP

No antenatal 
steroids, 
moderate to 
severe RDS or 
hypoplasia, 
delayed or 
poor early care 
including late 
surfactant, high 
PIP, drop in BP

Frequent alarms, 
frequent water in 
circuits, ventilator 
cutting out, 
unexplained 
hypotension or 
hypoglycemia 
(lines)

Old BPD baby, 
bad lung disease, 
long ETT, 
recently reduced 
or stopped 
morphine or 
atracurium, 
hyperinflation

Exam Poor chest 
movement, 
reduced air 
entry bilaterally, 
negative cold 
light

Variable chest 
movement, 
reduced air entry, 
crepitations and 
wheeze

Poor chest 
movement and 
air entry, often 
worse on left. Air 
entry improves 
with pulling ETT 
back

No chest 
movement or air 
entry, audible 
leak, no colour 
change with 
ETCO2 sensor

Asymmetry of 
chest shape, 
movement and
air entry. Positive 
transillumination

Poor chest 
movement and air 
entry, improves 
with T-piece on 
same settings

Active baby, 
variable chest 
movement, 
chest splinting, 
hyperinflation

Charts Rising FiO2, 
desaturations, 
poor handling

Rising FiO2, 
desaturations, 
poor handling, 
frequent suction

Rising FiO2, 
desaturations, 
poor handling

Previously stable, 
recent handling, 
poorly sedated, 
very active

Sudden change 
or deterioration

Nurse may 
indicate concern 
over the ventilator

Desaturations, 
pain score, high 
HR/BP, rising/high 
FiO2

Blood gas Respiratory 
acidosis

Respiratory 
acidosis, mixed 
acidosis in 
pulmonary 
hemorrhage

Respiratory 
acidosis

Previously stable Worsening 
respiratory 
acidosis

Previously stable Variable

Pulmonary 
graphics

Low compliance, 
high resistance, 
blunted flows, 
flat VP loops, low 
MV/VTE, possible 
leak

Variable 
resistance and 
compliance, 
variable flows, 
often blunted

High resistance, 
blunted flows

No expiratory 
flow, incomplete 
loops, MV and TV 
alarms

Look for leak 
on V/P loop and 
VT waveform, 
high percentage 
leak, leak may 
be minimal or 
variable with stiff 
lungs

Obstructive 
pattern if water 
in the circuit, 
Interference 
in time flow 
waveform

Normal to high 
resistance, 
periods of 
no flow with 
splinting, 
“Beaking” on V/P 
loop

X-ray Bad RDS, low 
volume lungs, 
consolidation

Variable or non-
specific

Long ETT, 
asymmetry, 
right-side 
hyperinflation, 
right upper lobe 
collapse

ETT seen to right 
of trachea or left 
of NGT

Pneumothorax, 
tension 
pneumothorax

Not necessary for 
minor ventilator 
problem but 
always check 
central lines are 
not in the heart 
or misplaced

Significant 
BPD. Recent 
worsening, 
hyperinflation, 
“squeezed heart”

Actions Responds to 
increasing PIP/
MAP, surfactant, 
pulmonary 
hemorrhage 
treatment

Improves on 
suction. May 
require new ETT 
if completely 
blocked. 
Increasing PIP 
briefly may 
overcome 
secretions at tip 
of ETT

Pull back ETT 
and observe 
response (may 
need to increase 
PIP to inflate 
left side). Plan 
reintubation after 
pulling ETT back 
and recruiting 
deflated areas

Consider blocked 
ETT; Try ↑FiO2, 
PIP, T-piece 
ventilation, and 
suction; remove 
ETT and replace

Transillumination, 
needle if unstable 
or tension 
identified, place 
ICD

Look for leaks or 
obstructions in 
circuit. Review 
alarm settings. 
Clear water from 
circuit. Ensure 
flow sensor is 
vertical and not 
soiled. Manage 
line position

Confirm tube 
patency and 
length. Optimize 
Mode/trigger. 
Consider 
paralysis/Chloral 
hydrate or 
extubation if 
otherwise stable. 
Normalize lung 
volume

ETT, Endotracheal tube; ICD, Intercostal drain; NGT, Nasogastric tube; PPROM, Prolonged premature rupture of membranes.
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Table 11B.1  BOLDPEEP approach to deterioration on a ventilator

B O L D P E EP

Bad or wors-
ening lung 
disease Obstructed ETT Long ETT Displaced ETT Pneumothorax

Equipment 
failure

Equipment–
patient asyn-
chrony

History No antenatal 
steroids, PPROM, 
high FiO2, 
weaned too 
quickly, blood up 
ETT

Secretions, sepsis, 
blood up ETT, 
variable FiO2

Never settled on 
ventilator, long 
ETT on X-ray, 
dental rolls in use

Sudden 
desaturation, 
no response to 
T-piece ventilation 
or increasing FiO2 
and PIP

No antenatal 
steroids, 
moderate to 
severe RDS or 
hypoplasia, 
delayed or 
poor early care 
including late 
surfactant, high 
PIP, drop in BP

Frequent alarms, 
frequent water in 
circuits, ventilator 
cutting out, 
unexplained 
hypotension or 
hypoglycemia 
(lines)

Old BPD baby, 
bad lung disease, 
long ETT, 
recently reduced 
or stopped 
morphine or 
atracurium, 
hyperinflation

Exam Poor chest 
movement, 
reduced air 
entry bilaterally, 
negative cold 
light

Variable chest 
movement, 
reduced air entry, 
crepitations and 
wheeze

Poor chest 
movement and 
air entry, often 
worse on left. Air 
entry improves 
with pulling ETT 
back

No chest 
movement or air 
entry, audible 
leak, no colour 
change with 
ETCO2 sensor

Asymmetry of 
chest shape, 
movement and
air entry. Positive 
transillumination

Poor chest 
movement and air 
entry, improves 
with T-piece on 
same settings

Active baby, 
variable chest 
movement, 
chest splinting, 
hyperinflation

Charts Rising FiO2, 
desaturations, 
poor handling

Rising FiO2, 
desaturations, 
poor handling, 
frequent suction

Rising FiO2, 
desaturations, 
poor handling

Previously stable, 
recent handling, 
poorly sedated, 
very active

Sudden change 
or deterioration

Nurse may 
indicate concern 
over the ventilator

Desaturations, 
pain score, high 
HR/BP, rising/high 
FiO2

Blood gas Respiratory 
acidosis

Respiratory 
acidosis, mixed 
acidosis in 
pulmonary 
hemorrhage

Respiratory 
acidosis

Previously stable Worsening 
respiratory 
acidosis

Previously stable Variable

Pulmonary 
graphics

Low compliance, 
high resistance, 
blunted flows, 
flat VP loops, low 
MV/VTE, possible 
leak

Variable 
resistance and 
compliance, 
variable flows, 
often blunted

High resistance, 
blunted flows

No expiratory 
flow, incomplete 
loops, MV and TV 
alarms

Look for leak 
on V/P loop and 
VT waveform, 
high percentage 
leak, leak may 
be minimal or 
variable with stiff 
lungs

Obstructive 
pattern if water 
in the circuit, 
Interference 
in time flow 
waveform

Normal to high 
resistance, 
periods of 
no flow with 
splinting, 
“Beaking” on V/P 
loop

X-ray Bad RDS, low 
volume lungs, 
consolidation

Variable or non-
specific

Long ETT, 
asymmetry, 
right-side 
hyperinflation, 
right upper lobe 
collapse

ETT seen to right 
of trachea or left 
of NGT

Pneumothorax, 
tension 
pneumothorax

Not necessary for 
minor ventilator 
problem but 
always check 
central lines are 
not in the heart 
or misplaced

Significant 
BPD. Recent 
worsening, 
hyperinflation, 
“squeezed heart”

Actions Responds to 
increasing PIP/
MAP, surfactant, 
pulmonary 
hemorrhage 
treatment

Improves on 
suction. May 
require new ETT 
if completely 
blocked. 
Increasing PIP 
briefly may 
overcome 
secretions at tip 
of ETT

Pull back ETT 
and observe 
response (may 
need to increase 
PIP to inflate 
left side). Plan 
reintubation after 
pulling ETT back 
and recruiting 
deflated areas

Consider blocked 
ETT; Try ↑FiO2, 
PIP, T-piece 
ventilation, and 
suction; remove 
ETT and replace

Transillumination, 
needle if unstable 
or tension 
identified, place 
ICD

Look for leaks or 
obstructions in 
circuit. Review 
alarm settings. 
Clear water from 
circuit. Ensure 
flow sensor is 
vertical and not 
soiled. Manage 
line position

Confirm tube 
patency and 
length. Optimize 
Mode/trigger. 
Consider 
paralysis/Chloral 
hydrate or 
extubation if 
otherwise stable. 
Normalize lung 
volume

ETT, Endotracheal tube; ICD, Intercostal drain; NGT, Nasogastric tube; PPROM, Prolonged premature rupture of membranes.
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commonly, the presenting feature needing timely review is 
pallor, hypotension, bradycardia, or seizure.

Importantly, acronyms can be used as aide-memoires in 
stressful situations and can be enabling in simulation training. 
The acronym BOLDPEEP is useful in this setting to prompt 
the memory and pattern recognition [4] (Table 11B.1) of the 
common causes for acute desaturation events.

Bad lung disease
This refers to a gradual or sudden deterioration in the 
lung disease. This includes severe RDS and development 

of PIE, bilateral atelectasis, or pulmonary hemorrhage. A 
mismatch between the level of ventilator support and the 
evolving lung disease may contribute, that is, insufficient 
MAP or minute ventilation for the severity of disease. 
Trend data may herald this event, which if left unattended 
will present with a rising oxygen requirement, desatu-
rations, and bradycardia, as respiratory acidosis wors-
ens. The chest X-ray, the nursing history, and the recent 
changes to respiratory support, for example, excessive 
weaning, will enhance rapid assessment. An acute pulmo-
nary hemorrhage usually presents as a sudden event with 
signs of obstruction to ventilation associated with pallor 

ALGORITHM 11B.1 SUGGESTED ALGORITHM FOR DETERIORATION ON VENTILATOR
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secondary to blood loss and acidosis. Suction to the ETT 
revealing fresh blood allows immediate confirmation of 
the diagnosis.

Obstructed, Long, or Displaced ETT
These are common problems in neonatal intensive care. 
The advent of pulmonary graphics in combination with 
good bedside medical and nursing assessment should 
allow prompt diagnosis and management (Table 11B.1).

Pneumothorax
Pneumothorax is more likely in certain settings, for exam-
ple, pulmonary hypoplasia, ventilation with high pressure 
or high volume in RDS, late use of CPAP in established 
RDS without surfactant.

Pneumothorax may present with the clinical signs of 
chest-size asymmetry, asymmetrical breath sounds, desatu-
ration, and hypotension. Pulmonary graphics may reveal 
a new leak on the volume–time waveform and pressure–
volume graph. Careful thoracic transillumination in an 
adequately darkened room is usually diagnostic in extreme 
prematurity [5,6].

Equipment
Occasionally, ventilator malfunction causes deteriora-
tion. Excess water in the circuit or a disconnected circuit 
are usually quickly identified and managed. However, it 
is also always important to consider the abnormal posi-
tion of central lines [7]. An umbilical venous line can 
enter the peritoneal cavity, but appears to be in a good 
central position on AP film. The baby may then present 
with refractive hypoglycemia or hypotension. Ultrasound 
or lateral X-ray may be required to confirm the abnormal 
position. Cardiac tamponade following line damage to 
the heart is well recognized and may present with sudden 
refractive bradycardia despite adequate ventilation [8]. 
Careful regular inspection of line positions is essential 
to limit these complications and highlight them to new 
members of the team. Further, unexplained hypotension 
in a baby established on inotropes may simply be due to 
accidental clamping of central lines, infusion changes, or 
leakage.

Equipment–Patient asynchrony
Asynchrony between the patient and ventilator increases 
the risk of air leaks [9,10] and intraventricular hemor-
rhage [11]. Older babies with chronic lung disease com-
plicated by new infection may require reventilation and 

quickly develop a difficult course characterized by secre-
tions and areas of hyperinflation and atelectasis, leading 
to higher FiO2 and frequent desaturations and brady-
cardias. These babies may require increased sedation or 
temporary muscle relaxation tailored with effective trig-
gered ventilation during the period when they are most 
unstable. Further, if spontaneously breathing, setting a 
low backup rate can reduce asynchrony. However, once 
stabilized with open lungs, early extubation should be 
pursued. Occasionally. a baby with overwhelming sepsis, 
for example, Group B streptococcus (GBS) may present 
with acidosis and pulmonary hypertension leading to 
high FiO2. Inadvertently, increasing the ventilatory sup-
port can lead to hyperinflation, air trapping, poor venous 
return, and ventilation–perfusion mismatch. The lung 
fields may be relatively clear. An urgent chest X-ray can 
reveal the need to reduce lung volumes quickly. This is 
similar to what happens with air trapping in meconium 
and blood aspiration syndromes.

Nonrespiratory causes of 
deterioration on the ventilator
Acute nonrespiratory deterioration on the ventilator may be 
due to acute anemia (large IVH, subgaleal hemorrhage, GI 
bleed, umbilical cord, and arterial line events), profound 
acidosis (sepsis, metabolic acidosis), or an acute abdomen 
(NEC, perforation, volvulus). Hypotension is common to 
many of these events. Careful systematic review with appro-
priate urgent investigations will help elicit the cause.

Approach to ventilator alarms
Ventilator alarms are designed to alert the health care pro-
fessionals to unexpected changes in the ventilator-baby 
unit which may have a significant impact on the baby, for 
example, disconnection or a dislodged tube. Color and 
sound coding of alarms highlights their relative urgency. 
The service should agree to set up alarm parameters for safe 
use, for example, never set the lower limit of minute venti-
lation to zero.

Table 11B.2 provides information about responding to 
common ventilator alarms. A pragmatic approach should 
include:
1. Review the patient with the nurse and ask for help if 

required.
2. Check for chest movement and air entry.
3. Review bedside monitoring including saturations, heart 

rate, etc.
4. Does the baby need resuscitation?
5. Review the ventilator current trend data and blood 

gases for key parameters and pattern recognition.
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Table 11B.2  Approach to ventilator alarms [4]

Alarms Possible common causes Approaches

Low minute 
volume

•	 Disconnection
•	 New	(ventilator)	circuit	leak
•	 Lack	of	respiratory	drive	with	inappropriate	mode
•	 Worsening	lung	disease
•	 Blocked	tube
•	 Splinting

•	 Review	patient
•	 Auscultate	both	lungs
•	 Check	ventilator	circuit,	ventilator	settings,	mode,	and	

pulmonary graphics
•	 Consider	T-piece	ventilation

High minute 
volume

•	 Incorrect	weight	entered
•	 Change	in	lung	compliance
•	 Inappropriate	mode	or	rate
•	 Autotriggering

•	 Review	patient
•	 Auscultate	both	lungs
•	 Review	mode	of	ventilation,	back	up	rate
•	 Check	flow	sensor
•	 Remove	water	from	the	ventilator	circuit

Set VTE not 
reached

•	 Inappropriately	low	Pmax

•	 Worsening	lung	disease
•	 Significant	leaks
•	 Inadequate	PEEP
•	 Atelectasis

•	 Review	patient
•	 Auscultate	both	lungs
•	 Check	ventilator	settings	and	limits,	lung	recruitment,	

pulmonary graphics
•	 Consider	CXR

Flow sensor 
alarms

•	 Condensation	of	water	in	the	flow	sensor
•	 Mechanical	failure

•	 Keep	the	flow	sensor	in	upright	position
•	 Recalibrate	flow	sensor
•	 Consider	changing	the	flow	sensor

Respiratory 
rate high

•	 False	triggering	by	water	in	the	ventilator	circuit
•	 High	back	up	rate
•	 Seizures

•	 Review	patient	and	auscultate	both	lungs
•	 Review	breathing	circuit	and	ventilator	circuit
•	 Check	the	trigger	setting

Respiratory 
rate low

•	 Poor	respiratory	drive	with	low	back	up	rate
•	 Splinting
•	 Blocked	tube

•	 Review	patient	and	auscultate	both	lungs
•	 Review	ventilator	circuit
•	 Review	ventilator	settings	and	pulmonary	graphics

Apnea •	 Dislodged/Obstructed	tube
•	 Splinting

•	 Review	the	patient
•	 Auscultate	both	lungs	for	air	entry
•	 Ask	for	help
•	 Review	the	mode	of	ventilation	and	ventilation	settings

http://www.tandfonline.com/doi/full/10.3109/14767058.2015.1105952
http://www.tandfonline.com/doi/full/10.3109/14767058.2015.1105952
http://www.annclinlabsci.org/
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CHAPTER POINTS

•	 Weaning and extubation requires active  
planning

•	 A checklist approach may reduce extubation  
failure

Introduction

The need to avoid ventilator-associated lung injury (VALI) and 
the other morbidity associated with intensive care demands 
that clinical teams minimize the duration of mechanical 
ventilation [1] and the number of reintubation episodes [2]. 
This requires a good understanding of the natural history of 
the underlying disease on the ventilator as well as multidis-
ciplinary expertise in optimizing the assessment of readiness 
to extubate and the extubation process. This default position 
must be weighed against the risks of deterioration off the ven-
tilator and difficult reintubation. Common reasons for extu-
bation failure include severe or frequent apneas, hypoxemia, 
increasing work of breathing, and respiratory acidosis [3]. 
Failed extubation has been associated with higher morbidity 
and mortality [4,5]. Services should audit their reintubation 
rates as part of improving care.

Extubation strategy

Implementation of a protocol may reduce failure rates 
and improve outcomes. A number of variables need to be 
considered and can be assessed with a multidisciplinary 
checklist (Table 12.1) prior to extubation [3]. The three key 
steps are as follows:
•	 Plan weaning at the time of intubation.
•	 Utilize a checklist approach to assess readiness to 

extubate.
•	 Optimize success with a multidisciplinary pre- and 

postextubation plan.

Optimizing an extubation attempt

The checklist for extubation readiness may help identify 
when an extubation attempt is likely to be successful as 
well as prompt activities to optimize the success rate. Some 
physiological measures may be useful, when used in con-
junction with other clinical data (Table 12.2). These include 
trend data on PIP, MAP, FiO2, lung volumes, and resistance. 
The degree of respiratory acidosis is also useful, but must 
be interpreted with the knowledge of age, gestation, and 
lung disease, for example, a 24-week gestation baby may 
not be able to tolerate hypercapnia in the first few days of 
life [10]. There is no single test that can predict extubation 
success with reasonable sensitivity and specificity [11]. The 
respiratory severity score (a product of FiO2 and MAP in 
cmH2O) of more than 2.5 has been associated with extuba-
tion failure [12]. A spontaneous breathing test (SBT) may 
also be useful in assessing extubation readiness in very low 
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Table 12.1  Checklist for extubation readiness

Checklist question Items to check Pre- and postextubation plan activities

What is the respiratory history 
and extubation history?

Antenatal history, for example, steroids, 
PROM, or previous immediate extubation 
failure

Address previous cause of failure

Did the baby receive surfactant? Timing, dose, and response to surfactant Optimize total dose of surfactant, for example, 
200 mg/kg Curosurf [6], Survanta 100 mg/kg [7]

Is there evidence of improving or 
stable lung disease?

Trends in markers of compliance, for 
example, MAP, PIP, MV, Vte, and FiO2

Identify MAP to target postextubation PEEP

Is there evidence of open lungs, 
that is, good lung volumes?

Recent chest X-ray and pulmonary 
graphics

Optimize PEEP and ETT position

Is there evidence of secretions 
or airway edema or airway 
narrowing?

Recent burden of secretions, respiratory 
pathogens, intubation history, and 
extubation history

Consider antibiotics and steroids. Optimize 
positioning, physiotherapy, and suction prior to 
extubation

Is there evidence of metabolic 
compensation to hypercapnia?

Chloride, pH, and PaCO2 Agree a pH lower limit, for example, 7.20
Review chloride intake

Is there evidence of good 
respiratory drive?

Baby is breathing above backup rate 
without significant recession

Consider a short trial of ET CPAP (SBT) or low 
backup rate in patient triggered modes

Has sedation or analgesia been 
minimized or stopped?

History of medication and responses Consider need for ongoing sedation or 
analgesia after extubation, for example, 
tolerance of CPAP in an older baby

Would the baby benefit from 
caffeine?

Local guidance on Caffeine use Give 24 h before extubation [8]
Consider need for exceptional use, for 
example, apneas with sepsis

Will the lung disease or respiratory 
drive benefit from CPAP?

Consider gestational age and severity of 
current lung disease

Identify MAP required to keep lungs open

Are there abdominal 
contraindications to CPAP?

Abdominal assessment Await evidence of abdominal stability, for 
example, peristalsis

Is there an NGT in place? Last CXR assessing recent NGT position Deflate stomach via NGT

Is there evidence of systemic 
stability, for example, off 
inotropes or resolving sepsis?

Cardiac status and recent history of sepsis 
with evidence of resolution, for example, 
improving lactate and sepsis markers

Observe period of stability on stopping 
inotropes

Is there a hemodynamically 
significant PDA?

Cardiac status Clinical and echocardiography assessment

Is the hemoglobin (Hb) optimal? Hb in context of age, clinical status, and 
degree of ventilatory support

Consider red cell transfusion [9] if Hb ≤10 g/dL 
and MAP >8 cmH2O and or FiO2 >0.4

Is there evidence of excess tissue 
fluid?

Recent renal function, weight changes, 
and nutritional status

Consider short course of diuretics to improve 
lung compliance

Are the parents aware of the 
plan?

Aware of risk of reintubation or 
complications

Ensure good and consistent communication

Is a very experienced nurse 
available when extubation success 
is deemed less likely?

Skill mix check Optimize position and device interface
Experienced tolerance of initial postextubation 
instability

Who should be present at the 
extubation?

Check personnel skill mix and numbers Consider time of day and service workload

What are the reintubation 
thresholds?

Patient course and physiological markers Individualize threshold parameters for 
reintubation



157

ChapterExtubation | 12 |

birth weight babies [5,13–15]. It involves assessing the 
baby’s ability to breathe while receiving minimal or no 
respiratory support [16], typically with endotracheal CPAP 
over 3–5 min [13–15]; while observing key parameters, for 
example, FiO2, saturations, heart rate, blood pressure, and 
respiratory rate. A drop in heart rate below 100 bpm lasting 
more than 15 s or a drop in oxygen saturation to below 
85% despite a 15% increase in FiO2 or apnea suggests the 
baby is not ready for extubation [14].

Patient groups

26–31 weeks of gestation

Many preterm babies will have received surfactant, have 
minimal lung disease, and no significant systemic concerns. 

They will routinely receive caffeine and, provided CPAP  
is applied correctly, will extubate successfully. In this cohort, 
MAP <10 cmH2O and an FiO2 less than 0.3 will normally 
suggest sufficiently improved lung compliance. However, 
occasionally these values are achieved with moderate RDS  
during active weaning and a review of the CXR and his-
tory, for example, use of antenatal steroids or associated 
sepsis in conjunction with a short SBT, may help identify 
the small group whose lung disease will predict extubation 
failure.

23–25 weeks of gestation

Early on this group may require ongoing ventilation 
for a combination of lung disease, respiratory muscle 
fatigue, poor drive, sepsis, poor tolerance of hypercapnia, 
and acidosis. A hyperchloremic acidosis compromises 

Table 12.2  Clinical and ventilator parameters for extubation

Parameter Typical extubation settings Comments

Bedside clinical parameters

Heart rate (HR) Stable within normal range [17], 
variability-normal [18], no bradycardias

Reduced HR variability is associated with extubation 
failure [18]

Respiratory rate (RR) Good respiratory drive with RR above 
backup rate

Load with Caffeine as appropriate

Blood pressure Stable, usually off inotropes [17] Consider echocardiogram if concerned about impact 
of a PDA

O2 saturations Stable within target  
limits—91%–95% [19]

Ventilator parameters

Mode of ventilation PC-AC or PC-PSV [20] Additional parameters measuring respiratory variability 
like Ti, Te, mean inspiratory flow during SBT can aid in 
assessing readiness for extubation [14]

FiO2 Stable oxygenation at FiO2 ≤0.4 
[4,16,21,22]

In infants with established lung disease, extubation may 
be appropriate from a higher FiO2

MAP Consistently ≤7–9 cmH2O [3,17] May be higher in babies with established lung disease

Backup rate Below the spontaneous RR, typically 
20–30 [23]

Optimize respiratory drive, consider Caffeine

Blood gas parameters

pH ≥7.20 [3] Care should be given to manage respiratory as well as 
metabolic component of acidosis

PaCO2 First 3–4 days: 4–6 kPa; subsequently 
more permissive hypercapnia tolerated [3]

After first 3–4 days, babies tolerate higher PaCO2 and 
extubation decision should be based on clinical status, 
PaCO2 trend and pH

Lactate ≤2.5 mmol/L If higher consider the cause and manage as appropriate

Hemoglobin >10 g/dL with hematocrit >30% [9] Consider aiming for higher threshold if higher MAP or 
need of inotropes
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the ability to tolerate permissive hypercapnia in these 
patients. Careful assessment includes anticipating prob-
lems with tolerance of CPAP and the patient interface; 
with particular attention to birth weight (especially 
<500 g), condition at birth skin integrity. BiPAP may be 
especially useful for this group to reduce the risk of extu-
bation failure [24]. A suggested algorithm for extubation 
is shown in Fig. 12.1.

Evolving severe BPD

Babies with more significant lung disease or with previ-
ous failed extubation attempts benefit from more detailed 
planning to ensure success. Tolerance of higher MAP, FiO2, 
and PaCO2 is necessary provided the baby is systemically 
well with open lungs at the time of extubation. This is 
particularly true in the presence of episodes of patient-
ventilator asynchrony, copious secretions, blocked ETTs, 
and displaced ETTs. This patient group, whose ventilatory 
requirements are higher at the time of extubation require 
expert nursing care in the first 12 h to ensure stabilization 
on noninvasive respiratory support, for example, CPAP/
BiPAP (see later).

Recurrent air leaks

Respiratory function and stability can deteriorate quickly 
with PIE and pneumothoraces. Ongoing ventilation can 
make these worse and contribute to a trajectory of severe 
BPD. A more aggressive approach to extubation is required 
with assessment of the underlying lung disease (CXR, MAP, 
and FiO2), tailored volume ventilation, and ensuring cor-
rectly placed intercostal drains (ICD) and ETT. If air leaks 
are recurrent as in persistent pleural hole or bronchopleu-
ral fistula, removing positive pressure ventilation with the 
ICD still in situ should be considered, provided the under-
lying lung disease is stable and the lungs are well recruited.

Surgical

The timing of extubation in surgical conditions is often 
influenced by nonrespiratory factors such as the nature of 
the abdominal pathology. A tight esophageal atresia repair 
or pneumotosis in NEC may dictate a delay in extubation.

Postextubation noninvasive respiratory 
support

Many babies <28 weeks or <1 kg benefit from noninvasive 
respiratory support, for example, CPAP, BiPAP, or high-flow 
nasal cannula (HFNC). CPAP should be applied before or 
at extubation to avoid atelectasis. The use of nasal CPAP 
increases the likelihood of maintaining a successful extuba-
tion [25]. Caution is needed while using CPAP in babies 
with necrotizing enterocolitis and abdominal pathology. 
To augment the tidal volume during noninvasive respira-
tory support, further inspiratory pressure can supplement 
the continuous distending pressure of CPAP as synchro-
nized (SIPAP) or asynchronized with low (BIPAP) or high 
(NIPPV) pressures [26]. In a study in preterm infants below 
30 weeks receiving CPAP or NIPPV, NIPPV was associated 
with reduction in reintubation and duration of mechanical 
ventilation [27]. A meta-analysis comparing nasal CPAP to 
various forms of NIPPV showed latter to be better to reduce 
extubation failure, but showed no difference in the incidence 
of chronic lung disease or mortality [24]. Reassuringly, there 
was no increase in gastrointestinal adverse effects [24].

Recurrent failure of extubation

Failure to maintain extubation is usually explained by poor 
equipment seal, loss of lung volume, excessive secretions, 
poor respiratory drive, or occasionally airway narrowing. 
These should be predicted with the checklist and addressed. 
However, if failure to extubate is recurrent, consider the 
causes listed in Table 12.3.

Fig. 12.1 Extubation Algorithm.
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Table 12.3  Causes of recurrent failure to extubate

Airway/lung  
problem

Decreased  
respiratory drive

Muscular  
dysfunction Neuromuscular Cardiac

Mucus plugs and 
secretions

Excessive sedation Muscle weakness Diaphragmatic 
dysfunction

Hemodynamically 
significant PDA

Consolidation Need for caffeine Severe electrolyte 
disturbances

Prolonged 
neuromuscular 
blockade

Cor pulmonale

Severe cystic BPD Infection Myotonic dystrophy

Nasal obstruction CNS abnormality Spinal muscular 
atrophy

Postextubation stridor 
(laryngeal edema, 
subglottic stenosis)

Hypocapnia Brain anomaly

Large airway 
anomalies, for example, 
tracheomalacia

Cervical spinal injury

Congenital lung 
anomalies, for example, 
CLE
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Complications of Mechanical Ventilation
Srinivas Murki, MD, DM, Sai Sunil Kishore, MD, DM, Sreeram Subramanian, MD, DM

Mechanical ventilation (MV) is a nonphysiological process 
as the gas is driven into the lungs with positive pressure 
in contrast to negative pressure breathing (air passively 
flows into lungs) in spontaneous natural breathing pro-
cess. Hence it is prone for complications. Health care pro-
fessional should not only be aware of these complications 
but also be able to prevent, anticipate, identify, and circum-
vent it at the earliest. In MV, as the gases containing high 
oxygen concentration are driven into the lungs with cer-
tain pressure and volume, lung experiences special (artifi-
cial) trauma, commonly named as ventilator-induced lung 

injury (VILI) [1]. The predominant modes of VILI are as 
follows:
1. Barotrauma—use of high pressure
2. Volutrauma—use of high tidal volume
3. Oxytrauma—use of high oxygen concentration
4. Atelectotrauma—repeated closing and opening 

of alveoli often due to inadequate positive end-
expiratory pressure (PEEP)

5. Biotrauma—inflammatory response-related injury
6. Injury related to endotracheal tube
7. Ventilator asynchrony
8. Lack of warmidification (inappropriate temperature 

and relative humidity of gases)
These types of VILI injure the fragile alveoli, causing 

leakage of capillaries in the interstitium and also into 
the alveolar lumen. The mechanical injury activates the 
inflammatory system of the lungs, causing more leakage. 
Microbial colonization adds fuel to the fire. This cascade of 
events worsens the primary pathology for which the venti-
lation was instituted. All these events prolong the duration 
of MV, exacerbate extubation failures, and pave the way for 
chronic lung disease which has enormous short- and long-
term adverse respiratory and neurological implications 
[2,3].

Barotrauma

High inflation pressures may cause shear stress, creating 
microtears in the alveolar walls. Intrathoracic pressures can 
rise due to overdistention of the lungs [4]. Air leaks, decreased 
venous return to the heart, and intraventricular hemorrhages 
in preterm neonates are known consequences. Excessive flow 
of gas can also result in barotrauma due to increase in mean 
airway pressure (sine wave to square wave form).
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CHAPTER POINTS

•	 Barotrauma, volutrauma, alelectotrauma and 
biotrauma are essential components of Ventilator  
Induced Lung Injury (VILI)

•	 Incidence of ventilation associated pneumonia is a 
quality indicator of neonatal ventilation 
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How to recognize it
•	 Clinical—excessive chest rise; increased anteroposterior 

diameter of the chest (Fig. 13A.1); poor capillary refill 
time; and decreased urine output. Differential air entry, 
sudden desaturations, and a positive transillumination 
test are signs of air leaks. Arterial blood gas may reflect 
retention of carbon dioxide.

•	 Chest X-ray—hyperinflated lungs with flattened domes 
of diaphragm and more than eight rib spaces on the AP 
view (Fig. 13A.2). Pulmonary interstitial emphysema 
or small air leaks into mediastinum or near the apical 
regions of the lungs should serve as warning signs 
(Fig. 13A.3A–B).

•	 Pulmonary graphics—beaking can be seen in the 
pressure–volume loops (Fig. 13A.4).

Remedial measures
PIP or PEEP should be kept optimal. Keep flow of gas 
between 5 and 8 L/min.

Volutrauma

Volutrauma is considered to be the predominant reason 
for VILI. High tidal volumes (>8 mL/kg) and low tidal 
volumes (<4 mL/kg) can initiate VILI [2]. Tidal volume 
in a pressure-controlled ventilation is dependent upon the 
driving pressure (delta P = PIP – PEEP). Thus, increasing 
PIP and decreasing PEEP result in more tidal volumes. In 
volume-controlled ventilation, tidal volume is determined 
by operator. Physiological tidal volumes between 5 and 
8 mL/kg have been shown to minimize lung injury. High 
tidal volumes especially with short expiratory times result 
in overdistention, gradually increasing the intrathoracic 
pressure called as auto-PEEP. The consequences are similar 
to barotrauma, but are more profound.

Excessive tidal volumes can result in low PaCO2; per-
sistent low values (PaCO2 <30 mmHg) can cause cerebral 
ischemia, especially the periventricular white matter culmi-
nating in periventricular leukomalacia (PVL). Permissive 
hypercapnea (PCO2: 55–60 mmHg and pH >7.25) is used 
as a strategy to restrict tidal volumes and minimize VILI [5].

Volume-targeted ventilation is a proven strategy to reduce 
the duration of ventilation, the need for oxygen for 36 weeks, 
incidence of hypocarbia, incidence of IVH, and PVL in preterm 
neonates in comparison to pressure-limited ventilation [6].

How to identify
•	 Clinical—excessive tidal volumes result in excessive/

increased chest rise, harsh breath sounds, and low 
PaCO2 on the arterial blood gas. The spontaneous 
respiratory efforts of the baby may be lost and it may 
stop triggering the breaths in a synchronized mode of 
ventilation with fixed rates (SIMV or A/C).

•	 Hyperinflation can be seen on chest X-ray.
•	 Pulmonary graphics can pick up early—prolonged 

expiratory pattern in flow–time graph, and termination 
of expiratory limb of flow–volume loop on the y-axis 
below the point of origin of the loop (Fig. 13A.5).

Remedial measures
•	 In volume controlled or targeted ventilation - use tidal 

volumes between 5 to 8 mL/kg.

Fig. 13A.1 Clinical Photograph With Hyperinflated Chest.

Fig. 13A.2 Chest X-ray Showing Hyperinflated Lung 
Fields.
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•	 In pressure-controlled ventilation—monitoring the 
tidal volumes and keeping the driving pressure optimal 
to achieve the normal tidal volumes.

Oxytrauma

Exposure of high concentration of oxygen in the inspired 
gas (FiO2) to the respiratory tract is Oxytrauma. Oxygen, 

being a potent free radical, can not only potentiate VILI 
but also induce free radical injury in other vital organs like 
brain, retina and intestines. Limiting FiO2 to keep satura-
tions with in target range reduces exposure to excessive 
oxygen (91%–95% in preterm infants). Targeting satura-
tions below 90% was associated with increased mortality 
but lower risk of retinopathy of prematurity (ROP). There 
was no effect on need for oxygen at 36 weeks [7]. Higher 
saturation targets (>95 %) are not indicated even in babies 
with severe pulmonary hypertension in term neonates.

Fig. 13A.3 (A) Pulmonary interstitial emphysema. (B) Subtle pneumothorax on right side.

Fig. 13A.4 Beaking (Arrow)—Suggestive of Overdistention. Fig. 13A.5 Air Trapping Seen (Green Arrow) in Flow–
Volume Loop.
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How to identify
•	 Flushed and pink extremities—persistent SpO2 values 

greater than 95% is an indication of hyperoxia.
•	 Arterial blood gas with PaO2 >80 mmHg.

Remedial measures
Modify the FiO2 to target SpO2 between 91% and 95%. 
Optimize the mean airway pressure to achieve the ideal 
functional residual capacity and reduce the need for high 
oxygen. Use of surfactant and HFOV may be useful options 
to reduce the airway and lung exposure to high oxygen.

Atelectotrauma

Suboptimal pressures can result in lung injury. Suboptimal 
PEEP results in under-recruitment of alveoli in alveolar dis-
eases (HMD, pneumonia, pulmonary hemorrhage). Low 
functional residual capacity (FRC) results in persistence of 
V/Q mismatch, negating the purpose of MV and prolong-
ing the duration of ventilation [1,8].

How to identify
•	 Poor chest rise (inadequate PIP), persistent intercostals 

and subcostal retractions (inadequate PEEP), reduced 
air entry, disproportionate need for oxygen in relation 
to pressure requirements are signs of atelectasis. High 
and worsening Silverman Anderson score are objective 
signs of poor functional residual capacity and alveolar 
atelectasis.

•	 Low volume lungs on chest X-ray (Fig. 13A.6).

•	 Tidal volume will be lower than normal. Pulmonary 
graphics can show low compliance pattern in pressure–
volume loops (Fig. 13A.7). The lower inflection on the 
pressure–volume loop is displaced to the right.

Remedial measures
Optimal PEEP to keep the lungs at FRC (minimal chest reces-
sions, SAS score ≤3 and 6–8 rib spaces on the chest X-ray). 
Increase PEEP till the lower inflection point on the PV loop is 
close to the left. In open lung concept (alveolar recruitment 
maneuver) one can increase PEEP keeping the ∆P constant 
(PIP–PEEP difference) till a drop in FiO2 is noticed.

Biotrauma

All of the above factors will cause an increase in alveolar–
capillary permeability with leakage of fluids and proteins 
into the alveolar space, surfactant inactivation, and an 
inflammatory response [1,3].

Injury related to endotracheal tube

This is due to the presence of endotracheal tube, a foreign 
body in the trachea. It initiates inflammation, and favors 
microbial colonization. Improper unsterile suctioning 
technique can cause tracheal mucosal injury and enhance 
microbial colonization. Tube blocks can occur due to inad-
equate humidification, improper suctioning, excessive 
secretions, or blood clots. This results in under-ventilation 
and worsening of the primary pathology [2].

The position of endotracheal tube can also lead to 
mechanical complications. The optimal position is 1 cm 

Fig. 13A.7 Low Compliance (Pink) and Normal Compliance 
(Green) on Pressure–Volume Loop.

Fig. 13A.6 Low Lung Volume Due to RDS.
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above the carina, radiologically corresponding to lower 
border of T2 vertebra. Right bronchial intubation results in 
under-ventilation of left lung and right upper lobe, causing 
collapse (Fig. 13A.8). As a result the right lung can become 
hyperinflated. High position of the tube causes excessive air 
leak resulting in under-ventilation of the lungs and disten-
sion of stomach negating the primary reason for ventilation.

Improper ET size: ET size cannot be judged by looking 
at the vocal cords as the narrowest part in neonates is sub-
glottic area. Larger ET size can result in extubation failures 
due to subglottic edema. Small ET can result in increased 
resistance and more work of breathing.

How to identify
•	 Clinical—proper position and patency of endotracheal 

tube can be confirmed by equal air entry in bilateral 
lung fields, good chest rise, mist formation in the ET, 
and absence of air entry in the stomach. In difficult 
situations, endotracheal tube placement in the 
esophagus may be confirmed by placing the end of 
the orogastric tube in a bowl of water and looking for 
bubbling. Auscultation on the carina may identify the 
peritubal leaks.

•	 Chest X-ray can confirm the position. Bedside 
ultrasound is increasingly being used to identify the 
tube position in children and in newborn.

•	 ET CO2 monitors are not widely used in neonates as 
they tend to increase the dead space.

•	 Excessive ET leak can be identified using pulmonary 
graphics (pressure–volume loop, flow–volume loop) 
(Fig. 13A.9).

Remedial measures
Aseptic precautions during intubation, choosing the right 
ET size, intubating till the vocal cord guide, avoiding blind 
intubation, proper fixation, ensuring utmost sterility dur-
ing endotracheal suctioning, and early extubation are some 
of the strategies to minimize complications.

Fig. 13A.8 Right Upper Lobe Collapse Due to Right Bronchial Intubation.

Fig. 13A.9 Air Leak (Yellow Arrow) in Flow–Volume Loop.



166

Section Applied Physiology, and Ventilator Support: General Considerations| III |

Asynchrony

Synchronized ventilation both during inspiration and 
expiration smoothens the conduct of MV. Asynchrony may 
result in increased work of breathing and air leaks. This can 
prolong the duration of ventilation [9].

Flow sensor is the commonly used sensing mecha-
nism to achieve synchronization. During acute phase 
the higher trigger sensitivity ensures synchrony of all the 
breaths, but can result in autotriggering. Autotriggering 
results in hyperventilation and dangerous hypocarbia 
may ensue.

How to identify
•	 The baby appears to fight the ventilator (crying, 

moving, increased pain score, intercostals and 
subcostal recessions, increased secretions in the mouth 
and endotracheal tube). Patient breath rate is more 
than the set ventilator rate.

•	 Triggered breath can be identified from pulmonary 
graphics.

•	 Inadequate and excessive triggering can be identified 
easily on the monitor.

Remedial measure
•	 Adequate trigger sensitivity has to be ensured.
•	 Flow sensor has to be kept clean, free from water and 

dust to prevent autotriggering.
•	 Avoid clogging and secretions in the ET tube.
•	 Suctioning of the mouth and endotracheal tube as and 

when required.
•	 Ensuring optimal warmidification.

Inappropriate warmidification

Bypassing the upper airway in intubated infants, high flows 
and use of medical gases in neonatal ventilation compro-
mise the humidification process. Inappropriate warmidi-
ficaiton results in mucus thickening, reduced mucociliary 
function, epithelial cell death, and colonization of bacte-
ria. Ideally, the gases should be delivered to the airway at 
37°C and 100% relative humidity. Bronchoconstriction, 
increased work of breathing, asynchrony, inadvertent deliv-
ery of high or low pressures, and ventilation-associated 
pneumonia are often the consequences of suboptimal war-
midification.

Excessive condensation (rain out): Inappropriate pres-
sure delivery can occur secondary to excessive condensation. 
Another complication is autotriggering or autocycling. This 
occurs in flow-triggered ventilation as the ventilator inter-
prets aberrant flow signal secondary to water in the circuit 
as the patient respiratory effort (Fig. 13A.10). Autocycling 
can also occur when there is a leak or disconnection in the 
path of gas flow staring from ventilator till baby lungs.

How to identify
•	 Condensation in the inspiratory limb, absence of 

condensate in the expiratory limb (in a nonheated 
expiratory circuit), and humidifier temperature 
display less than 37°C are the signs of inappropriate 
humidification.

•	 Humidifier without a heater wire in the inspiratory 
limb, temperature display at chamber outlet less than 
37°C and temperature of the gas in the inspiratory 
limb just proximal to the patient interface less 
than 39°C.

Fig. 13A.10 Autotriggering/Autocycling. Large leak results in flow into the baby during expiration (from PEEP). The ventilator 
interprets this as a spontaneous breath and triggers an assisted breath. In SIMV mode, two or three breaths close together are 
followed by a long pause in order to deliver the set number of cycles over 1 min.
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Remedial measures
•	 Always use a servo humidifier with a heating wire in 

the inspiratory limb.
•	 In the absence of heater wire in the expiratory limb, 

drain off the condensate frequently.
•	 Ensure appropriate water level in the humidifier 

chamber.
•	 Do not use heat moister exchanger in newborns.
•	 Keep room temperature between 26 and 30°C for 

optimal functioning of the servo humidifiers.
•	 Always use the humidifier in the invasive mode 

for both invasive and noninvasive ventilation in 
newborn.

•	 The distal temperature sensor of the inspiratory limb 
should always be away from direct heating of the 
radiant warmer or the incubator or cover the distal 
sensor with thermal opaque pad.

Ventilator-associated pneumonia

Ventilator-associated pneumonia (VAP) is defined as 
nosocomial pneumonia in mechanically ventilated 
patients that develops more than 48 h after initiation 
of MV. Inappropriate humidification is one of the major 
risk factor for VAP. Colonization with microorganisms 
can occur in humidifier chambers, nebulizers, and con-
densate in the inspiratory circuits. Contamination of the 
airway with colonized organisms is the inciting factor for 
VAP [10].

How to identify
•	 Clinical worsening: Increased O2 requirements, 

temperature instability, leukopenia or leukocytosis, 
change in nature of secretions, or increase in  
secretions.

•	 Radiological: New or progressive infiltrates on the 
chest X-ray/consolidation/pneumatoceles.

How to treat
Start antimicrobials according to the unit data. Tailor the 
antimicrobial therapy according to the microbiological 
results based on positive blood culture or positive cul-
ture from minimally contaminated lower respiratory tract 
specimen.

Prevention
Bundled care approach can prevent VAP [11]. The strategies 
include the following:

•	 Hand hygiene.
•	 Position of infant: The CDC recommends that in 

the absence of medical contraindications, the head 
should be placed 30–45 degree higher than the plane 
of the body. It would also be preferable to place the 
endotracheal tube and ventilator circuit in horizontal 
position to prevent tracking of secretions.

•	 Endotracheal tube care: The use of in-line or closed 
suctioning will reduce the episodes of hypoxia in 
ventilated neonates, especially on high-frequency 
ventilation (HFV). Adequate hygiene, knowledge about 
the size of catheter to be used and depth of insertion, 
limiting negative pressure to not more than 5 s and 
avoidance of indiscriminate use of saline are other 
important considerations.

•	 Stress ulcer prophylaxis: Avoid H2-blockers.
•	 Oral hygiene.
•	 Oral decontamination: Oral application of 

chlorhexidine antiseptic gel twice daily has been tried 
with the aim of reducing VAP, with inconsistent results. 
There is currently insufficient evidence to use routinely.
Apart from VAP bundle, some of the special precautions 

one need to ensure to avoid pneumonia or infections in 
ventilated babies in resource-limited conditions are as fol-
lows:
•	 Use of sterile distilled water in the humidifier chambers 

and using the autofill option with the humidifiers.
•	 Performing endotracheal suction by two trained 

professionals (a doctor and a nurse in charge of the baby).
•	 Maintaining a good nurse patient in each shift. 

Nurse to patient ratio of 1:1 is ideal for all ventilated 
newborns but at least 1:2 ratio is mandatory.

Complications of mechanical 
ventilation in special situations

Complications associated with  
high-frequency ventilation
Although HFV is an exciting and rescue form of ventila-
tion, it is not without complications. Apart from the 
complications associated with CMV, following complica-
tions are more common with HFV [12].
•	 Overinflation: This can result in reduced venous return 

and poor peripheral circulation. Maintain intravascular 
volume, and if persisting, dopamine infusion may 
help. If there is X-ray evidence of overinflation, reduce 
MAP (mean airway pressure).

•	 Necrotizing tracheobronchitis (NTB): This is the 
proximal tracheal injury in infants receiving HFV. It 
occurs in 2-4% of neonates receiving HFV, and it can 
occur with all the forms of HFV. Duration of HFV 



168

Section Applied Physiology, and Ventilator Support: General Considerations| III |

increases the risk of NTB. This complication has to be 
suspected if neonate develops acute hypercapnia and 
reduced chest wall movement that does not improve 
with endotracheal suctioning.

•	 Air leaks: This complication can occur when HFV is 
used as rescue therapy in failed CMV.

•	 Intraventricular hemorrhage and PVL: These have 
been reported as complications of HFV in some 
studies, but most recent studies using the optimal 
volume strategy have not shown any difference in the 
incidence of these complications between babies on 
conventional and HFV.

Complications associated with 
interface in NIMV
All the interface devices used for NIMV are associated with 
local complications, though the spectrum and severity vary. 
The spectrum of complications with short binasal prongs 
include nasal irritation, reddening, damage to the septal 
mucosa, columellar transaction, septal erosion, and sep-
tal collapse (Fig. 13A.11). Nasal masks are associated with 
contusion of the nasal bridge.

How to prevent interface-related 
nasal injuries

Nasal care

•	 Assess for any discoloration, blanching is the earliest sign.
•	 Moisturize the nares with saline drops, do gentle suction.
•	 Use correct prong size.
•	 Maintain a small gap (2–3 mm) between base of the 

prong and nasal septum.
•	 For binasal prong—use transparent semipermeable 

film, cotton plug at nasal septum.
•	 Prevent upward traction on the ala nasi.
•	 Use normal saline as a lubricant when inserting the 

prongs.
•	 For nasal mask: use skin barriers (e.g. Tegaderm, 

Cannulaide) over bridge of nose and pressure points.

Extrapulmonary complications
Retinopathy of prematurity: The risk of severe ROP is 
lesser with lower oxygen saturation targets (85%–89%) 
as opposed to higher targets (91%–95%) [RR 0.52, 0.37–
0.73) but at the cost of increased mortality (19.9% vs. 

Fig. 13A.11 Progression of Nasal Septal Injury.
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16.2%). From available evidence, it is clear that targeting 
higher oxygen saturations in the initial weeks of birth result 
in an increased rate of severe ROP needing treatment. A 
meticulous analysis of oxygenation patterns with a closed 
loop system oxygen analyzer may be the way forward in 
this regard [7].

Intraventricular hemorrhage/PVL: The risk factors for 
IVH include ventilator asynchrony, use of excessive pres-
sures, air leaks, and sudden fluctuations in PaCO2 (partial 

pressure of carbon dioxide). More prolonged exposure 
to hypocapnoea increases risk of PVL by nearly 5 times 
(7.4% vs. 1.4%). As in prevention of BPD, the impor-
tance of gentle ventilation with optimal tidal volumes 
and prevention of hypocapnoea is essential. The use of 
volume-targeted ventilation has been found to reduce 
IVH (RR 0.65, 95% CI 0.42–0.99) and PVL (RR 0.33, 
95% CI 0.15–0.72) as compared to pressure-controlled 
ventilation [6].
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Pulmonary Air Leaks
Nalinikant Panigrahy, MD, DNB (Neonatology), Dinesh Kumar Chirla, MD, DM, MRCPCH, CCST,  
P.K. Rajiv, MBBS, DCH, MD

Pulmonary air leak refers to accumulation of air outside 
the pulmonary space. It is a well-recognized complica-
tion of neonates with lung disease, particularly those who 
need mechanical ventilation, and can increase morbidity 
and mortality in preterm infants. Pulmonary interstitial 
emphysema (PIE) and pneumothorax are the most com-
mon forms of air leak, followed by pneumomediastinum 
and pneumopericardium.

All clinical air leak conditions are caused by high intra-
alveolar pressure leading to alveolar overdistension which, 
in turn, causes the alveoli to rupture.

Thoracic air leaks (Figs. 13B.1 
and 13B.2)

Pneumothorax
Pneumothorax is the commonest air leak condition, and 
results from accumulation of air in between visceral and 

parietal pleural surface. It is relatively common in neonatal 
period (Fig. 13B.3A–B).

Etiology
The majority of pneumothoraces occur in neonates who 
receive positive pressure ventilation such as bag and mask 
ventilation at delivery room, or later require respiratory 
support in the neonatal ICU. Spontaneous pneumothorax 
also may occur in immediate perinatal period in a nonven-
tilated neonate, and may result from high transpulmonary 
pressure generated by the infant’s first breath. In infants 
who receive respiratory support (mechanical ventilation, 
continuous positive airway pressure [CPAP]) alveolar 
hyperinflation causes alveoli to rupture. Poor compliance 
of the lungs may result into unequal ventilation which may 
cause overdistension of some alveoli. The overinflated alve-
oli may rupture and air may reach to pleural space through 
perivascular bundle and root of lungs causing pneumotho-
rax. Pneumothoraces (70%–80%) are unilateral and two-
third of those occur on the right side [1].

Risk factors for pneumothorax

The incidence of air leak is influenced by gestational age, 
birth weight, and the underlying disease for which respira-
tory care was initiated. Therefore, the incidence varies in 
different study populations, and is reported to be 1%–2% 
in term infants [2] and 5%–14% in preterm infants [3,4], 
although the incidence has decreased with use of antenatal 
steroids (ANSs) and surfactant. The incidence of pneumo-
thorax is inversely proportional to birth weight and gestation 
age at birth (Table 13B.1).

EuroNeoNet data cohort from 80 neonatal units showed 
4% incidence with variation of 0.5%–15.8% within units. 

CHAPTER CONTENTS HD

Thoracic air leaks 170
Practice points 184
References 190

CHAPTER POINTS

• Risk factors for different air leaks
•	 Ventilatory strategies to prevent air leaks
•	 Identification and optimum management of air leaks



171

ChapterPulmonary Air Leaks | 13B |

Figure 13B.2 Cartoon Describes Various Forms of Air Leaks.

Figure 13B.1 Classification of Thoracic Air Leaks.
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The incidence was 9% in very low birth weight (VLBW) 
infants and 11% in extremely low birth weight (ELBW) 
infants [5]. A review of the Vermont Oxford network (VON) 
database demonstrates a pneumothorax rate of 5%–7% in 

infants with birth weight less than 1500 g [6]. Australia and 
New Zealand Neonatal Network database (ANZNN 2015) 
shows an overall incidence of 4% with an incidence as high 
as 15% in extremely preterm neonates [7] (Fig. 13B.4).

Figure 13B.3 (A) Normal orientation of thoracic structures associated with a chest X-ray without any evidence of air leak. (B) Chest 
X-ray in left pneumothorax. Part A: Adapted from Satyan’s illustrative neonatology by Drs. Chandrasekharan and Rawat at https://itunes.
apple.com/us/app/illustrative-neonatology/id1220324936?mt=8 and https://play.google.com/store/apps/details?id=com.pediatrics.
droid&hl=en. Part B: Adapted from Satyan’s illustrative neonatology by Drs. Chandrasekharan and Rawat.

https://itunes.apple.com/us/app/illustrative-neonatology/id1220324936?mt=8
https://itunes.apple.com/us/app/illustrative-neonatology/id1220324936?mt=8
https://play.google.com/store/apps/details?id=com.pediatrics.droid%26hl=en
https://play.google.com/store/apps/details?id=com.pediatrics.droid%26hl=en
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Pneumothorax risk increases in babies receiving respi-
ratory support for respiratory distress syndrome (RDS), 
meconium aspiration syndrome (MAS), pneumonia, 
congenital bullous lesion, and pulmonary hypoplasia. 
The incidence of pneumothorax is 10%–30% in newborn 
with MAS and 5%–20% in preterm infants with hyaline 
membrane disease [8], but decreasing with increased sur-
factant use.

The incidence of air leak was reported to relate to the 
level of respiratory support used, being 34% in those received 
mechanical ventilation in presurfactant era which reduced 
now to 5%, 16% in infants on CPAP, and 4% in infants 

receiving oxygen only [9,10]. Preterm infants who need 
CPAP for respiratory distress are 2.64 (1.39–5.04) times 
more prone for pneumothorax in comparison to newborn 
without any respiratory support [11], but have similar inci-
dence in comparison to intubation and surfactant group 
as noted in SUPPORT trial (6.8% Vs7.4%) among infants 
born less than 28 weeks of gestational age [12].

Ventilator settings like mean airway pressure (MAP) of 
more than 12 cmH2O which overdistend alveoli, pro-
longed inspiratory time (I:E ratio ≥1:1), which may 
provoke active expiration, may increase pneumothorax 
rate [13,14]. Poor ventilator and patient synchrony, low 
inspired gas temperature (<36.5°C) especially in VLBW 
infants, direct injury during intubation with an introducer 
or during ET suction also increase incidences of pneumo-
thorax.

Preventive strategies
1. ANS: A few published studies report ANS may decrease 

pneumothorax, but recently a Cochrane systematic 
review and meta-analysis found no significant 
reduction in incidence, RR, 0.76 (0.32–1.80) [15].

2. Surfactant use: Surfactant administration has been 
shown to significantly reduce the incidence of 
pneumothorax (OR, 0.35, 95% CI, 0.26–0.49) [16].

a.  Early surfactant versus 
delayed surfactant

RR, 0.69 (95%  
CI, 0.59–0.82) [17]

b.  Multiple doses versus 
single dose

RR, 0.51 (95%  
CI, 0.30–0.88)

c.  Early surfactant with 
brief ventilation versus 
surfactant and continued 
ventilation

RR, 0.52 (95%  
CI, 0.28–0.84)

 However, the rate pneumothorax in the recent CURPAP 
study trial was found to be higher (6.7% versus 1%) 
among the preterm neonates who received prophylactic 
surfactant within 30 min of birth in comparison to 
neonates who received surfactant later with a median 
time of administration 4 hours of life, after initial 
stabilization with delivery room CPAP [18].

3. Ventilation strategies: Optimization of mechanical 
ventilation can reduce risk of pneumothorax.
a. Meta-analysis of three RCTs comparing high 

RR (>60/min, HFPPV) versus lower RR with 
conventional ventilation showed decrease in 
air leak in high RR group (RR, 0.69, 95% CI, 
0.51–0.93) [19]. Meta-analysis of five RCTs showed 
long Ti (>0.5 s) was associated with increased risk 
of pneumothorax (RR, 1.56, 95% CI, 1.24-1.97) 
[20]. However, many of those studies were done 

Table 13B.1  List of various risk factors for 
pneumothorax in newborn

Prematurity
Very low birth weight
Oligohydramnios
IUGR and SGA neonate
Resuscitation at birth—bag and mask ventilation
Respiratory disease (HMD, MAS, pneumonia), requiring 
CPAP, mechanical ventilation
Ventilation with high positive inspiratory pressure (PIP), 
tidal volume (Vt), and inspiratory time (Ti)
Patient ventilator asynchrony, ET suction

CPAP, Continuous positive airway pressure; IUGR, intrauterine growth 
restriction; HMD, hyaline membrane disease; MAS, meconium 
aspiration syndrome; SGA, small for gestation age.

Figure 13B.4 Graph Depicts Incidence of Pneumothorax 
Across Different Gestation Age and Birth Weight From 
Different International Neonatal Database.



174

Section Applied Physiology, and Ventilator Support: General Considerations| III |

in presurfactant era and before the introduction of 
antenatal steroids.

b. Patient triggered ventilation (PTV): Patient triggered 
ventilation like assist control (AC) and synchronized 
intermittent mandatory ventilation with or without 
pressure support (SIMV ± PS) did not show any 
reduction in incidence of pneumothorax when 
compared with continuous mandatory ventilation 
(CMV) mode (RR, 1.03, 95% CI, 0.80–1.34) [19].

c. Elective high-frequency ventilation (HFOV or 
jet ventilation) compared with conventional 
ventilation has not shown any advantage in 
preventing pneumothorax, instead showed 
increased incidence of pneumothorax in HFOV 
group (RR, 1.23, 95% CI, 1.06–1.44). The HFO 
group had significantly lower incidence of new air 
leak (RR, 0.73, 95% CI, 0.55–0.96) when used as 
rescue in newborn with pneumothorax [21].

d. Routine use of sedation and analgesia has not been 
shown any advantage over synchronized ventilation 
in decreasing pneumothorax, but may be it seems 
prudent to use sedation or analgesia in an infant 
with air leak who is on mechanical ventilation. A 
meta-analysis showed muscle relaxants use during 
mechanical ventilation may decrease air leaks, 
but their use after air leak has occurred is not well 
studied.

e. A meta-analysis of 16 RCTs (977 infants) showed 
moderate quality evidence that use of volume-
targeted ventilation (VTV with time cycled pressure 

limited mode) resulted in significant reduction in 
rates of pneumothorax in comparison to pressure 
limited mode of ventilation (RR, 0.52, 95% CI, 
0.31–0.87, NNT for benefit-20) [22].

f. In a recent quality initiative (QI) study, bundle 
of interventions such as close monitoring of tidal 
volume (Vt) and PIP depending on ventilator mode, 
with a Vt goal of 4–6 mL/kg body weight of infant, 
and prompt feedback of bedside nursing staff to 
clinical care provider whenever sustained elevations 
of these parameters helped in reducing incidence 
of pneumothorax from 10.45% to 2.6% in VLBW 
infants [23].

g. Among VLBW infant population, maintaining 
inspired gas >36.5°C was associated with a 
reduction in pneumothorax incidence  
by 2/3 [24].

Practical respiratory strategies that can reduce potential 
air leaks are described as follows (Table 13B.2).

Diagnosis

A high index of suspicion is needed to diagnose pneu-
mothorax. In a ventilated baby any sudden unexplained 
deterioration should always raise a suspicion for pneumo-
thorax, as a part of displacement, obstruction, pneumotho-
rax and equipment (DOPE) failure evaluation. Diagnosis 
is usually made by the presence of clinical signs, physical 
examination, transillumination, and chest X-ray or chest 
ultrasound.

Table 13B.2  Proposed respiratory management strategies to reduce air leaks

Initial ventilator settings—at admission

Early use of 
surfactant 
whenever 
indicated

1. Volume targeted 
ventilation Vt 
4–6 mL/kg

2. If TCPL mode Vt 
to be achieved 
4–6 mL/kg

3. Careful monitoring, 
specially 
postsurfactant 
administration

1. PIP = 14–16 cm 
in preterm and 
16–20 cmH2O in 
term infants

2. To avoid PIP 
>24 cmH2O

3. MAP >12 cmH2O, 
careful monitoring—
consider HFOV

PEEP = 5 cmH2O
Aggressive 
weaning to 
CPAP

1. Respiratory rate 
at 40–60/min

2. Inspiratory time 
(Ti) = 0.3–0.4 s, 
avoid Ti > 0.5 s

1. Inspiratory gas 
temperature 
between 36.5–
37.5°C

2. Adequate analgesia 
to facilitate patient 
ventilator synchrony

3. ET care protocol to 
avoid direct airway 
injury

Ideal blood gas and oxygenation target

pH = 7.25–7.35 PCO2 = 40–50 mmHg, 
accepting 60 mmHg, if pH 
>7.25

PaO2 = 50–60 mmHg, 
accepting >40 mmHg in 
small preemies.

SpO2 = 90%–95%

HFOV, High-frequency oscillation ventilation; MAP, mean airway pressure; TCPL, time cycled pressure limited.
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Clinical presentations
1. Asymptomatic: Mild air leaks or anterior 

pneumothorax without lung collapse may be 
asymptomatic and sometimes detected during chest 
X-ray, but usually pneumothorax presents as an acute 
clinical deterioration of baby’s condition.

2. In ventilated babies there may be sudden deterioration 
of infants’ clinical condition with agitation, 
desaturations, or increase need in oxygenation; 
ventilator requirements may increase or may present 
with sudden change in cardiovascular status of the baby.

3. Large/Tension pneumothorax may present with:
a. increased work of breathing
b. signs of respiratory distress such as tachypnea, 

grunting, and cyanosis
c. sign of mediastinal shift
d. diminished air entry in pneumothorax side
e. weak peripheral pulse and pallor

4. Advanced tension pneumothorax—a large tension 
pneumothorax increases intrathoracic pressure, 
which may cause increased central venous pressure 
and decreased venous return which may present with 
hypotension and narrow pulse pressure, bradycardia, 
and hypoxemia. Arterial blood gas shows respiratory or 
mixed acidosis and hypoxemia.
Sudden decrease in voltage of QRS complex on cardiac 

ECG tracing may be one of the earliest signs of pneumotho-
rax. Pulse oximetry “pseudobradycardia” sign may be another 
characteristic finding in pneumothorax where pulse oximeter 
displays low pulse rate and desaturations when ausculta-
tion heart rate will be in normal range. This finding can be 
explained by the fact that pulse oximeter missing out the low 
amplitude pulse wave signals results in the “pseudobradycar-
dia” [25]. Pulsus paradoxus, a clinical sign with diagnostic 
and prognostic significance in pericardial diseases, also can 
be seen in tension pneumothorax. This is an exaggeration of 
normal decrease in systolic blood pressure during inspiration 
and increase in expiration. The “pararadox” refers to the fact 
that heart sounds may be heard over the precordium when 
the radial pulse is not felt. The clinical method of assess-
ment of this “pulse” is by measurement of the “systolic blood 
pressure.” In ICU care settings, where the arterial waveform 
is available, pulsus paradoxus can be diagnosed by visualiz-
ing changes in the systolic blood pressure tracing during the 
inspiratory and expiratory phases of respiration. Pulse oxim-
etry waveform analysis has been found useful in the neonates 
with cardiac tamponade, and it is a useful adjunct for con-
tinually assessing pulsus paradoxus and air trapping severity.

Cyanosis of the head with pallor of the trunk may occur 
in tension pneumothorax with or without pneumopericar-
dium.

On examination the side of the pneumothorax may 
be prominent compared with the other side. Abdominal 

distension may also be observed as a result of the pressure 
of the pneumothorax on the diaphragm. Paradoxical sym-
metry of the chest has been described as a clinical sign of 
unilateral pneumothorax [26]. In health, rotation of the 
neck causes the hemithorax on the side to which the head 
is turned to be less prominent than on the other side. In 
the presence of a unilateral pneumothorax, in contrast, the 
hemithorax on the side to which the head is turned is as 
prominent as the contralateral side.

Transillumination
Transillumination of the chest with a high-intensity fiber 
optic probe in a darkened room is a very useful beside tool, 
allowing a very rapid diagnosis in a preterm infant with 
sudden deterioration. When placed against the chest wall, 
it illuminates whole hemithorax on the affected side. This 
technique is useful in the emergency treatment of the pneu-
mothorax without waiting for the radiograph in a rapidly 
deteriorating infant. Reported sensitivity is 87%–100% 
with false positive in the presence of PIE and pneumomedi-
astinum, specificity is 95%–100% with false negative results 
in edematous infants, and small pneumothorax in term 
infants [27] (Fig. 13B.5).

Chest X-ray
Chest X-ray is gold standard in diagnosing pneumothorax 
in an infant. In a large pneumothorax under tension, air 
may be seen in the pleural space outlining visceral pleura 
appears hyperlucent with the absence of lung markings, 
flattening of the diaphragm, and displacement of the medi-
astinum. The collapsed lung edge is clearly visible. Small 
pneumothoraces on chest X-ray obtained in the supine 
position may also be detected only by a difference of radio-
lucency in one lung which appears to be “clearer” despite 
the presence of lung parenchyma. An anteroposterior chest 
X-ray with horizontal beam taken with the infant kept in 
lateral decubitus with affected side up may improve the 
detection of small pneumothoraces and a lateral radio-
graph with horizontal beam while the infant is in the 
supine position, which helps in detecting anterior pneu-
mothorax. Shadows of skin folds, the latissimus dorsi, and 
bed clothes mimicking a lung edge may all cause diagnostic 
dilemmas. The sources of these extraneous (extrathoracic) 
findings can be identified by following the shadows which 
may extend beyond lungs field. Diagnostic accuracy of 
chest X-ray is reported as sensitivity of 87%–96% and speci-
ficity of 96%–99% [28] (Fig. 13B.6).

Lungs ultrasound
Lungs ultrasound (LUS) may be a useful point of care tool 
for diagnosing pneumothorax in neonates. Ultrasound of 
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the healthy lung reveals “lung sliding” and “seashore sign” 
on B- and M-mode imaging, respectively. Using B-mode, in 
a normal lung you should be able to see the pleura, visible 
as a hyperechoic line beneath subcutaneous tissue, sliding 
up and down. In cases of pneumothorax, however, the pres-
ence of air between visceral and parietal pleura abolishes 
lung sliding on the B-mode imaging. Infant should be kept 
in a reclining position for letting air collection within the 

anterior nondependent portions of the pleural space and 
place the transducer anteriorly (midclavicular line, fifth to 
eighth intercostal space). It is possible to identify the edge 
of the collection of air with ultrasound (the lung point) 
where the pleura stop sliding. Other USG findings sugges-
tive of pneumothorax are double lung point, the absence 
of B lines, and the absence of lung pulse. Using M-mode, 
the normal lung is seen beneath pleura (the waves), as a 

Figure 13B.5 High-intensity fiber optic light demonstrating increased transillumination on left half of chest suggestive of left side 
pneumothorax (A–B) compared to normal right chest (C).

Figure 13B.6 Anteroposterior Chest X-ray. (A) Air is seen between parietal and visceral pleura separating lung from chest wall 
and collapsing the ipsilateral lung and with shift of mediastinum to other side. (B) Bilateral pneumothorax with ICD in left-side 
chest. (C) Free air is seen anteriorly suggestive of anterior pneumothorax with out collapse of lungs.
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granular pattern (the gravelly beach), and as a seashore. 
In pneumothorax, the pattern is replaced by the “strato-
sphere” or “barcode” sign where lung sliding disappears, 
lung no longer visible, but instead artifacts (A-line) is vis-
ible [29] (Fig. 13B.7).

Cattarossi et al. in a recent study reported that the sen-
sitivity and the specificity in diagnosing pneumothorax 
were 100% for LUS, 96% and 100% for CXR, and 87% and 
96% for transillumination [28]. Another recent study by 
Liu et al., observed accuracy and reliability of the LUS signs 
of lung sliding disappearance as well as the existence of the 
pleural line and the A-line in diagnosing pneumothorax 
were as follows: 100% sensitivity, 100% specificity, 100% 
PPV, and 100% NPV [30]. Studies in the adult population 
have shown a high sensitivity (95%), specificity (100%), 
and diagnostic effectiveness (98%) of LUS in comparison 
to CT scan as gold standard.

Management
There is paucity of evidence-based recommendations for 
the management of pneumothorax in newborns. There are 
different strategies available in various clinical situations.

If pneumothorax detected in spontaneous breathing baby 
or with respiratory support oxygen supplementation should 
be provided to maintain adequate oxygen saturation. Increas-
ing the inspired concentration of oxygen to 50%–100% 
may help in the resorption of air from the pleural spaces by 
nitrogen washout, but this practice is not supported by any 
high-quality evidence and with a risk of hyperoxia it may 
be dangerous in preterm infants. In mechanical ventilated 
infants, ventilator settings should be adjusted to minimize 
MAP by reducing PIP, PEEP, and inspiratory time (Ti). Treat-
ment options for pneumothorax include expectant manage-
ment, needle aspiration, and chest tube drainage (intercostal 
chest drain [ICD]).There is little consensus about methods 
of treatment in neonatal pneumothorax.

Expectant management with careful monitoring: This may be 
useful for infants with small and medium pneumothoraces, 
who are asymptomatic or stable and on minimal respira-
tory support. In a retrospective cohort study of 136 venti-
lated infants who developed pneumothorax, 26% infants 
managed without need of an intercostal catheter [31].

Needle thoracocentesis: This emergency management is 
warranted when rapid deterioration in gas exchange or car-
diovascular status occurs, usually in tension pneumotho-
rax. In a recent randomized clinical trial, needle aspiration 
reduced rate of ICD insertion by 30%, relative risk (0.70; 
95% CI, 0.56–0.87) in newborn with symptomatic pneu-
mothoraces [32]. Needle thoracocentesis when required 
should not be delayed pending a chest X-ray. This can be 
used both as therapeutic or diagnostic method. Site of 
aspiration should be in the second intercostal space on the 
affected side and in the midclavicular line just above the 
lower rib. Aspiration can be done by 10 mL syringe attached 
to intravenous cannula or butterfly with a three-way tap or 
connecting to underwater seal. Once the baby is stabilized 
with needle aspiration, a chest drain should be inserted.

Intercostal chest tube drainage: A chest drain should be 
inserted as the primary treatment for a significant pneumo-
thorax that is not under tension, or following needle drain-
age for a tension pneumothorax.
1. Site of tube insertion is usually safe and effective in 

the fourth or fifth intercostal space in the mid- or 
anterior axillary line in the anatomical safe triangle 
and it should be away from nipple line. In an anterior 
pneumothorax this lateral approach may fail to drain 
the air, in which case the chest tube may have to be 
inserted in a more anterior position such as the second 
intercostal space on anterior axillary line can be used.

2. The sizes of chest drains used in newborns usually varies 
according to gestation and birth weight of infants. 
Trochar chest drain (polyvinyl) size 8,10, and 10–12 
Fr are appropriate for infants with birth weight of <1, 

Figure 13B.7 Chest USG Using M-Mode. Left side shows normal lung with sand and seashore pattern and right side with 
pneumothorax shows “barcode” pattern. Image modified from Kurepa D, Zaghloul N, Watkins L and Liu J. Neonatal lung 
ultrasound exam guidelines. J Perinatol 2018;38:11–22 [29].
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1–1.5, and >1.5 kg, respectively. Similarly, 6 Fr (8 cm), 
6 Fr (15 cm), and 8.5 Fr (15 cm) are recommended 
for <1, 1–1.5, and >1.5 kg birth weight group, 
respectively [33,34].

 Large-bore, stiff chest drains have been used 
traditionally to drain pleural collections which require 
blunt dissection of the chest wall. Small-bore, flexible 
pigtail catheters inserted via the Seldinger technique 
or directly over an introducer are now found to be 
equally effective and safe and considered as primary 
choice of intercostal catheter in infants. These new soft, 
polyurethane pigtail catheters are easy to introduce 
with shorter time by 10 min, less painful during 
insertion and during ongoing care, and post procedure 
scars are also less in comparison to stiff large bore 
tubes and trocars. Studies showed complications like 
lung perforation and other viscera injuries are lesser 
(1% vs. 3%–6%), but the rate of tube dislodgement or 
dysfunction (blockage, kinking, or failure to drain) was 
slightly higher in pigtail group [35].

3. Indications for ICD removal: The aim is to remove 
the drain(s) with minimal risk of air entrapment or 
recurrence of pneumothorax. If there are two drains to 
be removed, remove the lower or dependent position 
drain first followed by the higher drain. Removal of 
ICD may be considered after stopping negative suction 
if used and when the following criteria are met [33]:
a. Clinical and radiological signs of lung reexpansion 

with decreased work of breathing
b. No signs of new air leak
c. Air bubbling in chest tube drainage bottle or 

fluttering of Heimlich valve has subsided for more 
than 24 h

There is no consensus on routine use of negative suction 
to underwater seal chest drains in neonatal pneumothorax, 
but suction may be applied if chest drain fails to help in 
expansion collapsed alveoli or residual free air still pres-
ent after ICD placement and appropriate positioning. In 
adult population, −10 or −20 cm of water negative suction 
was used effectively with reasonable safety both in spon-
taneous or postsurgical air leaks. Effectiveness of suction 
depends on height of water column which should be main-
tained at least 10–15 cm, once underwater seal connected 
to wall-mounted negative suction it should be switched on 
otherwise it will create a closed circuit which may increase 
pneumothorax [36]. In preterm neonates close monitor-
ing of negative suction should be done as it may lead to 
other pulmonary complications. Stop negative suction if 
ICD clamping planned before removal of intercostal chest 
drain.

Whether to clamp an ICD before removal or not is 
a matter of controversy. A consensus statement from the 
American College of Chest Physicians (ACCP) showed that 
60% physicians would clamp before removal [37] but cur-

rent BTS guidelines do not favor clamping, though both 
guidelines are from adult populations. There are many 
supporters for clamping considering lethal complications 
associated with premature removal of ICD without a clamp 
trial. In a recent study (2015) published in European Respi-
ratory Journal, comparison between clamping for 6 versus 
24 h duration found no difference in recurrence of air leaks 
within 7 days of chest drain removal [38]. Therefore, it may 
be appropriate to clamp ICD for 6–12 h duration and can 
be removed if air does not accumulate in the pleura, which 
can be found out with clinical and radiological assessment 
(Fig. 13B.8).

Bronchopulmonary fistula
Bronchopleural fistula (BPF) is the abnormal connection 
between the pleural space and the bronchial tree. It is both 
an indication for and a dreaded complication of chest tube 
placement. BPF exists if the bubbling continues for 24 h or 
more in chest tube and indicative of a persistent air leak 
into the pleural space. Volutrauma during ventilation is 
probably the major factor in the development of a BPF, but 
a large transpulmonary pressure gradient (i.e., the differ-
ence in the airway and pleural pressures) may also play a 
role.

Loss of tidal volume, gas exchange abnormalities, and 
the appearance of ventilator autocycling are initial diagnos-
tic clues in a ventilated baby. The severity of the air leak can 
be categorized as bubbling during inspiration only, bub-
bling during both inspiration and expiration, or bubbling 
during both inspiration and expiration with a detectable 
difference in the inspired and expired tidal volumes. BPFs 
that fall into the last category can have physiological effects 
(e.g., tachypnea, hypercapnia, hypoxemia). The main prob-
lems with a large fistula in a ventilated patient are the loss 
of delivered tidal volume, inability to apply PEEP, persis-
tent lung collapse, and delayed weaning from assisted ven-
tilation. Diagnosis can be confirmed via bronchoscopy, 
bronchography, or computed tomography (CT) with 3D 
reconstruction, but bronchoscopy remains gold standard 
for diagnosis and evaluation [39].

Management strategies include general conservative 
measures such as large bore chest drains (multiple if neces-
sary) and the use of drainage system with adequate capa-
bilities. In mechanically ventilated patients, the goal is 
to maintain adequate ventilation and oxygenation while 
reducing the fistula flow to allow the leak to heal. Suggested 
ventilation strategies include reducing PIP, Vt, respiratory 
rate, PEEP, and inspiratory times, allowing more spontane-
ous breathing and accepting permissive hypercapnia and 
lower oxygen saturations. The decision to reduce PEEP is 
very critical in the acute phase of lung disease, and should 
not be undertaken casually. Most air leaks will settle spon-
taneously over a few days if the patient can be weaned 
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onto spontaneous respiration without high levels of PEEP. 
Avoidance of negative pressure suction to ICD tube or 
underwater seal bottle will help in healing of BPF. The use 
of other modes of ventilation including high-frequency 
ventilation, oscillation, and differential lung ventilation 
through double-lumen tubes has been reported. For proxi-
mal leaks, fiber optic bronchoscopy and direct application 
of sealants (e.g., cyanoacrylate, fibrin agents, gelfoam) have 
been tried in pediatric population with limited success. 
Thoracotomy is definite therapy for selected infants requir-
ing ventilator support who demonstrate a large air leak, 
persistent pneumothorax, and progressive hypoxia which 
is unresponsive to chest tube insertion. Refractory cases 
need surgical repair of the air leak by thoracoplasty, lung 
resection/stapling, pleural abrasion/decortication, or other 
techniques. Although rare, acute BPF is difficult to manage 
and is associated with high morbidity, prolonged hospital 
stay, high resource utilization, and mortality.

Pneumothorax prognosis: Pneumothorax in prematurely 
born infants with RDS increases mortality from 12% to 
31% in VLBW infants [40]. Mortality is higher in infants 
who developed pneumothorax on day 1 or 4th day after 

birth [41]. Air leaks are also associated with intraventricu-
lar hemorrhage, and there is higher chance of developing 
bronchopulmonary dysplasia (BPD) in preterm neonates 
(adjusted OR, −9.4, 95% CI, 3.6–24.8) with pneumotho-
rax. About 15% term and late preterm newborns developed 
persistent pulmonary hypertension (PPHN) in a large 
cohort of symptomatic pneumothorax [42].

Pulmonary interstitial emphysema
PIE, most common form of air leak in preterm infants, 
occurs most often but not exclusively in the presence of clin-
ical triad prematurity, RDS, and mechanical ventilation. The 
incidence, inversely proportional to gestation age at birth 
and birth weight, usually presents in the first 96 h of life. 
The incidence of PIE in the presurfactant era in mechani-
cally ventilated babies under 1500 g was approximately 20% 
[43]. Recent studies showed incidence of PIE in 2%–3% of 
NICU admission and 25% in ELBW infants [44,45].

The highest incidence of PIE in preterm infants has been 
observed when intrauterine infection (chorioamnionitis) 
complicates the RDS [46]. MAS, resuscitation at birth, 

Figure 13B.8 Management of Pneumothorax in Newborn is Summarized in This Flow Chart.
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subsequent need of ventilation, and postnatal sepsis are 
other known risk factors for PIE.

PIE is a consequence of alveolar rupture into the peri-
bronchial space with a positive driving force with subse-
quent spreading of air resulting in an endolymphatic air 
distribution and diffusion of air inside the connective tis-
sue of the peribronchovascular sheets, interlobular septa, 
and the visceral pleura. Higher incidence found in ELBW 
preterm infants because of poor development of basement 
membrane layer of terminal bronchiole adjacent to alveoli, 
less compliant alveolus, incomplete development of peri-
bronchial connective tissue till distal end, and increased 
need of mechanical ventilation in this population. The 
presence of interstitial air trapping causes alveolar com-
pression, tissue inflammation, alters pulmonary mechanics 
by decreasing compliance, increasing residual volume and 
dead space which impair diffusion, and compresses the 
capillaries and hilum causing decreased venous return, con-
tributing to ventilation–perfusion (V/Q) mismatching [47].

PIE commonly evolves and manifests during mechanical 
ventilation or CPAP use in preterm infants. PIE may present 
as a slowly progressive disease with increased ventilation 
requirement or with frequent desaturations or increased 
need of oxygen. PIE may present with agitation, frequent 
apneic episodes, or bradycardia. It may lead to hypercap-
nia, with profound hypoxemia and metabolic acidosis.

Diagnosis usually confirmed by chest radiograph (CXR) 
reveals hyperinflation with linear radiolucencies and small 
cysts, either localized or diffuse. The linear radiolucencies 
vary in width, coarse in nature, nonconfluent, they do not 
branch, seen in peripherals as well as medial lung fields. 
This may create a “salt and pepper” or “shattered glass” 
appearance in chest X-ray [48]. It must be distinguished 
from air bronchogram in which branching radiolucencies 
follow the normal anatomic distribution of the bronchial 

tree. Cyst-like radiolucencies of 0.5–4 mm may also pres-
ent in the pulmonary parenchyma or in interlobular and 
subpleural connective tissue or in perivascular lymphatics 
(Fig. 13B.9).

No specific treatment is available for PIE, but main goal 
in management of PIE is focused on reducing or preventing 
further barotrauma or volutrauma to the lungs. Summary 
of different practices, which may influence PIE incidence, 
is as follows:
1. Early surfactant replacement therapy with brief 

ventilation compared with late surfactant and 
ventilation suggests decreased trend of air leak 
syndromes including PIE in premature infants in the 
early surfactant group [17].

2. Different modes of ventilation such as PTV, VTV, and 
early or rescue high-frequency ventilation have not 
much influence on the incidence of PIE [19].

3. Early CPAP, gentle ventilation, and early extubation 
from mechanical ventilation might influence PIE 
incidence. A recent study showed that the rate of PIE 
was significantly less while delivering nasal CPAP by 
mask as compared with prongs (4.9% vs. 17.5%; RR, 
0.28, 95% CI, 0.08–0.96) [49].
Conventional ventilation strategy should include the fol-

lowing:
1. Decrease in PIP or tidal volume to achieve acceptable 

arterial blood gases (PaO2, 45–50 mmHg or 6–6.7 kPa; 
PCO2, <60 mmHg or 8 kPa with a pH >7.25) [50].

2. Decreasing PEEP to avoid hyperinflation without 
compromising lung recruitment should also be considered 
as hyperinflation in PIE is mainly extraalveolar in nature 
and too low PEEP may tilt the ventilation balance. This 
critical decision to reduce PEEP should not be casual.

3. Higher ventilator rate with short Ti (<0.3 s) may be 
beneficial to resolve PIE [51].

Figure 13B.9 (A–B) Localized PIE—coarse, nonbranching, radiolucencies that project toward the periphery of the lung in a 
disorganized fashion (left side). (C) Generalized PIE—coarse, nonbranching, radiolucencies that project toward the periphery of the 
lung in a disorganized fashion on both sides.
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If conventional ventilation fails, high-frequency jet ven-
tilation (HFJV) or high-frequency oscillation ventilation 
(HFOV) may improve oxygenation in infants with severe 
respiratory failure due to PIE in infants. Treatment with 
HFJV resulted in improved ventilation at lower peak and 
MAPs with more rapid radiological improvement of the 
PIE, but survival, the incidences of chronic lung disease, 
IVH, patent ductus arteriosus, airway obstruction, and new 
air leak did not differ significantly between infants sup-
ported on HFJV or CMV [52]. Although HFJV may be most 
effective in resolution of PIE (within 24–48 h), different 
studies showed only short-term benefits in improving ven-
tilation.

HFJV strategy for PIE: Low MAP with relatively low PEEP 
on HFJV with its smaller tidal volume and lower intrapul-
monary pressure amplitude facilitates healing.

Goals should be
1. Permissive hypercarbia—choose PIP 2 cmH2O less 

than CMV, decrease delta P, and tolerate higher PCO2 
55–65 mmHg with pH >7.25.

2. Minimize number and intensity of IMV (sigh breaths) 
by choosing IMV rate 0–3.

3. Decrease high MAP by decreasing PIP and PEEP, in this 
process if required achieve optimum oxygenation by 
transient increase in FiO2.

4. Decrease rate—as inspiratory time is fixed (0.02 s), 
choosing 4 Hz (240 bpm; I:E, 1:12) to 6 Hz (360 bpm, 
I:E, 1:7) with adequate expiratory time can minimize 
air trapping.
HFOV strategy for PIE: HFOV is used more commonly 

worldwide as a rescue ventilation for air leaks. Although 

evidence-based recommendations of HFOV for PIE man-
agement are lacking, here we summarize some HFOV strat-
egies for PIE when conventional ventilation fails. Weaning 
from HFOV to CMV considered 24–48 h after PIE resolves 
[53]. MAP is critical in management of PIE; aggressive lungs 
recruitment should be avoided and maintained at a pres-
sure sufficient to stent small airways open which may help 
in maintaining oxygenation and reducing progression of 
the air leak (Table 13B.3).

There have been few descriptions of the utility of systemic 
corticosteroids in PIE. In 1987, Mosini et al. showed a dra-
matic effect in three neonates treated with 5–7 days of dexa-
methasone (0.5 mg/kg/day) [55]. Fitzgerald et al. reported 
a retrospective case review of the efficacy of a 3-day course 
of dexamethasone at the same dose in 10 infants with severe 
PIE, with a 78% resolution rate [56]. In both series steroid 
used after first week of life who requires high ventilator set-
ting and hypoxemia with development of PIE. Recently, 
rapid resolution of a refractory unilateral PIE was reported 
with the use of a single dose of intravenous hydrocortisone 
(2 mg/kg) on day 18 of life followed by 1 mg/kg every 12 h 
for next 48 h [57]. Short steroid courses though look prom-
ising in resolution of PIE, it should be used with all caution 
as it may not be quite safe in those small preemies.

Treatment of localized PIE may need few alternative 
approaches.
1. Ventilation with very short Ti such as 0.15 s which 

will facilitate preferential volume delivery to normal 
time constant lung and simultaneously will avoid 
overdistension of longer time constant PIE lung [58]. 
This method may not be tolerated for longer period.

Table 13B.3  HFOV strategies in newborn with PIE

Pathology HFOV strategies

Group 1 1. Diffuse alveolar collapse with dilated 
distal bronchioles

2. CXR—small focal bubbles surrounded 
by opacities representing atelectasis and 
low lung volume

Goal
Lung recruitment and avoid lung overinflation
Settings of HFOV
1. MAP 1 or 2 cm higher than that used during CMV
2. Wean FiO2 to 60% keeping optimal lung inflation, then 

weaning of MAP
3. Amplitude (delta P) for adequate wiggle
4. Rate (Hz)—start with 10–15 Hz keeping Ti 0.33, then further 

adjustment

Group 2 1. Interstitial collection of gas, focal, or 
diffuse, progressive compression may 
behave like tension pneumothorax

2. CXR—large tortuous cysts, focal, or 
diffuse with patchy hyperinflation

Goal
Lowest possible ventilator setting
Accept low PO2 (45–50) and high PCO2 (55–65, pH >7.25)
Settings of HFOV
1. MAP equal or less than that used during CMV. Weaning MAP 

preferred over FiO2

2. Low oscillatory amplitude (delta P)—less than PIP in CMV
3. Rate (Hz)—10–12 in early PIE and 6–8 in established PIE [54]
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2. Independent lung ventilation (ILV) strategy has been 
described in infants and children with unilateral lung 
disease but rarely used in preterm infants. Reports of 
ILV in neonates have been described with simultaneous 
intubation of with two separate ET tubes, one in 
trachea, providing ventilation to left lung, and other 
in right main bronchus, providing ventilation to right 
lung [59]. Alternatively, dual lumen single tube also 
has been used in bigger babies. Ventilation strategy 
such as “master and slave” method has been used 
in this procedure with independent lower ventilator 
setting for the PIE lungs.

3. Selective bronchial intubation (SBI) of contralateral lung 
can decompress PIE lung. Unilateral intubation can be 
facilitated by turning head of infant to opposite side 
[60].

 Ventilation of unilateral lung can also be obtained by 
a Swan–Ganz catheter by occlusion of a mainstem 
bronchus [61]. Duration of selective intubation is 
controversial—some suggest decompression happens 
with 48 h of intubation, and others advocate to 
continue till 5 days to prevent recurrence of PIE. 
Selective intubation should be accompanied by HFOV 
for better ventilation.

4. Placing the infant in the lateral decubitus position with 
the affected side down, minimal chest physiotherapy, 
and endotracheal suctioning facilitates gas exchange 
of unaffected lung and reduce aeration of lung 
with PIE. Lateral decubitus positioning for 3 days 
was associated with radiological resolution of 
tension PIE.

5. Refractory localized PIE which may be expanding and 
poorly responding to all treatment may require surgical 
resection.

Prognosis
PIE contributes for significant morbidity and mortality in 
preterm infants [62]:
•	 Respiratory failure, associated with other air leaks—

prolonged ventilation.
•	 Chronic lung disease (CLD/BPD), IVH (twice as 

common preterm infants in the presence of PIE), and 
periventricular leukomalacia.

•	 Mortality increases significantly in the presence of PIE 
(OR, 14.4; 95% CI, 1–208; P = 0.05).

Pneumopericardium
Pneumopericardium is the severe form of air leak and 
results when air from the pleural space or mediastinum 
enters the pericardial sac through a defect that is often 
located at the reflection near the ostia of the pulmonary 
veins. It may occur in 2% of VLBW infants and 3.5% of 

ventilated neonates, usually reported with coexisting other 
form of air leaks [63]. The majority of reported cases are 
of preterm newborns with RDS who required PPV at birth 
and/or subsequent respiratory support, whether in the form 
of mechanical ventilation or CPAP. Ventilation parameters 
such as high PIP (>32 cmH2O), high MAP (>17 cmH2O), 
and long Ti (>0.7 s) are known risk factors for pneumo-
pericardium, though these practices are not common now 
a days [64].

Pneumopericardium is usually symptomatic and should 
be suspected in infants with air leak and sudden cardio-
vascular deterioration. Clinically, it may present with wors-
ening respiratory distress, hypotension with narrow pulse 
pressure, bradycardia, pallor, or cyanosis. Cyanosis of the 
head with pallor of the trunk may occur in pneumopericar-
dium. On auscultation heart sounds are muffled and peri-
cardial rub is rarely audible. Low voltage QRS complexes 
are also seen.

The diagnosis is confirmed by chest radiograph. The diag-
nosis is based on radiographs showing air surrounding the 
heart including the inferior surface and outlining the great 
vessels. The presence of air inferior to the diaphragmatic 
surface of the heart differentiates it from a pneumomedias-
tinum in which the mediastinal gas is limited inferiorly by 
the attachment of the mediastinal pleura to the central ten-
don of the diaphragm (Figs. 13B.10 and 13B.11). Illumina-
tion of the substernal region that may flicker with the heart 
rate may be good clue for pneumopericardium in transil-
lumination test. Ultrasound detection of air in pericardial 
sac can be life saving.

Conservative approach is reserved for asymptomatic 
infants. As with any air leak in an infant receiving mechani-
cal ventilation, ventilator pressures should be minimized. 
Pneumopericardium whenever associated with pneumo-
thorax, draining pneumothorax by placing a chest drain 
may decompress it. Drainage by direct pericardial tap via 
the subxiphoid route under USG guidance should be con-
sidered in rapid deteriorating pneumopericardium with or 
without a tamponade effect. The blood pressure should 
be monitored continuously and the tap repeated if brady-
cardia or hypotension recurs. Catheter drainage has been 
recommended only if there is persistent or recurrence 
pneumopericardium present. High mortality such as 60%–
70% reported in different studies in symptomatic neonatal 
pneumopericardium cases [63].

Pneumomediastinum
Pneumomediastinum results from leakage of air into the 
mediastinal space. The most common reported causes 
of pneumomediastinum in the neonates are exposure to 
positive pressure ventilation, MAS, pneumonia, or RDS. It 
occurs in about 0.1%–0.2% of newborns, though this is an 
underestimate as majority isolated cases are asymptomatic. 
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Pneumomediastinum may present with respiratory distress, 
a bowed sternum, and muffled heart sound. On radio-
graph, a pneumomediastinum is most commonly seen 
as air surrounding the thymus above the cardiac shadow. 
When large, it appears as a halo around the heart on AP 
view and as a retrosternal or superior mediastinal lucency 

on the lateral view. The mediastinal air can elevate the thy-
mus away from the pericardium, resulting in a “spinnaker 
sail” or “Angel wing” appearance, which is best appreciated 
on a left anterior oblique view (Fig. 13B.12).

An isolated pneumomediastinum often resolves spon-
taneously and in general requires no treatment. It is very 

Figure 13B.11 Diagrammatic Representation of Pneumopericardium Showing a “Ring” of Air Surrounding the Cardiac 
Silhouette. Adapted from Satyan’s illustrative neonatology by Drs. Chandrasekharan and Rawat.

Figure 13B.10 Pneumopericardium—Free Air Surrounding the Heart but Not Extending Beyond the Great Vessels and 
Extending to Inferior Border of Heart.
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difficult to drain a symptomatic pneumomediastinum, as 
the gas is collected in multiple independent lobules but if 
under tension ultrasound-guided percutaneous drainage 
can be tried [65]. However, we have observed resolution 
of many pneumomediastinum cases, once coexisting pneu-
mothorax was drained with the placement of chest drain 
(ICD) (Fig. 13B.13).

Pneumoperitonium
Pneumoperitoneum usually results from perforation of 
intestine or other abdominal viscera, so primarily sur-
gical causes should be ruled out. A pneumoperitoneum 
may rarely be associated with an intrathoracic air leak 
due; it should be suspected whenever a ventilated new-
born develops pneumoperitoneum simultaneously or 
shortly after pulmonary air leaks (pneumothorax, pneo-
momediastinum, etc.). It usually resolves with adequate 
management of the lung pathology and intrathoracic air 
leaks.

High and prolonged positive airway pressure or large 
tidal volume during mechanical ventilation may produce 
lung injury which may cause pneumoperitoneum through 
different routes.
1. Various thoracic air leaks may result air in 

mediastinum, from there air may leak around aorta 
and esophagus and dissects down into retroperitoneum 
and with rupture of parietal peritoneum may cause 
pneumoperitoneum.

2. Air after entering into pulmonary lymphatics may pass 
through retrograde path with positive pressure drive 
and can cause pneumoperitoneum.

3. Pleural air from pneumothorax or surgical emphysema 
air can traverse through pleuroperitoneal fistula into 
peritoneum.
A horizontal beam lateral or right lateral radiograph will 

demonstrate even a small pneumoperitoneum, abdominal 
X-ray along with chest may identify cause of pneumoperi-
toneum. High-intensity transillumination light can also 
identify free peritoneal air, though false positive is possible 
in the presence of very large dilated loops in small preterm 
infants (Fig. 13B.14).

Pulmonary air leak once drained usually coexisting 
free peritoneal air resolve [66] but rarely massive pneu-
moperitoneum causes respiratory embarrassment or may 
compress the portal, inferior vena cava and resulting 
decreased blood return to the heart resulting into poor 
perfusion, hypotension and metabolic acidosis. This 
large pneumoperitoneum may need needle drainage or 
the placement of a catheter for drainage (Fig. 13B.15).

Practice points

1. Pneumothorax and PIE are commonest air leaks in 
neonates, usually occurs in mechanical ventilated 
babies with high pressure or volume.

2. Early use of surfactant, volume-targeted ventilation, 
and early extubation may significantly reduce air leaks 
in preterm newborn.

3. Avoidance of high PIP, MAP, long Ti, monitoring of 
tidal volume, and choosing an appropriate PEEP are 
key ventilation practices which prevent air leaks.

Figure 13B.12 (A) Isolated pneumomediastinum. (B) Pneumomediastinum associated with right-sided pneumothorax.
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4. Pneumothorax usually presents with acute deterioration, 
but PIE presents with slow deterioration in a ventilated 
preterm.

5. Tension pneumothorax should be suspected clinically 
and it should be managed as an emergency.

6. Asymptomatic air leaks can be managed with expectant 
management by monitoring and needle aspiration 

can reduce one-third chest drain placement even in 
symptomatic pneumothoraces.

7. Small-bore, flexible pigtail catheters are preferred for 
chest drain when where needed in newborn with large 
symptomatic or tension pneumothorax.

Figure 13B.13 (A) Diagrammatic representation of anteroposterior view of a pneumomediastinum. (B) Diagrammatic representation of 
a lateral view of a pneumomediastinum. Part A–B: Adapted from Satyan’s illustrative neonatology by Drs. Chandrasekharan and Rawat.
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poor respiratory effort. Apgar scores were 3 and 6 at 1 and 
5 min, respectively. Cord blood gas showed pH 7.15, PCO2 
49 mmHg, and BE 16 mEq/L. Baby was admitted to NICU for 
further care. Neurological examination was normal at NICU 
and baby had moderate respiratory distress at admission. 
Vitals, temperature, and SpO2 monitoring were continuously 
monitored. Baby was continued on mechanical ventilation 
with SIMV pressure control and pressure support mode with 
setting of PIP 20 cm water, PEEP 5 cm water, PS 12 cm water, 
Ti 0.4 s, rate of 40/min, and FiO2 requirement was 0.4 to 
maintain SpO2 >90%. Routine CXR at 1 h of life showed 
a pneumomediastinum (Fig. 1). There was no worsening of 
respiratory distress, tachycardia, or hypotension. Serial blood 

Figure 13B.15 Chest and Abdominal X-ray Showed 
Resolution of Left-Side Pneumothorax and 
Pneumoperitoneum After ICD Placement. Image taken 
from a case report, Bakal U, Aydin M, Orman A, Taskin E, Kazez 
A. A non-surgical condition of neonatal neumoperitoneum: 
retroperitoneal free air secondary to massive tension 
pneumothorax. J Med Cases 2016;7(1):13–14 [66].

Figure 13B.14 High-intensity fiber optic light demonstrating increased transillumination of abdominal wall suggestive of 
pneumoperitonium (A–B) compared to normal abdomen (C)

Case 1

Air leak—management case scenario
A term baby girl, birth weight 2.12 kg, was delivered to a 
28-year-old G3A2 mother following an uneventful antena-
tal period. Delivery was complicated by fetal bradycardia 
and failure to progress requiring outlet forceps. The amni-
otic fluid was meconium stained. Baby did not cry imme-
diately after birth and required positive pressure ventilation 
for 2 min with T-piece resuscitator with 20/5 cm water (PIP/
PEEP) pressure. Baby was intubated in the delivery room for 

Fig. 1 Anteroposterior Chest X-ray at 1st Hour of Life 
Shows Pneumomediastinum.
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In next 4 h in view of worsening respiratory distress 
and respiratory acidosis and hypoxemia in ABG, ventilator 
requirement increased with PIP 24 cm water, PEEP 5 cm 
water, RR 50/min, and FiO2 0.8.

The next important questions are as follows:
1. What should be ideal ventilator strategy?
2. Does this baby require a chest drainage tube (ICD)?
3. When to consider percutaneous USG-guided drainage.

To reduce further lung injury and prevention of any new 
air leaks, baby was shifted from conventional ventilation to 
HFOV with MAP 11 cm water, frequency 10 Hz, Ti:Te1:2, 
amplitude initially set at 20 and then optimised bedside as 
per wiggle of chest and abdomen. Respiratory acidosis and 
oxygenation improved over next 2 h with FiO2 requirement 
decreased to 0.5 (Fig. 2).

As baby was improving clinically and resolution of air 
leaks was observed on chest X-ray, baby was continued on 
HFOV.

ICD chest drain was not required and repeat chest 
X-ray showed improvement of pneumomediastinum. Baby 
improved and ventilator settings were weaned appro-
priately and extubated the baby to room air by 50 h of 
postnatal age. Later CXR showed complete resolution of 
pneumomediastinum (Fig. 3).

ICD may help in clinical improvement if coexisting ten-
sion pneumothorax presents with pneumomediastinum. 
Here patient was managed with HFOV and the pneumo-
thorax was small and hence ICD was not placed.

Antibiotics were stopped after 3 days and oral feeding 
was started on the same day. Patient was discharged on 
postnatal day 5.

gases showed normalization of pH and BE. Sepsis evaluation 
laboratories were sent and antibiotics were started.

After complete clinical assessment, following possible 
risk factors for Air leak were identified.
1. Small for gestation (SGA) baby
2. Oligohydramnios
3. MAS
4. PPV at birth
5. Mechanical ventilation in NICU

Fig. 2 (A) 6 h of postnatal age. (B) At 24 h of age 
resolving pneumomediastinum but with minimal right 
pneumothorax.

Fig. 3 Complete Resolution of Pneumomediastinum 
by 50 h of Life.
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Case 2

Air leak difficult case scenario
Baby S is a preterm (29 weeks of gestational age) baby boy, 
birth weight 1.1 kg, delivered to 22 years old primigravida 
mother by spontaneous vaginal delivery. This baby was a result 
of a spontaneous conception and mother had regular antena-
tal checkups with uneventful antenatal period. Antenatal scans 
were reported normal and Doppler study was also normal. 
She had preterm premature rupture of membrane (PPROM) 
for 20 days for which she received IV antibiotics. There was 
no clinical or biochemical evidence of chorioamnionitis. She 
received 2 doses of antenatal steroids 1 week prior to delivery.

Delivery room
Baby cried immediately after birth. Apgar scores were 7 and 
8 at 1 and 5 min, respectively. Baby developed grunting 
and subcostal and intercostal retraction soon after birth for 
which CPAP started in delivery room (PEEP of 6 cmH2O and 
maximum FiO2 of 0.3) and shifted to NICU.

Course in NICU
Baby was continued on CPAP support with PEEP 6 cmH2O 
and FiO2 0.3. IV Antibiotics were started after sending blood 
culture in view of history of PPROM and respiratory distress. 
Initial CXR was suggestive of mild RDS (Fig. 4). The first 
blood gas showed mild respiratory acidosis (pH 7.26, PCO2 
53 mmHg, PO2 48 mmHg, BE 3 mEq/L).

Over next few hours baby had increase in retractions for 
which CPAP support was increased to 7 cmH2O. Baby con-
tinued to have >40% oxygen requirement, so baby was 
intubated, one dose surfactant was given and continued on 
mechanical ventilator (Fig. 5).

Baby was continued on assist control (AC mode) (PIP 20, 
PEEP 6, Ti 0.30, RR 50, and FiO2 40%). After 2 h of ventilation 
baby had sudden increase in FiO2 requirement with increased 
distress. Baby was hemodynamically stable during evaluation.

What could be the reason for sudden deteriora-
tion? Remember mnemonic: DOPED
•	 Tube	displacement	and	obstruction
•	 Air	leak	(pneumothorax)
•	 Ventilation	(equipment)	failure
•	 Deterioration	of	RDS	and	lung	derecruitment

Bedside immediate chest transillumination was suggestive 
of right-side pneumothorax which was confirmed by CXR.

What are the risk factors for pneumothorax?
•	 Preterm	RDS
•	 PPROM	with	possible	lung	hypoplasia
•	 Increase	in	compliance	post	surfactant

How could we prevent this complication?
•	 Volume	guarantee	mode
•	 Continuous	 monitoring	 of	 tidal	 volumes	 postsurfactant	

and weaning of pressures

As baby was stable hemodynamically chest drain was 
planned without needle aspiration. Post-ICD baby improved 
with improvement in oxygenation (Fig. 5).

Ventilation strategy postpneumothorax?
•	 Patient	trigger	ventilation	(AC,	SIMV,	PSV)	or	rescue	HFOV
•	 High	RR
•	 Keep	 PIP	 minimal	 to	 prevent	 further	 volutrauma	 and	

barotrauma
•	 PEEP	to	maintain	adequate	lung	expansion
•	 Permissive	hypercapnia

Fig. 4 Preterm RDS. Pre- and postsurfactant 
anteroposterior chest X-ray.
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Again after 2 h ventilator pressure and oxygen require-
ment increased. Repeat CXR done showed persistent 
anterior pneumothorax with first ICD in proper position 
(Fig. 6). As baby continued to have high pressure and oxy-
gen requirement, second ICD was placed anteriorly to drain 
pneumothorax, some time reposition of ICD helps but here 
it did not drain pneumothorax. Requirement of multiple ICD 
though rare nowadays with early surfactant use and gentle 
ventilation but subsequent opposite side pneumothorax or 
recurrent pneumothorax may occur during mechanical ven-
tilation for which careful monitoring is required.

Fig. 6 Persistent Pneumothorax Even After 1st ICD.

Fig. 5 Right-Side Pneumothorax With ICD.

Baby was switched over to high-frequency ventilator 
with setting of MAP 10, frequency 10, amplitude 20 which 
produced adequate chest wiggle (VN500, Draeger). FiO2 
requirement slowly came down to 30% after 4 h of HFOV. 
Recurrence of pneumothorax observed in right side when 
weaned to conventional patient-triggered ventilation. Next 
48 h again managed by HFOV with MAP 8, frequency 12, 
and amplitude as per need. (Fig. 7).

Next question to remove ICD first or extubate first
Considering recurrence of air leak, we continued HFOV for 
next 3 days, one of ICDs removed. Once baby stable with 
low settings extubated to CPAP of 5 cm and next 48 h baby 
was on room air and 4 CPAP. CPAP was discontinued at 
31 weeks, 3 days PMA. Baby discharged home at 36 weeks 
PMA with 1.7 kg weight.

Fig. 7 Resolution of Right-Sided Pneumothorax After 
2nd ICD.
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Complications of Ventilation

Pulmonary Edema and Pulmonary Hemorrhage
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CHAPTER POINTS

•	 Pulmonary Edema and Pulmonary Hemorrhage are 
rare but life threatening emergency in the newborn

•	 Timely diagnosis, systematic evaluation, use of optimal 
CPAP/PEEP during invasive and non invasive ventilation, 
general supportive care and management of underlying 
etiology are key to successful management
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or congenital conditions can result in pulmonary edema. 
Pulmonary edema due to increase in capillary permeability 
occurs in lung injury. Ventilator-induced lung injury, sepsis, 
asphyxia are the usual reasons. Combination of the above 
two processes albeit could be the common reason as is 
evident from the overlapping etiologies. Re-expansion pul-
monary edema is a specific entity seen when lung expands 
after a prolonged period of collapse. The negative pressure 
generated during reexapansion of the lung is the probable 
mechanism [1].

Clinical features and diagnosis

Fluid in the interstitium or alveoli results in hypoxia. Respi-
ratory distress, hypoxemia, pale skin are the usual manifes-
tations. Intercoastal and subcoastal retractions are usually 
seen. Fine rales may be heard on auscultation of both lung 
fields. Hepatomegaly, gallop rhythm, and cardiac murmur 
are the clues for cardiac origin of pulmonary edema. Sys-
temic examination of the neonate may provide clues for 
multiorgan involvement and generalized disease process 
(sepsis or asphyxia).

Chest X-ray: Cardiomegaly, diffuse fluffy infiltrates radi-
ating from the hilum toward the periphery, hyperexpanded 
lung fields (interstitial pulmonary edema) are the signs of 
pulmonary edema on the chest X-ray. Cardiogenic causes 
will be identified on echocardiography.

Remedial measures

Diuretics, inotropic support, and supplemental oxygen may 
suffice in milder variants. Non-invasive and subsequently 

Pulmonary edema occurs due to accumulation of fluid in 
the interstitium and/or in the alveoli. The major mecha-
nisms [1] involved are
1. Increase in transpulmonary pressure
2. Leakage of fluid due to increase in capillary 

permeability
Pulmonary edema occurs when the fluid transit into the 

lungs exceeds airway fluid clearance, which is a protective 
mechanism. Na,K-ATP channels play an important role in 
airway fluid clearance [2]. The development of these chan-
nels is gestation-dependent. Studies have shown that these 
channels are upregulated by antenatal corticosteroids.

Increase in transpulmonary pressures occurs in left 
atrial hypertension of any cause. Patent Ductus Arteriosus 
(PDA) with left to right shunt is a common condition in 
neonates responsible for pulmonary edema. Left Ventric-
ular (LV) dysfunction due to asphyxia, sepsis, metabolic, 
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invasive ventilation support could be escalated for the 
management of moderate to severe pulmonary oedema. 
Neonates can be started on incremental PEEP titrating to 
retractions and saturations, keeping FiO2 minimal. PEEP 
can be gradually increased from 5 to 8 cm. In case of 
noncardiogenic pulmonary edema (ARDS), PEEP can be 
increased gradually and cautiously to 10–12 cm optimizing 
lung expansion using chest X-ray and clinical monitoring 
of anteroposterior diameter of chest.

Pressure–volume (P–V) loop in pulmonary graphics 
may aid in determining optimum PEEP based on the lower 
inflection point. PEEP increments can be done till flat 
lower inspiratory portion of the P–V loop becomes vertical. 
The aim of ventilation is to minimize retractions, correct 
hypoxemia with optimal PEEP and lowest possible FiO2.

Specific management must be tailored to the etiologi-
cal process (e.g., PDA, sepsis, asphyxia, cardiac malforma-
tions) to prevent recurrence.

Pulmonary hemorrhage

Pulmonary hemorrhage can occur due to varied reasons. 
The origin can be cardiac or noncardiac. Cardiac causes 
include elevated left atrial pressures due to left ventricular 
dysfunction (asphyxia, sepsis), or volume overload (PDA), 
or valvular pathology (mitral stenosis—rare in neonates). 
Noncardiac causes include systemic disorders like sepsis, 
coagulation abnormalities, platelet dysfunction, or severe 
thrombocytopenia. Other factors, which may have inde-
pendent association with pulmonary hemorrhage include 
intrauterine growth restriction, polycythemia, mechanical 
ventilation, and prematurity [3].

A well-recognized (albeit rare) scenario is pulmonary 
hemorrhage due to a rapid fall in pulmonary vascular resis-
tance increasing the left to right shunt across PDA resulting 
in volume overload of the pulmonary capillaries following 
surfactant administration in preterm neonates. Cochrane 
review has shown an increased risk of pulmonary hemor-
rhage with protein-free synthetic surfactant especially when 
administered prophylactically [4]. Rescue surfactant ther-
apy with natural surfactant is not associated with signifi-
cant pulmonary hemorrhage.

Clinical features and diagnosis

Neonate on mechanical ventilation may have acute desatu-
ration, increasing oxygen requirements, and poor chest 

rise. Endotracheal suction may reveal pink-colored hemor-
rhagic fluid (hematocrit of the fluid is less than the blood 
indicating admixture with edema fluid) [5]. Care must be 
taken to avoid deep suction of endotracheal tube as bleed 
from local trauma of the trachea can be misinterpreted as 
pulmonary hemorrhage. Tachycardia is usually noted. Bag 
and tube ventilation may reveal stiff lungs. In case of mas-
sive hemorrhage, neonate can become pale, apneic, and 
hypotensive.

Chest X-ray may show varied findings; many have 
bilateral fluffly opacities radiating from hilum toward 
peripheries. In severe cases, white out of the lungs can 
be seen.

Pulmonary graphics—loss of lung compliance in the PV 
loop.

Arterial blood gas may show hypoxia, hypercarbia, and 
mixed acidosis.

Remedial measures

Endotracheal suction is done to prevent clogging of endo-
tracheal tube with blood clots. Increasing PEEP is an impor-
tant strategy to reduce hemorrhage. Careful increments of 
PEEP (from 5 to 8 cm) aiming to reduce intercostal reces-
sions, optimize lung volume on the chest X-ray, are useful 
in recruiting fluid-filled alveoli. This compresses the ooz-
ing capillaries, controlling or arresting the hemorrhage. PIP 
must be titrated to optimize chest rise. Ti can be prolonged 
to have good inflation time (0.4–0.5 s).

If conventional ventilation fails, high frequency ven-
tilation can be employed as a tool to reduce pulmonary 
hemorrhage. MAP can be increased till adequate FRC is 
attained and oxygenation is maintained. High frequency 
ventilation can paradoxically increase the secretions, 
thereby increase the need for frequent suctioning and 
this can interfere with adequate and consistent delivery 
of MAP.

Surfactant paradoxically has been tried in severe pul-
monary hemorrhage to restore the lost surfactant pool 
due to inactivation by blood with some benefit, but lack 
of well-designed trials preclude recommendation for rou-
tine use [6]. Endotracheal adrenaline (1:10000 dilution, 
0.1 mL/kg) being a potent vasoconstrictor has been tried 
to decrease the bleed in small trials, but cannot be rec-
ommended as a standard of care. Similarly, endotracheal 
hemocoagulase—a purified enzyme extracted from South 
American Viper—has also been tried with some benefit, but 
cannot be recommended due to lack of robust evidence [7] 
(Algorithm 13C.1).
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ALGORITHM 13C.1 MANAGEMENT OF PULMONARY HEMORRHAGE
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Complications of Ventilation

Neonatal Necrotizing Tracheobronchitis
Arun Nair, MD, FRCPCH, FRACP, P.K. Rajiv, DCH, MD, Aiman Rahmani, FAAP

Necrotizing tracheobronchitis (NTB) is an inflamma-
tory lesion of the upper airway seen in mechanically 
ventilated neonates. In its severe form, it causes necro-
sis and sloughing of the epithelium in the trachea and 
main stem bronchi with resultant acute obstruction of 
the airway. Neonates with NTB present a diverse clini-
cal spectrum from asymptomatic disease to severe airway  
obstruction.

The term necrotizing tracheobronchitis was coined by 
Metlay et al. from Strong Memorial Hospital in Rochester 
and MacPherson and coworkers from Maggie Women’s 
Hospital in Pittsburgh, USA in 1983. They jointly published 
a study of a series of cases, which had undergone assisted 
ventilator therapy and died of obstructive ventilator events; 

the autopsy findings of these babies’ trachea were filled 
with friable red black debris [1]. There was no evidence of 
any viral, fungal, or bacterial infection. They found no such 
findings in babies who were still born or who were venti-
lated for less than 3 h. They therefore concluded that NTB 
is related to assisted ventilation and length of survival. In 
addition to trachea they found similar changes in both left 
and right main stem bronchi prompting them to rule out 
the mechanical injury of intubation to be a cause for these 
findings.

Several case reports were subsequently published in 
the 80s and with decreasing frequency in the 90s and 
beyond outlining the clinical and bronchoscopy find-
ings [2–9]. With increasing survival of high-risk infants 
especially small preterm babies and the advent of high 
frequency ventilation especially jet ventilation, people 
started seeing and reporting increasing number of this 
rather rare disease process. Many authors have reported 
the role of high-frequency jet-ventilation (HJV) as the 
main modality to cause this lesion, but it has been 
reported in babies on other modes of ventilation includ-
ing conventional ventilation [10–12]. It has now become 
clear that this is definitely an iatrogenic disease process 
seen in ventilated newborn babies, mostly in those born 
prematurely.

Pathogenesis

The pathogenesis is not well understood, many factors 
may be involved like mode and duration of ventilation, 
high pressure to which the airways are exposed during ven-
tilation, ischemic injury in hemodynamic unstable babies, 
and so on [5,6]. The role of humidification or rather lack 

CHAPTER CONTENTS HD

Pathogenesis 197
Clinical diagnosis 198
Investigations 198
Prevention 198
Treatment 198
Prognosis 198
References 200

CHAPTER POINTS

•	 This is a rare clinical entity in ventilator management
•	 The aetiology is possibly linked to inadequate 

humidification and hence imminently preventable
•	 High index of suspicion when encountering acute 

hypercarbia and hypoxemia especially on HFOV
•	 Judicious step by step increment in PEEP /MAP and Tidal 

volume to effect improvement in saturations
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of it has been consistently shown in studies in human 
beings and in animal experiments specially using high fre-
quency ventilation [13–16].

Clinical diagnosis

NTB should be suspected in the mechanically ventilated 
newborn with an acute onset of hypercarbia and respiratory 
acidosis, decreased chest excursions without obvious dete-
rioration of the pulmonary parenchymal disease on chest 
X-ray when other causes like accidental displacement of ET 
tube, pneumothorax, or obstruction of the ET tube is ruled 
out. It is important to be aware of the possibility of NTB 
as one of the causes for increasing PaCO2 in a baby well 
established on ventilator so that early intervention can be 
instituted to prevent it from escalating into a severe form 
(Fig.13D.1).

Investigations

Bronchoscopy is the main investigative tool. The typical 
appearance on bronchoscopy would show the necrotic 
plug and exfoliatiation of the tracheal mucosa as depicted 
in Fig. 13D.2.

On microscopy this debris would consist of thick homog-
enous basophilic material lined on the luminal aspect of 
the necrotic epithelium. The material has the appearance 
of detached necrotic mucosa admixed with mucous. The 
remaining mucosal tissue would usually be fibrotic with 
regenerating glands and minimal inflammation.

CT scan of the chest to look at the airways may be 
required in long standing cases to outline the degree of nar-
rowing of the airways.

Prevention

Being an iatrogenic disease entity with high mortality and 
morbidity, every effort should be made to prevent it. Use of 
gentle ventilation, adequate humidification (with inspired 
gases at temperatures 37–37.5°C), and careful attention 
toward monitoring of blood gases have essentially seen a 
reduction in the frequency of occurrence as well as report-
ing of NTB in the last 2 decades. One other factor that 
may have played a role in decreasing rates of this dreaded 

disease process is the increasing use of noninvasive modali-
ties of respiratory support in smaller and smaller babies in 
recent times.

Treatment

In those babies where the NTB has just been diagnosed, 
there are very few treatment options. Ventilatory flow trac-
ing, if available on the ventilator, it could help in picking 
up early signs of obstruction. Typically, the tracing would 
indicate air trapping, expiratory waveforms do not return 
to base line with no zero-flow state at the end of expiration 
(Fig. 13D.3).

The following adjustments may help to mitigate the fol-
lowing situations [17]:
1. Decrease the rate
2. Increase the expiratory time
3. Decrease the flow
4. Consider increasing the PEEP

As pointed out, the disease is a direct consequence of an 
artificial invasive respiratory care; one could try to reduce 
the ventilator settings if possible and aim to extubate under 
cover of steroids, if there are no contra indications. Try 
decreasing the ventilator setting while maintaining and 
titrating adequate PEEP on conventional ventilation or by 
increasing the MAP on HFV in steps about a cmH2O to gain 
reductions in PaCO2.

In those where the disease process is well established, 
two types of treatment are described: repeated bronchos-
copies with membrane extraction [2,3] and extracorporeal 
membrane oxygenation [18,19]. In long standing cases 
with narrowing of the airways with stenosis following heal-
ing, there is no other option but for surgical attempts to 
increase the caliber of the airways.

Prognosis

There is a high mortality rate approaching 45%–100% 
[6]. Those who survive tend to have high morbidity 
related to stenosis of the upper airways. Long-term prog-
nosis in those babies who survive will depend on the 
degree of airway narrowing and other comorbidities that 
go with the surviving high-risk newborn infant. In view 
of the rarity of the disease process, there is very little 
long-term data available to predict a population-based  
outcome.
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Fig. 13D.1 The Typical Sequence of Ventilatory Events That Occurs in Babies Who Develop Necrotizing 
Tracheobronchitis (NTB). Adapted from Kirpalani H, Higa T, Perlman M, Friedberg J, Cutz E. Diagnosis and therapy of necrotizing 
tracheobronchitis in ventilated neonates. Crit Care Med 1985;13:792–797 [2].
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Various Modes of Mechanical Ventilation
Gianluca Lista, PhD, Ilia Bresesti, MD

Introduction

The last decades have seen significant improvements in 
the care of premature infants. In particular, the introduc-
tion of new ventilation techniques, the use of antenatal 
steroids, and the administration of surfactant have led to a 

decrease in early mortality and to a reduction in long-term 
sequelae [1].

However, nowadays one of the most relevant causes of 
mortality in preterm infants remains respiratory failure.

Respiratory distress syndrome (RDS) affects a great 
proportion of these premature neonates and it is a mul-
tifactorial disease, mainly caused by the lack of surfactant 
production and the inefficiency of breathing effort at birth 
and in the following hours. However, while surfactant can 
now be replaced and administered in its exogenous form, 
respiratory work has to be supported by ventilators.

The introduction of mechanical ventilation (MV) in the 
neonatal field dates back to the early 1970s, when assistance 
started to be provided at an early stage of the disease, and 
no longer as a desperate final attempt to avoid death, using 
devices that were specifically designed according to infants’ 
needs.

Initially, mortality and air leak were quite common, but 
over time, techniques of invasive ventilation have evolved. 
Although these new approaches have consistently improved 
neonatal survival and have led to the development of new 
techniques, bronchopulmonary dysplasia (BPD) is still a 
serious consequence following MV. This is the reason why 
great commitment has been devoted to the search for alter-
native, less invasive ventilation techniques, which would be 
able to provide the gentlest and most effective respiratory 
support. There is, in fact, wide consensus among neona-
tologists about the reduced lung damage using less invasive 
respiratory assistance compared to MV.

There are several types of damage that can occur in the 
lung during ventilation, and they are named according to 
the cause leading to them. These are (Fig. 14.1) as follows:
•	 volutrauma, which is caused by overdistension and 

excessive stretch of tissues
•	 barotrauma, when excessive pressure is delivered to the 

lung parenchyma
•	 atelectotrauma, when tidal ventilation is given in 

presence of atelectasis

CHAPTER CONTENTS HD

Introduction 205
Conventional mechanical ventilation 206
Principal ventilation techniques 209
High-frequency ventilation 210
Importance of the “open lung strategy” 211
Clinical tips 211
References 213

CHAPTER POINTS

•	 Mechanical ventilation can damage the lung by 
several mechanisms – volutrauma, barotrauma, 
atelectotrauma, biotrauma (inflammation) and 
rheotrauma (induced by flow) resulting in ventilator-
induced lung injury (VILI).

•	 Conventional ventilation is characterized by factors 
dictating the initiation of breath (trigger – flow or 
pressure), control of gas flow during respiratory support 
(limit or control – pressure or volume) and termination 
of respiratory support (cycle – time or flow).

•	 Uncontrolled delivery of volume is the main determinant 
of VILI. Volume-targeted ventilation with synchronization 
reduces mortality and risk of BPD compared to non-
synchronized pressure-limited ventilation.

•	 The types of patient triggered ventilation include 
synchronized intermittent mandatory ventilation 
(SIMV – often with pressure support), assist control, 
and pressure support ventilation (flow-cycled).
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•	 biotrauma, when MV of any form triggers a cascade of 
inflammatory mediators and cells causing biochemical 
and biophysical injury

•	 rheotrauma, when inappropriate flow is delivered, 
either excessive or inadequate
All of these injuries are covered by the definition of “ven-

tilator-induced lung injury” (VILI).
Hence, nowadays the main goal for the neonatologist is 

to minimize VILI by reducing the duration of ventilation 
and optimizing the use of ventilators.

Conventional mechanical 
ventilation

Even if the proportion of neonates undergoing MV has 
reduced significantly in recent years due to the increased 
use of noninvasive respiratory support techniques, there 
are specific clinical situations that require the use of this 
form of support.

When the clinician has established that a patient requires 
MV, several decisions need to be made.

Great attention must be paid in choosing the method to 
provide respiratory support. In fact, criteria include the gesta-
tional age of the baby, the underlying lung condition, and the 
need to minimize VILI and other organ damage (e.g., avoid-
ing hyperoxia in babies at risk of retinopathy of prematurity).

Currently, thanks to progresses in biomedical engineer-
ing, there is a wide range of devices available, which are 
applicable to a large variety of clinical scenarios. These 
improvements, however, have given birth to a whole host 
of definitions and modes that may be confusing for the 
neonatologist.

Given the wide variety of techniques available, guide-
lines for ventilating babies are not necessarily absolute 
indications and are likely to vary between NICUs [2].

Basic principles of ventilation modes
The rationale through which the ventilator supports the 
baby’s breathing is characterized by three key points:
1. The way the support of each breath begins (trigger)
2. The way the gas flow during breathing is controlled 

(limit or control)
3. The way the breathing support finishes (cycle)

Fig. 14.1 Contributors to Ventilation-Induced Lung Injury (VILI)—Volutrauma, Barotrauma, Rheotrauma, 
Atelectotrauma, Biotrauma, and Ventilator-Associated Infections Play a Role in the Pathogenesis of VILI. Copyright: 
Satyan Lakshminrusimha.
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1. In the so-called “conventional ventilation”, inflations 
are delivered regardless of the synchronism with the 
infant’s breath. The neonatologist sets frequency and 
ventilation parameters (pressure and time) in order to 
obtain the optimal minute ventilation.

 Alternatively, when mechanical inflations are delivered 
in synchrony with the patient’s respiratory effort, we 
refer to “synchronized mechanical ventilation.” In this 
modality, the ventilation frequency control is subject 
to the synchronized MV technique in use and to the 
trigger that the neonatologist has set.

2. The main gas flow delivery mechanism during each 
breath is alternatively the pressure and/or the volume 
(tidal volume [Vt]).

3. The end of the respiratory support occurs at 
predetermined time (time-cycle) or depending on the 
flow rate decrease (flow-cycle).

Pressure control ventilation 
(Fig. 14.2)
Pressure limiting ventilation was the gold standard in neo-
natal ventilation for years, since volume control ventilation 
in extremely premature infants was difficult to use. This type 
of respiratory support continues to be widely used because 
of its relative simplicity, the possibility to effectively ven-
tilate the baby despite large leaks from the endotracheal 
tube (ETT), and for the improvement of intrapulmonary 
gas exchange due to the decelerating gas flow and the direct 
control of peak inspiratory pressure (PIP). The limit of this 
technique is the lack of control on volumes due to rapid 
changes in lung compliance.

Volume-targeted ventilation 
(Fig. 14.3)
Volume targeted ventilation (VTV) is a form of MV where the 
primary target variable is the tidal volume. In order to reach 
this set volume, fluctuation of pressure is permitted. How-
ever, the pressure control acts if delivered pressure exceeds a 
safety limit, that is, usually set at around 40 cmH2O.

This type of ventilation is usually combined with:
•	 Intermittent mandatory ventilation (IMV)
•	 Synchronized intermittent mandatory ventilation 

(SIMV) (alone or plus pressure support [PS])
•	 Assist control (AC) or synchronized intermittent 

positive pressure ventilation (SIPPV)
•	 Pressure support ventilation (PSV)

During VTV, the continuous inspiratory flow produces 
the typical ramping of pressure, with peak pressure and vol-
ume delivery occurring at the end of inspiration. This is a 
relevant difference in respect to pressure target ventilation, 
where they occur early in inspiration.

One of the main concerns regarding VTV is related to 
loss of delivered volume from leaks. This is particularly evi-
dent in very small infants, and with the use of uncuffed 
ETTs.

VTV is, at least theoretically, the optimal technique to 
treat heterogeneous lung disease, since it provides slower 
inflations which lead to a better gas flow uniformity. Its 
clinical indications include RDS, ventilator-dependent 
heart disease and BPD, but it is applicable to virtually all 
lung diseases.

In this mode of ventilation, the volume control is based 
on the volume released by the ventilator, and not on the 

Fig. 14.2 Pressure Control Ventilation with Decelerating 
Flow Pattern. PIP is attained early resulting in better 
intrapulmonary gas exchange in conditions associated with 
poor compliance. However, if compliance rapidly changes, 
tidal volume also changes resulting in hypo- or hypercapnia. 
Copyright: Satyan Lakshminrusimha.
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volume actually delivered to the patient, which is probably 
the main limitation of this technique.

The most widely studied VTV application in newborns is 
volume guarantee (VG) ventilation.

It has been shown that volume targeting and syn-
chronization reduces mortality and the risk of BPD 
compared with nonsynchronized and pressure-limited 
modalities [3].

Although there is strong evidence that the main deter-
minant for VILI development is uncontrolled delivery of 
volume, only about 50% of large neonatal units use this 
technique [4].

Synchronization of ventilation
Synchronization of the ventilator with the infant’s breaths, 
limiting the use of deep sedation and muscle relaxants, has 
been shown to be useful in avoiding frequent desatura-
tions; delivery of excessive air pressure in the airways; and 
in reducing ventilation duration, cerebral hemorrhage, and 
pneumothorax [5]. However, a deep understanding of the 
interaction between the patient’s effort and the ventilator’s 
inflation is needed in order to avoid a suboptimal ventila-
tion. In fact, the Vt entering the lung is determined by the 
combination of the patient’s inspiratory effort (negative 
intrapleural pressure) and the positive pressure generated 
by the ventilator, which together form the transpulmonary 
pressure.

When used with extremely preterm infants, however, this 
mode of ventilation has to face the difficulty in synchroniz-
ing all breaths, including those producing minimal signals.

The detection sensitivity (the so-called “trigger”) must 
be very high and it must have a rapid response time (less 
than 50 ms) to follow the short inspiratory time and high 
respiratory rates typical of preterm infants. In addition, the 
variability of flow loss due to the use of noncuffed ETT fur-
ther complicates the synchronization.

The first technique for synchronization used a change in 
the pressure in the ventilator circuit, which depends on the 
baby making a sufficiently large inspiration to modify the 
circuit pressure (∼0.5 cmH2O). However, it is inaccurate if 
the baby is very small or has a low inspiratory effort.

Another option is a capsule (Graseby capsule) stuck on 
the abdomen to detect abdominal movements. This tech-
nique may be unreliable and the effectiveness and accuracy 
depends on where the capsule is placed on the abdomen.

Presently, in the majority of the devices in use, triggering 
is made through a hot wire flow sensor placed between the 
wye piece of the ventilator circuit and the ETT.

Two tungsten wires heated to 400°C detect the gas flow 
through the cooling effect of the gas. It detects inspira-
tory gas flow, and when this has reached about 0.2 L/min, 
around 30 ms after the beginning of inspiratory flow, an 
inflation is started. The delay time depends on the set trig-
ger sensitivity on a scale ranging from 1 to 10 (1 is the most 
sensitive). This sensitivity should always be set to 1 so that 
the inflation occurs as close as possible to the onset of the 
baby’s inspiration. A higher number will mean a longer 
delay between the onset of inspiration and the start of infla-
tion, resulting in a nonsynchronous inflation.

Some clinicians are concerned that adding a flow sensor 
increases the dead space and thereby increases the infant’s 
PaCO2. For this reason, for very preterm babies <1 kg, the 
Vte can be slightly increased to 5–6 mL/kg.

Increased dead space is rarely a significant problem 
because, as uncuffed ETTs are used, there are almost always 
leaks around the tube. Even in the case of no leaks, the 

Fig. 14.3 Volume Control Ventilation with a Constant 
Flow Pattern. Intraalveolar pressure slowly builds up attaining 
peak pressures toward the end of inspiration. This mode 
maintains constant volume in spite of changing compliance 
(as after surfactant therapy or surgery). Copyright: Satyan 
Lakshminrusimha.
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effect on PaCO2 is small and not of clinical significance 
compared with the clinical gain from using the sensor.

There may be autotriggering problems when
1. The leakage around the ETT is detected by the sensor 

but misinterpreted, and so this outflow can wrongly 
start the cycle.

2. The sensor detects gas flow from condensed water 
bubbling in the ventilator circuit and this triggers 
an inflation—even though the baby may not be 
inspiring at this time, the humidity in the circuit 
activates the trigger, causing an excessive increase in 
the ventilation frequency. Some people reduce the 
sensitivity to prevent this; however, this causes an 
unacceptable delay between the onset of inspiration 
and the inflation. This can be avoided by ensuring the 
ventilator circuit is free of condensed water.
Recently, a new form synchronization has been intro-

duced, called neurally adjusted ventilatory assist (NAVA).
Although it is contraindicated in specific clinical con-

ditions (e.g., esophageal malformations, coagulation dis-
orders, apnea), NAVA has been shown to be a promising 
approach in preterm and term infants.

Using electrodes on a specially designed nasogastric 
tube, it detects and analyzes the diaphragmatic EMG and 
uses this signal to trigger ventilator inflations in proportion 
and in synchrony with the phasic inspiratory diaphragmatic 
electrical activity. Backup pressure control is provided when 
there is no diaphragm signal.

To date, there is no consensus about which modality of 
synchronization is optimal.

Principal ventilation techniques

Synchronized intermittent 
mandatory ventilation
The SIMV is a form of patient-triggered ventilation (PTV) 
characterized by a predetermined number of inflations  
(= backup rates) which are synchronized with the onset 
of spontaneous infant breath or delivered automatically if 
the patient effort is inadequate or absent. In SIMV, spon-
taneous breaths exceeding the predetermined number 
are not assisted and supported by the baseline pressure 
(PEEP).

This means that the smallest infants ventilated through 
extremely small caliber ETTs are subjected, especially dur-
ing the weaning phase, to an excessive work of breathing 
(WOB) with an ineffective minute ventilation. In fact, this 
occurs when the fixed rate is decreased to favor spontane-
ous breathing and what was previously considered a “pre-
extubation training” is now judged a useless respiratory 
effort.

The high airway resistance, which includes narrow ETTs, 
limited strength of the respiratory muscles and a compliant 
chest wall, results in an ineffective tidal ventilation.

Moreover, since the device’s dead space is fixed, in the 
case of shallow and/or ineffective breaths, a rebreathing of 
the anatomical dead space gas occurs, affecting the alveolar 
minute ventilation.

Weaning is probably the best application of SIMV, 
although some clinicians prefer to use it as an alternative 
mode to AC.

SIMV can be combined with PS. In that case, the venti-
lator delivers a set number of mandatory ventilations per 
minute. Between those mandatory inflations, the infant can 
take spontaneous breaths and the ventilator will provide PS 
(e.g., 2–3 cmH2O) above PEEP values, reducing the WOB.

Assist control (SIPPV)
This technique is another form of PTV. It supports any 
respiratory effort, either initiated by the patient (“assist”) 
or by the ventilator (“control”), capable of overcoming the 
trigger threshold set by the clinician.

Compared to SIMV, it reduces WOB and it is the most 
useful mode in acute phase. For this reason, it is a good 
ventilator strategy for virtually all patients. However, this 
technique requires a “dynamic” setting. In fact, during the 
different phases of RDS lung compliance changes and shal-
low breathing affects the respiratory rate. Therefore, a care-
ful management of the parameters is needed.

Usually, a backup rate is set to provide a minimum rate 
in case of apnea. It is usually slightly below the spontane-
ous rate (30–40 inflations/min).

The Vt should range from 4 to 6 mL/kg, according to 
the RDS phase (acute/weaning), and pressure parameters 
should be set with this aim.

The goal is to synchronize the baby’s breathing effort 
with the ventilator as much as possible, thus requiring 
lower ventilation pressures.

During the weaning phase, the inspiratory peak is gradu-
ally lower and the ventilation frequency is not initially 
changed. In this way, reducing the support provided to each 
breath, the infant gradually increase the WOB as a compen-
sation for the reduced volume provided by the ventilator.

Especially in very preterm baby, particular attention 
should be paid to the risk of hypocapnia.

Pressure support ventilation (Fig. 14.4)
PSV is a pressure-controlled mode that partially or fully 
supports every infant’s breath, like AC, but it is flow cycled. 
This means that in PSV the support is terminated when 
inspiratory flow decreases its velocity as a consequence of 
progressive lung filling. This flow cycle ends when a thresh-
old (usually ranging from 5% to 20% of the flow peak) 
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is reached. This technique eliminates the PS for prolonged 
inspiration times and theoretically provides greater adher-
ence to the ventilation synchronization. Further advantages 
may involve the reduction of intrathoracic and intracranial 
pressure fluctuations.

This technique can be used alone with a backup fre-
quency or, in some ventilators, alternating with the SIMV. 
This “hybrid” mode tends to better support the spontane-
ous respiratory effort of the patient.

To date, despite the wide use of SIMV and AC, there is no 
evidence of superiority of one technique compared to the 
other with regard to outcomes such as air-leak syndrome, 
BPD, or shortened ventilation duration. Several pilot studies 

highlighted a slight variation in the tidal volume, a lower inci-
dence of tachypnea, a slight fluctuation in the blood pressure 
and quicker weaning using AC compared to SIMV.

High-frequency ventilation

Despite the availability of the most sophisticated devices to 
deliver conventional MV, in addition to surfactant replace-
ment therapy and other pharmacological treatments, there 
are still some neonates who cannot be adequately venti-
lated. Moreover, atelectotrauma, barotrauma, and volu-
trauma are still concerns that neonatologists have to face 
when using conventional MV.

High-frequency ventilation was first described by Lunken-
heimer in the early seventies, and during the 1980s, this 
method of ventilation was introduced in neonatal clinical 
practice.

High-frequency ventilation has been extensively studied 
in preterm infants, while in full-term babies this ventila-
tion modality needs to be further investigated, even if it 
has been shown to be useful to treat severe conditions such 
as persistent pulmonary hypertension of the newborn and 
aspiration syndromes.

It includes high-frequency oscillatory ventilation 
(HFOV), high-frequency jet ventilation (HFJV), and high-
frequency percussive ventilation (HFPV) (also known as 
high-frequency flow interruption [HFFI]).

High-frequency ventilation consists of generating low 
tidal volume, providing a mean airway pressure (MAP) 
around which the pressure oscillates at very high rate.

The rate ranges from 5 to 50 Hz, but the most commonly 
used parameters in clinical practice are 6–15 Hz.

The efficacy of HFV is primarily due to improvement in 
pulmonary gas exchange, and it is believed to be a result of 
the reduced pressure and volume swings transmitted to the 
periphery of the lung.

The main advantage of HFOV is to potentially be lung 
protective. While atelectotrauma is not significantly lessened, 
barotrauma and volutrauma can be reduced since HFOV uses 
lower transpulmonary pressure and smaller tidal volumes 
than any other modality of assisted ventilation. However, even 
if lung damage prevention is the primary goal of HFOV, it is 
applied mostly when pulmonary injury has already occurred.

To be fully effective, HFOV should be delivered to an 
entirely recruited lung, and this is the reason why the “opti-
mal lung volume strategy” is routine with this technique.

With respect to mortality and neurodevelopmental 
outcomes, in contrast to what had been demonstrated in 
initial studies, prophylactic HFOV for preterm infants is 
now known not to be superior to conventional ventilation, 
although BPD prevalence was inferior, since air leak with 
HFOV was most common [6].

Fig. 14.4 Pressure Support (PS) Ventilation Helps 
Overcome Airway (Including Endotracheal Tube) 
Resistance. The breath is triggered by the patient. Inspiration 
is terminated (cycled off) when the flow reaches a prespecified 
% of peak flow (usually 5%–20%). Copyright: Satyan 
Lakshminrusimha.
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There is no consensus on the use of HFOV instead of 
MV for RDS. However, there are specific clinical conditions 
which seem to particularly benefit from this technique 
(e.g., congenital diaphragmatic hernia [CDH], pulmo-
nary interstitial emphysema [PIE], pulmonary hypoplasia, 
PPHN, meconium aspiration syndrome [MAS], cardiac sur-
gery patients).

HFJV is a variant of HFOV that delivers highly acceler-
ated inspirations (0.020 s) at similar or slightly lower fre-
quencies. In the past, this technique was suspected to cause 
trachea injury (the so-called “rheotrauma,” in which the 
shear forces of high gas flow rates provoke damage to the 
airway), but recent randomized controlled trials found no 
evidence for such concern.

Bhuta and colleagues [7] showed that HFJV used as an 
alternative to conventional ventilation slightly reduced the 
risk of BPD but significantly increased the risk of acute brain 
injury. Moreover, as a rescue therapy, HFJV did not change 
the risk of BPD or mortality [8]. HFJV is mostly reserved 
for infants with severe cystic lung disease or evolving BPD.

Recently, some ventilators can combine HFOV with VG. 
There is still a lack of evidence about its application in clin-
ical practice. Further discussion on high frequency ventila-
tion is provided in chapters - High Frequency Ventilation 
Basics, High Frequency Oscillatory Ventilation (HFOV): 
Management Strategy, Management of HFJV.

Importance of the “open lung 
strategy” (Fig. 14.5)

There is convincing evidence that high tidal volumes are 
more damaging than pressure by itself, and for this reason 
neonatologists’ focus has shifted to providing a more protec-
tive ventilation for the lung. As early as late-1980s, Dreyfuss 
and colleagues highlighted the role of large tidal volume in 
occurrence of lung damage regardless of whether that vol-
ume was generated by positive or negative pressure [9].

Subsequent experiments emphasized the concept that 
tidal volume should be distributed evenly throughout the 
lung to provide a lung-protective ventilation. However, the 
relevance of achieving and maintaining uniform lung aera-
tion to reduce VILI has been underestimated for years.

In fact, if there are large areas of atelectasis, the tidal vol-
ume aerates predominantly already open alveoli and, as a 
consequence, causes their overdistension with subsequent 
volu/biotrauma. In the meantime, overdistension pro-
vokes the mechanical entrapment of the atelectasic areas, 
which are going to be even less aerated. Moreover, atelec-
tasis causes exudation in the alveoli of a liquid enriched 
in proteins that inactivate surfactant and induce the releas-
ing of inflammatory mediators. In addition, between over-
stretched and atelectasic areas, so-called strain and stress 

forces are generated and this process enormously increases 
the pulmonary damage, with a significant increase of trans-
pulmonary pressures and interstitial edema.

Hence, to reduce VILI in ventilated premature infants, 
we should, at least theoretically, aim to ventilate a recruited 
or “open lung” with an adequate Vt [10].

The target is to set the lung volume on the deflation limb 
of the pressure/volume (P/V) curve and above the lower 
inflection point.

In clinical practice, it means using appropriate PEEP 
values that prevent recruited alveoli from closing [11]. 
Thus, PEEP is not just the critical point above which the 
lung gets open, but also that at which the lung does not 
get closed.

It was believed for years that high PEEP values were 
responsible for inadequate venous return and hypercapnia. 
This “PEEP phobia” probably found its origin in animal 
experimental studies, which were conducted on normal 
and then compliant lungs, which substantially differ from 
premature pulmonary parenchyma.

If applied with adequate PEEP values, the open lung 
strategy allows homogeneous distribution of tidal volume, 
and this may be assumed from the results obtained with 
HFOV recruitment strategies.

It is important, however, to emphasize that there is no 
one PEEP threshold value which is protective and suf-
ficient to ensure a homogeneous distribution of ventila-
tion. The optimal PEEP should be reached in every patient 
through alveolar recruitment procedures that nowadays 
seem to be possible also in conventional MV [12]. The 
RDS stage, the compliance, as well as the phase of the dis-
ease (acute/chronic/weaning) are all criteria which must 
be considered.

It is indeed clear that a PEEP value of 6 cmH2O in a nor-
mal lung can create overdistension, but in a less compliant 
lung can be insufficient. Since in very premature infants the 
lung has characteristics which are far from physiology, using 
PEEP below 5 cmH2O should be the exception to the rule. 
If PEEP requirement exceeds 8 cmH2O, then other ventila-
tion strategies (e.g., HFOV) or intervention (e.g., surfactant) 
should be considered. In addition, the neonatologist must 
keep in mind that RDS is a “dynamic” disease, and for this 
reason, ventilation parameters must be adapted accord-
ing to clinical conditions, radiology and, if available, ven-
tilation graphs that may help identifying lung compliance 
changes in real time.

Clinical tips

As is evident from prior discussion, it is quite difficult to 
provide guidelines for when and how to initiate MV which 
is suitable for any clinical situation.
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Given the wide variety of clinical conditions, types of 
ventilators, and modes of ventilation, standard recommen-
dations are of limited utility.

First of all, assessment of the baby must be done imme-
diately at NICU entry. In infants with respiratory distress, 
we suggest starting with:
•	 clinical evaluation of WOB and respiratory mechanics 

(e.g., Silvermann score)
•	 performance of chest X-ray to evaluate lung conditions 

and make diagnosis
•	 blood gases for staging the severity of the disease
•	 echocardiography to detect cardiovascular impairment 

and/or underlying congenital heart diseases

•	 considering prenatal history (e.g., prematurity, 
IUGR, twin pregnancies complicated by twin-to-twin 
transfusion syndrome, and so on)
Respiratory distress is mainly caused by prematurity and 

then by surfactant deficiency. The best ventilation manage-
ment starts in the delivery room, with the optimization of 
lung volume with recruitment maneuvers (sustained infla-
tions and/or adjustments of CPAP level).

In mechanically ventilated infants, we usually start with 
AC + VG and we set the following initial parameters:
1. RR 40–60 bpm
2. IT 0.25–0.40 s
3. Vt 5–7 mL/kg

Fig. 14.5 Open-Concept Ventilation. (A) Heterogeneous lung disease with areas of overdistension and atelectasis inducing 
volutrauma, atelectotrauma, and biotrauma. (B) Open-lung ventilation where PEEP is higher than the lower inflection point. 
Copyright: Satyan Lakshminrusimha.
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4. PEEP 5 cmH2O
1. RR should be adjusted in order to optimize the 

comfort of the baby during ventilation and according 
to CO2 levels.

2. IT is adjusted several times in a day according to lung 
compliance, searching for the time constant.

3. The exhaled Vt initially set at 5–7 mL/kg should be 
adjusted in order to reduce WOB, and according to the 
degree of lung inflation.

 We administer surfactant immediately at NICU entry 
when gestational age of the patient is below 24 weeks. 
Above this gestational age, we follow the most recent 
guidelines on the management of RDS [13] regarding 
timing of surfactant replacement therapy (when FiO2 
requirement is >0.30 in babies less than 26 weeks, 
when it is >0.40 in neonates above 26 weeks’ 
gestation).

 When using VG ventilation, we usually set the flow at 
5–8 L/min. In specific conditions, before deciding to 
change ETT size, it can be increased up to 10 L/min 
when compensating leaks is necessary. Higher flow is 
not used in order to avoid rheotrauma.

 When ventilating patients for prolonged time (e.g., 
patients affected by BPD), it could be appropriate to 
increase Vt up to 8–10 mL/kg to overcome the raised 
functional dead space and trachea enlargement. In 
this clinical condition, setting IT and backup rates 
on low values (e.g., 10–15 RR) is useful to avoid 
overtrapping.

4. PEEP is adjusted according to blood gases values 
(especially CO2), FiO2 requirement, and lung inflation 
visible at chest X-ray. PEEP values higher than 
8 cmH2O are rarely used.

In the acute phase of RDS, HFOV as early rescue treat-
ment can be considered. High-frequency ventilation is our 
first choice in CDH, MAS, PIE, or pulmonary hypoplasia 
with or without lung malformations. All of these clinical 
conditions are treated with the open lung strategy with 
incremental and decreasing CDP.

PSV + VG is our preferred modality of ventilation in neo-
nates with respiratory failure:
•	 in the postabdominal surgery period
•	 after deep sedation or in severe neurological 

impairment
•	 due to heart diseases with ventilator dependence
•	 with normal lung compliance

PSV + VG ventilation mode is used as a first-line treat-
ment in very premature infants only if they dramatically 
respond to surfactant replacement therapy.

If the patient is not affected by chronic lung disease, dur-
ing the weaning phase from VTV, we usually avoid changes 
in ventilation modality. We maintain AC, and we attempt 
to reduce RR, Vt (not lower than 4 mL/kg), and PEEP (not 
lower than 4 cmH2O), trying for extubation when the peak 
needed to reach the Vt set is around 14–16 cmH2O and 
FiO2 requirement is less than 0.30.

The use of SIMV + VG is usually limited to the weaning 
phase of very preterm infants in order to avoid the risk of 
metabolic acidosis caused by the increase of WOB. However, 
if the WOB excessively increases using this modality, a PS (e.g., 
2–5 cmH2O) over PEEP is often associated and then gradually 
reduced according to WOB in order to avoid derecruitment.

In the course of PCV as well, clinicians should aim at 
maintaining a safe and effective Vt, adjusting PEEP and PIP 
values based on variations of clinical conditions and lung 
mechanics.

References

 [1] Owen LS, Manley BJ, Davis PG, 
Doyle LW. The evolution of modern 
respiratory care for preterm infants. 
Lancet 2017;389:1649–1659. 

 [2] Keszler M. Mechanical ventilation 
strategies. Semin Fetal Neonatal Med 
2017;22:267–274. 

 [3] Wheeler KI, Klingenberg C, Morley 
CJ, Davis PG. Volume-targeted versus 
pressure-limited ventilation for 
preterm infants: a systematic review 
and meta-analysis. Neonatology 
2011;100:219–227. 

 [4] Klingenberg C, Wheeler KI, Owen LS, 
Kaaresen PI, Davis PG. An international 
survey of volume-targeted neonatal 
ventilation. Arch Dis Child Fetal 
Neonatal Ed 2011;96:F146–F148. 

 [5] Greenough A, Rossor TE, Sundaresan 
A, Murthy V, Milner AD. Synchronized 
mechanical ventilation for respiratory 
support in newborn infants. Cochrane 
Database Syst Rev 2016;9:CD000456. 

 [6] Cools F, Offringa M, Askie LM. 
Elective high frequency oscillatory 
ventilation versus conventional 
ventilation for acute pulmonary 
dysfunction in preterm infants. 
Cochrane Database Syst Rev 
2015;3:CD000104. 

 [7] Bhuta T, Henderson-Smart DJ. 
Elective high frequency jet ventilation 
versus conventional ventilation for 
respiratory distress syndrome in 
preterm infants. Cochrane Database 
Syst Rev 2000;2:CD000328. 

 [8] Rojas-Reyes MX, Orrego-Rojas PA. 
Rescue high-frequency jet ventilation 
versus conventional ventilation for 
severe pulmonary dysfunction in 
preterm infants. Cochrane Database 
Syst Rev 2015;10:CD000437. 

 [9] Dreyfuss D, Soler P, Basset G, Saumon 
G. High inflation pressure pulmonary 
edema. Respective effects of high 
airway pressure, high tidal volume, 
and positive end-expiratory pressure. 
Am Rev Respir Dis 1988;137: 
1159–1164. 

[10] Lista G, Maturana A, Moya FR. 
Achieving and maintaining lung 
volume in the preterm infant: from 
the first breath to the NICU. Eur J 
Pediatr 2017;176(10):1287–1293. 



214

Section Bedside Application Principles of Assisted Ventilation Devices| IV |

 [11] Lista FC G. Optimizing lung volume. 
Manual of neonatal respiratory care. 
Berlin-Heidelberg: Springer; 2017. 
pp 627–631. 

 [12] Castoldi F, Daniele I, Fontana P, 
Cavigioli F, Lupo E, Lista G. Lung 
recruitment maneuver during 

volume guarantee ventilation of 
preterm infants with acute respiratory 
distress syndrome. Am J Perinatol 
2011;28:521–528. 

 [13] Sweet DG, Carnielli V, Greisen G, 
Hallman M, et al. European consensus 
guidelines on the management of 

respiratory distress syndrome—2016 
update. Neonatology 2017;111(2): 
107–125. 



215

 Chapter | 15A |

Patient-Triggered Ventilation: Synchronized 
Intermittent Mandatory Ventilation (SIMV), 
Assist–Control, Pressure-Support Ventilation (PSV), 
Neurally Adjusted Ventilatory Assist (NAVA)
Helmut Hummler, MD, MBA

CHAPTER POINTS

•	 Synchronized modes adapt the ventilator breaths 
to the infant’s breathing pattern and thus improve 
efficiency of respiratory support

•	 A proximal flow-sensor is the most commonly used 
trigger device as it has both high sensitivity and 
specificity

•	 Large leaks (>50%) may impair proper function of a 
flow sensor as a trigger device

•	 Assist-control (A/C) is the most commonly used mode 
of synchronized ventilation in the neonate

•	 Weaning during A/C is done by decreasing the peak 
pressure of ventilator breaths

•	 Pressure Support Ventilation (PSV) can be used alone or 
to support spontaneous breaths if the patient is weaned 
using Synchronized-Intermittent Mandatory Ventilation 
(SIMV) with a stepwise decrease in the SIMV rate

Introduction

This chapter reviews synchronized invasive ventilation. 
Noninvasive ventilation is covered in Chapter 16.

The development of synchronized ventilator modes for 
neonates was clearly delayed in comparison to develop-
ments in adult intensive care, and this was related to the 
fact that technology to measure very small flows and tidal 
volumes for premature infants needed to be developed. 
The almost uniform presence of leaks around the endotra-
cheal tube (Fig. 15A.1), which often vary in size over time 
and can be very large, had to be considered.

Different types of interaction between spontaneous respi-
ratory breaths and mechanical inflations have been observed 
in neonates and include the Hering–Breuer reflex, resulting in 
relaxation of respiratory muscles, augmented breaths (Head’ 
paradoxical reflex), and forced expirations [1]. Although 
during mechanical ventilation, a close timely interaction of 
the mechanical inflation with the patients’ inspiratory effort 
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usually decreases the effort due to the Hering–Breuer reflex 
and, thus, results in a lower transpulmonary pressure, it may 
also increase the transpulmonary pressure if a Head’ para-
doxical reflex occurs (Fig. 15A.1) [2]. It is believed that this 
reflex plays a critical role in recruitment and maintenance 
of lung volume in the neonatal age. When being placed 
on mechanical ventilation, some infants may adapt to the 
ventilator rhythm [1], and some may respond to mechani-
cal inflation with a few rapid very shallow breaths, whereas 
others respond with active expiration, which seems to occur 
predominantly if mechanical inflation occurs at the end of 
the inspiratory or during the expiratory phase of the infants’ 
spontaneous breath [1]. Active expiration was observed to be 
associated with the occurrence of pneumothorax in preterm 
infants with RDS by some authors [1]. Another response may 
be phase locking in expiration, where mechanical inflation is 
“locked” in the expiratory phase of spontaneous ventilation 
[3]. This response seems to be related to the vagal respiratory 
reflexes [3,4]. Mechanical inflations during the spontaneous 
expiratory phase prevent exhalation and disturb the infants’ 
breathing pattern and do not contribute to a useful mechani-
cal ventilator support.

Applied physiology of synchronized 
mechanical ventilation in the newborn

The physiological effect of spontaneous inspiratory effort 
being in phase with the mechanical inflation results in a 

larger transpulmonary pressure and thus a larger tidal volume 
(Fig. 15A.1) [5–7]. This may improve oxygenation in preterm 
infants with RDS [8]. Synchronization may reduce intratho-
racic pressure fluctuations and decrease blood pressure fluc-
tuations [6,7], which have been suggested to be associated 
with fluctuations of cerebral blood flow velocity and the 
occurrence of intraventricular hemorrhage [9]. Indeed neuro-
muscular paralysis has been shown to decrease fluctuations 
of cerebral blood velocity and may reduce the occurrence of 
intraventricular hemorrhage and air leaks in ventilated pre-
term infants [9,10], but it delays weaning and has its inherent 
side effects, including loss of FRC and negative effects on car-
diac output. Thus, routine use of muscular paralysis in venti-
lated preterm infants with RDS is currently not recommended 
[10]. Improved efficiency of synchronized ventilation allows 
the preterm infant to decrease its respiratory effort resulting in 
improved work of breathing [11,12]. Avoiding to breathe out 
of phase with the ventilator does seem to decrease agitation 
and stress as indicated by decreased epinephrine levels found 
by the authors [13]. In fact, one clinical study suggested that 
the use of synchronized ventilation may decrease the use of 
sedation and paralysis, at least in some subgroups [14].

Effects of the different types 
of ventilation

Physiological effects of synchronizing mechanical infla-
tions to spontaneous breaths are described in the Section: 

Fig. 15A.1 Challenges and Benefits of Synchronization of Ventilation in Neonates. Transpulmonary pressure is the 
difference between Palv and Ppl; see text for details. Palv, Alveolar pressure; Ppl, pleural pressure. Copyright: Satyan Lakshminrusimha.
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Applied physiology of synchronized mechanical ventila-
tion in the newborn.

Modes of synchronized ventilation
A mechanical inflation synchronized to the beginning of 
inspiration of the spontaneous breath may be applied with 
a preset pressure or flow profile. Most commonly, a pres-
sure-limited breath with a fixed or variable inspiratory time 
(time-cycled, pressure-limited inflation) is applied with a 
preset pressure profile. If the ventilator device measures 
airflow and terminates the inflation once decreasing flow 
crosses a certain threshold (i.e., 5%–10% of peak flow), 
the inspiratory time becomes variable and the (decreas-
ing) flow cycles the inflation off. The two most commonly 
used modes are synchronized intermittent mandatory ven-
tilation (SIMV) and assist–control (A/C). Pressure-support 
ventilation (PSV) is being used also in clinical practice, but 
proportional assist ventilation (PAV) has not gained wide-
spread acceptance in neonatal respiratory support at this 
time.

Synchronized intermittent positive pressure 
ventilation; SIMV

During SIMV, a user-defined preset number of mechanical 
inflations per minute is provided, which are synchronized 
to the infant’s spontaneous breaths. This mode is often 
used for weaning when there is already a good respiratory 
effort and a large proportion of work of breathing that is 
already being done by the infant breathing during the expi-
ratory phase of the ventilator and supported by positive-
end expiratory pressure (PEEP) (Fig. 15A.2). The ventilator 

opens a preset window of time during which a spontane-
ous breath can trigger an inflation given by the ventilator. 
This window of time is usually a certain percentage of one 
complete respiratory cycle. If no effort is detected during 
this window of time, the ventilator provides a nonsynchro-
nized (mandatory) inflation. If the rate of the infants’ spon-
taneous breaths is low, this may result in a situation where 
no spontaneous breath is detected during this trigger win-
dow; by definition, the mechanical inflation is a nonsyn-
chronized backup breath which may actually disrupt the 
infant’s own breathing pattern.

Assist–control

During A/C, mechanical inflations are either “assisted,” if 
the infant has spontaneous efforts, or “controlled” (in the 
absence of patient effort). Every patient breath passing the 
trigger threshold is supported by the ventilator and the 
rate of ventilator inflations follows the respiratory rate of 
the infant (Fig. 15A.3) unless the infants breathes so fast 
that the next breath is within the default expiratory time, 
when the ventilator is refractory for another breath (usu-
ally 0.20 s). This mode gives the infant more liberty to 
drive up the ventilator support, if needed, by increasing its 
own respiratory rate. During A/C, a backup rate is selected 
to maintain FRC and gas exchange during periods of low 
respiratory effort of the infant. Some manufacturers use the 
term “synchronized intermittent positive pressure ventila-
tion” (SIPPV) for this mode.

Pressure-support ventilation

PSV is an assisted mode where spontaneous breaths are 
either fully or partially supported by an increase in airway 
pressure. It may be used alone (full support) or in com-
bination with SIMV, where spontaneous breaths between 
SIMV inflations are supported (partial support). During 
PSV, a preset peak inspiratory pressure (PIP) is applied, 
as long as there is a positive inspiratory airflow. Thus, the 
infant determines the inspiratory time of the inflation sup-
ported by the ventilator. Inflation is terminated once one of 
the following conditions is met first: it may be flow if flow 
cycling is chosen, or time, if flow cycling is “off” (chosen 
inspiratory time will be applied).

Proportional assist ventilation

During PAV the ventilator measures airflow and adjusts 
airway pressure throughout the respiratory cycle every few 
milliseconds in proportion to the inspired volume to com-
pensate for elastic forces (elastic unloading), and in pro-
portion to the airflow to compensate for resistive forces 
(resistive unloading) (Fig. 15A.4).

Fig. 15A.2 Synchronized Intermittent Mandatory 
Ventilation (SIMV) Mode Showing (Larger) SIMV 
Inflations With Spontaneous Breaths in Between These 
Breaths During PEEP. Paw, Airway pressure; PEEP, positive-end 
expiratory pressure.
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Cycling (trigger) techniques for 
synchronized ventilation
Although many signals have been investigated to trig-
ger ventilator breaths in neonates (esophageal pressure, 
abdominal wall capsule, thoracic impedance, induction, 

airway pressure, and airflow), almost exclusively airflow 
and sometimes airway pressure are being used clinically. 
Thoracic impedance was used clinically for some time until 
the signal was proven to be not very reliable. A phase shift 
in the impedance signal secondary to chest wall distortion, 
causing a time lag of the trigger signal, was observed, which 
could result in long trigger delays or even in trigger during 
expiration [15]. Unfortunately, those infants needing respi-
ratory support have the highest risk for a low lung com-
pliance and chest wall distortion. The abdominal pressure 
capsule was commonly used with the Infantstar ventilator, 
which is not available any more. However, more recently, 
there is increased interest in using abdominal motion for 
triggering using noninvasive ventilation [16]. Table 15A.1 
lists advantages and disadvantages of different trigger 
techniques.

Airflow is being used most commonly as the trigger sig-
nal as this is the most specific signal available for clinical 
use at this time. Furthermore, this signal allows monitoring 
of flow and tidal volume and thus to use volume-targeted 
ventilator modes (Chapter 15). The additional dead space 
imposed by the flow sensor has been of some concern, 
especially for the most immature infants [17]. However, 
recent data suggests that instrumental dead space second-
ary to a flow sensor being introduced between the ventila-
tor circuit and the endotracheal tube is not always affecting 
gas exchange or may affect PCO2 far less than expected. This 
may be related to the presence of an endotracheal tube leak 
and to the fact that air is probably not transported as bulk 
volume, but rather in parabolic profiles or in a nonlaminar 
fashion allowing to mix during transition from the ventila-
tor circuit to the alveoli [18,19]. From a clinical point of 
view, the use of a flow sensor should always be favored, and 

Fig. 15A.4 Proportional Assist Ventilation (PAV). The 
ventilator measures airflow and volume and adjusts airway 
pressure throughout the respiratory cycle in proportion to 
the inspired volume to compensate for elastic forces (elastic 
unloading), and to the airflow to compensate for resistive forces 
(resistive unloading). Copyright: Satyan Lakshminrusimha.

Fig. 15A.3 Assist–Control (A/C) Mode. Every patient effort (blue arrows in Pes trace) is supported by the ventilator (Paw increase, 
red arrows). Paw, Airway pressure; Pes, esophageal pressure.
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if there are concerns about additional dead space ventila-
tion, the effect of its introduction can always be tested by 
eliminating/reintroducing the sensor while closely observ-
ing the PCO2. Heated circuits help to reduce water rainout 
and thus decrease the risk for autocycling due to artifacts.

Detection of autocycling and 
trigger failure
Clinical evaluation of the infants’ thorax and abdomen 
can be very useful to evaluate the origin of a breath; a 

Table 15A.1  Different trigger techniques for synchronized ventilation (Fig. 15A.5)

Trigger techniques Advantages Disadvantages/Problems

Airflow Very specific signal, low risk of 
autocycling or trigger failure

Dead space
Artifacts due to secretions
Air leaks may cause autocycling

 Hot wire anemometer Less problems with secretions Less sensitive for small flows

 Pneumotachograph Very sensitive, can detect very small flows Rainout and secretions affect signal

Airway pressure No dead space Very immature infants may not be able to trigger
Artifacts secondary to secretions in the circuit

Impedance No dead space Phase shift causing trigger delay due to chest wall 
distortion (dependent on positioning of electrodes)

Esophageal pressure No dead space Peristalsis of the esophagus causes trigger
Cardiac artifacts

Abdominal pressure 
capsule

Very sensitive
No dead space

Autocycling secondary to movement artifacts

Diaphragmatic EMG No dead space Requires a specific sensor to detect EMG

Fig. 15A.5 Different Trigger Techniques for Synchronized Ventilation. Refer Table 15A.1 for details. Copyright: Satyan 
Lakshminrusimha.
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spontaneous breath causes abdominal expansion second-
ary to the contraction of the diaphragm. The latter may 
cause subcostal (and intercostal and jugular) retractions. 
However, a spontaneous breath causes only a small expan-
sion of the chest. In supine position, a mechanical inflation 
(without spontaneous respiratory effort) is directed more 
toward the cranial and anterior parts of the chest and usu-
ally there is no chest wall distortion.

Graphical display of flow and pressure may be very help-
ful to detect autocycling. Triggered breaths show a small 
inspiratory airflow before the airway pressure increases 

with the mechanical inflation causing an acceleration of 
airflow. The third inflation (arrow) in Fig. 15A.6 does not 
show the small inspiratory airflow before the airway pres-
sure increases to cause inspiratory flow acceleration, and 
the esophageal pressure (Pes) curve does not show a deflec-
tion clearly indicating that there is no patient effort. How-
ever, a small positive airflow not followed by a mechanical 
inflation indicates trigger failure (arrow in Fig. 15A.7). If 
autocycling occurs, the trigger threshold has to be increased 
above leak flow. Some ventilators compensate for leaks 
automatically.

Fig. 15A.7 Trigger Failure. Note that the arrow points to a small inspiratory airflow (red circles), but there is no mechanical 
inflation as indicated in the airway pressure (Paw) curve (blue marker). The Pes curve proves that there is a spontaneous effort. Pes, 
Esophageal pressure.

Fig. 15A.6 Autotrigger. Note that the third inflation (arrow) does not show the small inspiratory airflow (red circles) before the 
airway pressure increases and the esophageal pressure (Pes) curve does not show a deflection indicating that there is no patient 
effort. Paw, Airway pressure.
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Indications and contraindications

In infants with spontaneous respiratory effort, synchro-
nized ventilation should be considered the standard mode 
to take advantage of at least the physiological benefits. 
However, introduction of a flow sensor causes additional 
dead space, which may result in CO2 retention, especially 
in very small infants. To keep the PCO2 in the desired refer-
ence range, alveolar minute ventilation has to be increased 
in this situation, which may require an increase in the 
infants’ effort, or in the ventilator rate and/or tidal vol-
ume. Risks (increased volutrauma) and benefits (Section, 
Applied physiology of synchronized mechanical ventila-
tion in the newborn) will have to balance against each 
other. This decision should be individualized (Section, 
Detection of autocycling and trigger failure).

More mature preterm or full-term infants with severe 
lung disease often do not tolerate the presence of an endo-
tracheal tube and mechanical inflations very well and often 
receive analgesia/sedation or even paralysis in clinical prac-
tice. Although there are no studies to confirm the efficacy 
of this approach, it seems reasonable to try these infants on 
a synchronized mode before medications are used. Pres-
ence of the infants’ own respiratory effort helps to main-
tain FRC, allows to lower ventilator settings, and supports 
cardiac output.

SIMV
This is very often used as weaning mode, although many 
clinicians prefer A/C during the acute and weaning phase. 
During SIMV, the patient has less capability to receive addi-
tional support by the ventilator as compared to A/C.

A/C
This mode can be used for many patients during the acute 
phase or during weaning. In comparison to SIMV, the patient 
can increase the support given by the ventilator by increasing 
his/her own breathing rate. Thus, it gives more liberty to the 
patient to control the degree of ventilator support.

PSV
PSV can be used for full support where every spontaneous 
inspiration is assisted by additional airway pressure above 
PEEP, or as a hybrid mode during SIMV where spontaneous 
breaths between SIMV breaths are usually supported with 
a lower pressure. This approach is often used as a weaning 
mode with the PIP chosen only a few cmH2O above PEEP 
to support spontaneous breaths to overcome the resistance 
imposed by the endotracheal tube in place.

Protocol of use

SIMV
The clinician sets the PIP (if pressure targeted), or the 
desired tidal volume (if volume targeted), the inspiratory 
time (if time-cycled), and the SIMV rate (similar to IMV). 
If flow cycling is used (termination of inspiration with the 
flow decreasing to a certain percentage of the peak flow), 
the inspiratory time chosen is the maximum inspiratory 
time. During flow cycling, the beginning and the end of 
the ventilator inflation is synchronized. For flow cycling, 
usually 5%–10% of peak flow, to cycle the inflation off, 
is suggested. Use minimal sensitivity to allow for a short 
response time. Set trigger threshold just above any artifacts 
seen in the flow trace and readjust if needed.

A/C
Similar to SIMV, the clinicians set the PIP or the targeted 
tidal volume. If flow cycling is chosen, the percentage of 
peak flow to cycle the breath off is chosen (often 5%–10%). 
Trigger threshold is set similar as during SIMV. The inspira-
tory time is chosen by the clinician, which is the maximum 
inspiratory time, if flow cycling is used. A backup for epi-
sodes of low respiratory effort is chosen depending on the 
severity of lung disease and the stability of gas exchange.

PSV
PSV can be used as the primary mode of ventilator support 
alone. This mode is almost identical to pressure-controlled 
A/C with flow cycling. However, some ventilators allow 
hybrid-synchronized modes. SIMV may be used along with 
PSV, where PSV supports those breaths occurring between 
SIMV inflations. In this case, the PIP or tidal volume is 
chosen separately for SIMV and PSV inflations. Inspiratory 
time and backup rate is chosen similar to A/C.

Bedside application of the 
technology

If not present already, the trigger device is attached to the 
baby and the mode is chosen as directed by the manufac-
turer of the device used.

Adjustment of trigger threshold
External signals like the abdominal pressure capsule or 
impedance are more prone to artifacts than airflow. If the 
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trigger threshold is too low, artifacts may trigger ventila-
tor inflations. If the trigger threshold is too high, the time 
until the infant reaches this threshold may be longer caus-
ing a delay in the response time, or the infant may even 
not be able to reach this threshold. A trigger response time 
≤0.1 s, which corresponds to approximately one-third of 
the usual spontaneous inspiratory cycle of a preterm infant, 
is believed to be appropriate. A reasonable approach is to 
decrease the trigger threshold to as low as possible, but to 
remain just above the level of observed artifacts.

Adjustment of backup rate during 
A/C
During A/C, the infants’ respiratory rate is the main factor 
determining the rate of mechanical inflations given by the 
ventilator. However, as especially very immature infants 
often have very irregular breathing including prolonged 
periods of apnea leading to loss of functional residual 
capacity and desaturation, these infants need a “safety 
cushion” using backup ventilation to step in after an often 
user-adjustable backup delay, with an user-adjustable 
backup rate. The delay should be as long as possible if the 
infants’ breathing pattern is more stable and lung disease 
is not severe, but as short as needed to ensure stable gas 
exchange in case apnea occurs.

PSV
During PSV, as the single mode, a backup rate is chosen 
similar to A/C. If used as a weaning mode along with SIMV, 
the clinician has to ensure that SIMV rate is not too high 
to interrupt synchrony because of trigger failure when the 
spontaneous respiratory effort does not match to the trigger 
window (see airflow and pressure traces at the ventilator). 
If a high SIMV rate is needed, the infant may not benefit 
from SIMV + PSV as weaning strategy. A/C might allow 
better synchronization in this situation. Since during PSV 
flow cycles the ventilator inflation off, the resulting inspira-
tory time is shorter and thus mean airway pressure may be 
lower. This effect may impair oxygenation in cases with sig-
nificant lung disease and may require an increase in PEEP.

Failure of technology

Functionality of synchronized modes is particularly depen-
dent on proper function of the trigger sensor device. There-
fore, it is generally recommended to check functionality of 
the trigger signal and correct triggering in regular intervals 
clinically and by observing airflow and pressure curves on 
the ventilator display. Refer Section: Detection of autocy-
cling and trigger failure, for more details.

Weaning from technology

The weaning strategies are different comparing SIMV with 
A/C.

SIMV
During regular IMV, most clinicians would first reduce the 
peak pressure or tidal volume (to minimize volutrauma) 
before they would decrease the ventilator rate, and extu-
bate from a low IMV rate. This traditional approach is also 
feasible with SIMV.

A/C
If A/C is used, the ventilator rate will be determined 
by the infants’ own respiratory rate or the backup rate, 
whichever is higher. As most infants breathe with a rate of 
40–60 breaths/min, this will result in the same rate of ven-
tilator-supported inflations. Therefore, during A/C, wean-
ing has to be done primarily by a stepwise reduction of the 
PIP and infants will have to be extubated from a higher 
rate of mechanical inflations. Consider to extubate, if the 
tidal volume is within the range of a normally breathing 
infant (3–5 mL/kg) and shows comfortable breathing with 
a low PIP.

PSV
If PSV is used alone, the strategy for weaning is similar to 
A/C. If a hybrid mode is used (SIMV + PSV), usually a low 
pressure is used for PSV breaths to compensate for resis-
tive forces imposed by the endotracheal tube. Decrease the 
SIMV rate to as low as possible (10–15 inflations/min), 
which will increase the need for spontaneous breathing. If 
the infant is stable on a low rate of SIMV and a low PSV set-
ting (3–6 cmH2O), the infant may be ready for extubation.

Complications from technology

Autocycling
Leaks may cause autocycling, if flow is used as trigger sig-
nal. Most ventilator devices can correct for moderate leaks, 
but may fail with large or rapidly changing leaks. Regular 
checks of the patient and the flow, volume, and pressure 
traces on the ventilator display can help to detect these 
circumstances. Be aware that autocycled inflations may 
be difficult to detect. A positive flow during the expiratory 
phase of the ventilator suggests a large leak which may 
lead to autocycling and may be corrected by using a larger 
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endotracheal tube to reduce leak. Autocycling is easy to 
detect clinically during A/C. If the patient is switched to 
CPAP or disconnected from the circuit and stops breathing 
right away, he/she was most likely autocycling.

Trigger failure
Trigger failure will result in controlled ventilation with the 
set SIMV rate or the backup rate during A/C or PSV. This 
can be detected by observing the infant clinically and by 
observing the flow and pressure traces on the ventilator dis-
play. The threshold may be too high for the patients’ effort, 
or the patient effort may be just too poor.

PSV
Refer Section: Bedside application of the technology, for 
SIMV + PSV and possible problems with synchronization.

Strategies in specific diseases 
and effects of its use

Studies on synchronized mechanical ventilation included 
mainly preterm infants with respiratory failure due to 
RDS. There are many short-term clinical studies suggest-
ing physiological benefits (Section, Applied physiology of 
synchronized mechanical ventilation in the newborn). The 
published randomized trials comparing conventional non-
synchronized IMV with SIMV or A/C are summarized in a 
Cochrane review [20] and in Table 15A.2. The meta-analy-
sis suggests that there is no difference in mortality and that 
there are no long-term benefits, but duration of mechanical 
ventilation seems to be shorter by almost 2 days.

The meta-analysis is largely dominated by one large trial 
[21], which used an outdated airway pressure trigger device 
in most of the patients. Most clinicians use flow trigger as 
this is considered the best trigger signal.

There are studies to suggest that a low-level PSV 
(3–5 cmH2O) in addition to SIMV, to support the spon-
taneous breaths during PEEP in the expiratory phase of 
SIMV inflations, reduce work of breathing [22,23]. The 
rationale to use this approach is that decreasing the rate 
of SIMV breaths shifts work of breathing to infant who has 
to breathe through the endotracheal tube as a significant 
resistor, which may result in weaning failure, once the rate 
of SIMV inflations is reduced. Adding a low-level PSV to the 
increasing number of spontaneous breaths supports these 
spontaneous breaths and may prevent failure of weaning 
[24]. One randomized study addressed this approach and 
compared weaning with additional PSV during SIMV with 
weaning using SIMV alone and found that weaning was 
accelerated with SIMV + PSV [25].

One case scenario

A preterm baby was born by vaginal birth to a 32-year-old 
Gravida 1 who presented with ruptured membranes and 
preterm labor at 25 + 1 weeks of gestational age. One dose 
of prenatal steroids had been given 12 h before birth. The 
infant was male, weighed 740 g, and responded well to 
initial stimulation and CPAP (+6 cmH2O) with good 
respiratory effort and rapidly increasing oxygen satura-
tion as measured by pulse oximetry (SpO2), allowing to 
wean FiO2 to 0.21. However, the baby boy was intubated at 
25 min of age in the delivery room because of increasing 
respiratory distress (respiratory rate 80–90 breaths/min), 

Table 15A.2  Cochrane review: studies comparing conventional pressure-limited ventilation with synchronized 
mechanical ventilation (SIMV or A/C) for respiratory support in newborn infants [20]

Outcome RR (95% CI) Studies Patients

Death 1.17 (0.94–1.47) 6 1790

Air leaks 0.98 (0.76–1.27) 7 1830

Severe IVH 1.01 (0.73-1.40) 6 1790

BPD (defined as O2 at 28 days of age) 0.91 (0.75–1.12) 4 805

BPD (defined as O2 at 36 weeks pm age) 0.90 (0.75–1.08) 2 1310

RD (95% CI)

Duration of mechanical ventilation (h) −38 (−54 to −23) 5 1463

A/C, Assist–control; CI, confidence interval; SIMV, synchronized intermittent mandatory ventilation.
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intercostal, supraclavicular, and subcostal retractions, 
and increasing oxygen requirement, despite suctioning 
of the upper airway and increasing the CPAP pressure to 
7 cmH2O. Intermittent nasal IPPV did not result in any 
clinical improvement, and the FiO2 needed to maintain 
SpO2 above 85% was gradually increasing over 10 min 
to 0.45. The infant was then intubated and received sur-
factant replacement therapy, which resulted in improved 
oxygenation allowing to decrease the FiO2 to 0.21 and 
applying a PIP of 18–22 cmH2O and a PEEP of 6 cmH2O 
initially with a rate of 60 inflations/min during regu-
lar pressure-controlled mode; the PIP was weaned to 
14 cmH2O and the PEEP to 5 cmH2O over the following 
night.

The infant’s own respiratory rate was 40–50 breaths/
min; and in the morning of the 2nd day of life, the FiO2 
requirements went up to 0.25–0.30 and the rate had 
to be increased by 10 inflations/min because of mild 
CO2 retention. A control chest X-ray showed some mild 
homogeneous decrease in transparency. The infant was 
reported by the nurses to need suctioning frequently 
because of secretions in the endotracheal tube and was 
also reported to be agitated and “fighting the ventilator” 
intermittently, breathing out of phase with the ventilator 
resulting in desaturations, but also seemed to have inter-
mittently poor respiratory effort. The options discussed 
during rounds were to:
•	 give morphine for analgesia/sedation intermittently, or
•	 extubate and place on nasal CPAP or nasal IPPV, or
•	 place the infant on a synchronized mode.

The final team decision was to leave the infant intu-
bated at this time as the infant had required higher ven-
tilator settings more recently and it was expected that a 
second dose of surfactant may be needed soon. Sedation 
was to be avoided and the infant was placed on A/C with 
a backup rate of 40 breaths/min, as phases of poor respi-
ratory drive were observed before. The infant tolerated 
this mode very well and was extubated on the 3rd day of 
life after the PIP was reduced further and FiO2 could be 
reduced to 0.25.

Comment: Clearly, other clinicians may have used PSV 
instead of A/C or SIMV. However, SIMV always has the risk 
of synchronization failure if the patients’ effort just does 
not match nicely with the trigger window. Clearly, A/C or 
PSV gives the patient more liberty to increase the support 
provided by the ventilator by just increasing the own respi-
ratory rate, which would not be possible with SIMV. In the 
absence of appropriate clinical trials to test the different 
strategies in specific situations, thorough knowledge of the 
pathophysiology of the disease and the modes available 
and experience is necessary to select the best mode using a 
physiology-based approach.

New directions including neurally 
adjusted ventilatory assist (NAVA)

Microprocessor techniques have allowed to measure small 
flows and tidal volume and to develop sophisticated 
assisted modes of ventilator support for small preterm 
infants such as synchronized modes. The need for invasive 
ventilation is decreasing with clinicians favoring noninva-
sive modes of respiratory support. Weaning is traditionally 
initiated once clinicians feel that the babies are “ready” for 
weaning. This readiness is rather subjective and actually the 
absence of standardized criteria and being “ready” to initi-
ate the next step may severely delay weaning. Closed-loop 
systems may help to standardize weaning in the future and 
ensure at the same time adequate gas exchange [26].

NAVA
Neurally adjusted ventilatory assist (NAVA) is a more 
recently developed technique for assisted ventilation for 
both invasive and noninvasive respiratory support, which 
uses the electrical activity of the diaphragm (EAdi) (Chap-
ter 30). This signal is obtained within the esophagus using 
a specifically designed gastric tube, which has electrodes 
incorporated in its wall. This part of the gastric tube needs 
to be placed at the proper position in the distal esophagus. 
The phasic component of the signal is closely related to dia-
phragmatic activity and allows a shorter response time than 
airflow, airway pressure, or any other external trigger sys-
tem. The EAdi signal can be used to monitor the electrical 
activity of the diaphragm, or trigger a mechanical inflation, 
and to determine the amount of pressure being delivered 
throughout the spontaneous respiratory cycle. The degree 
of assistance is user adjustable, proportional to the signal, 
and dependent of the selected gain, called “NAVA level” 
(cmH2O/µV). Thus, the change in airway pressure above 
PEEP is proportional to the NAVA level.

This system has some similarities to PAV [27]. However, 
in comparison to PAV, NAVA does not have the problem of 
overcompensation in case the gain is adjusted too high. An 
increasing lung volume during inspiration will downregulate 
diaphragmatic EMG, which will decrease airway pressure, 
if the system works properly. However, overcompensation 
during PAV can self-perpetuate the support unless there is a 
safety limit for inspired tidal volume or pressure.

NAVA is available with the Servo-i ventilator (Maquet 
Critical Care, Rastatt, Germany) for clinical use in neonates. 
This ventilator offers many conventional modes and allows 
synchronized mechanical ventilation using flow or pressure 
trigger, and can be used for invasive or noninvasive NAVA. 
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Backup ventilation is available to maintain alveolar ven-
tilation and gas exchange during periods of apnea. The 
ventilator then continues with NAVA once the EAdi signal 
returns. Thus, the airflow, PIP, and tidal volume are con-
trolled by the patient and the NAVA level. Airway pressure 
is decreased to PEEP level once the EAdi signal decreases to 
a certain percentage of the peak EAdi level.
•	 Advantages: The system provides synchrony 

throughout the respiratory cycle with the airway 
pressure in proportion to the spontaneous effort and 
is not affected by leak. There is no dead space if used 
for invasive respiratory support and it can be used for 
noninvasive ventilator support.

•	 Disadvantages: The system is not useful for infants 
with poor or variable respiratory drive. Thus, usefulness 
is limited to extremely low birth weight infants or 
requires frequent backup ventilation. The sensor device 
is quite expensive.

Clinical studies looking at physiological variables have 
proven functionality of the NAVA system [28–30]. How-
ever, there is limited information available from clinical 
controlled studies. One randomized crossover study found 
better synchrony between patient effort and the ventilator 
and other short-term physiological benefits in comparison 
to other synchronized modes [31], and there are promising 
reports on long-term use [32]. Some authors believe that 
NAVA may be particularly useful for noninvasive ventila-
tion to avoid intubation or for weaning after extubation 
[33,34].

In summary, NAVA is a feedback control system, which 
synchronizes mechanical ventilator support to patient 
effort throughout the spontaneous respiratory cycle, 
which clearly has many attractive physiological advan-
tages. Clinical studies will have to show whether or not 
these physiological advantages translate into better clini-
cal outcomes.
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Neurally Adjusted Ventilatory Assist (NAVA)  
in Neonates
Howard Stein, MD, Kimberly S. Firestone, MSc, RRT

Neurally adjusted ventilatory  
assist basics

What is neurally adjusted ventilatory 
assist
Neurally adjusted ventilatory assist (NAVA) is a mode of 
ventilation that allows the patient to control the initia-
tion, size, and termination of each mechanical breath on a 
breath-by-breath basis [1,2]. The ventilator incorporates a 
neural trigger that detects the electrical activity of the dia-
phragm (Edi) via a specialized nasogastric tube positioned 
at the level of the crural diaphragm. Once the Edi signal 
is detected, the ventilator delivers flow to achieve a peak 
pressure that is proportional to the amount of Edi activity 
(Fig. 15B.1). Once the Edi signal ceases (at end-inspiration),  
the breath is terminated.

Normal range for the Edi signal
The Edi peak is a marker of respiratory drive. The con-
cept of “normal” Edi in a ventilated patient can be chal-
lenging. If the patient is undersupported, the Edi peak 
can be very high, and if the patient is oversupported, the 
Edi peak can be suppressed. Edi min is a marker of tonic 
activity of the diaphragm to prevent derecruitment dur-
ing expiration (Fig. 15B.1). Inadequate PEEP will raise 
the Edi min and excess PEEP will suppress it [3]. To deter-
mine goal Edi peak and min values in the ventilated neo-
nate, stable term and preterm neonates off all ventilatory 
support were evaluated. These studies showed that Edi 
peak goal should be 5–15 mcV and Edi min should be 
2–5 mcV [4,5].
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CHAPTER POINTS

•	 Neurally adjusted ventilatory assist (NAVA) is a mode 
of mechanical ventilation.  NAVA delivers assistance 
in proportion to and in synchrony with the patient’s 
respiratory efforts, as reflected by the diaphragmatic 
electrical signal (Edi).

•	 NAVA improves patient-ventilator interaction and 
synchrony even in the presence of significant air leaks 
and therefore may be the best option for invasive 
ventilation with uncuffed endotracheal tubes and for 
non-invasive ventilation in neonates.

•	 Short term data available for comparison of NAVA to 
conventional ventilation demonstrates lower peak 
ventilator pressures required, improved oxygen levels, 
and lower airway pressures with no adverse events 
attributable to NAVA.

•	 NAVA is neurally integrated with lung protective reflexes 
such as Hering-Breuer reflex which is evident in neonates.

•	 NAVA is a unique mode that offers personalized 
ventilation for the neonate permitting them to 
customize their own ventilatory support based on 
biophysical and biochemical feedback.
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How NAVA works

NAVA improves patient–ventilator 
interaction
Studies in children showed that patient–ventilator interac-
tion improved from 12%–29% asynchrony during conven-
tional modes to 0%–11% during NAVA [6–14]. Synchrony 
was not only improved for initiation of the breath but also 
for size and termination. Asynchrony, as evidenced by false 
triggering, autotriggering, and missed triggering, was also 
reduced. This improved synchrony was present even in the 
presence of large air leaks [15]. This is especially significant 
in neonates when using uncuffed endotracheal tubes or in 
noninvasive (NIV) NAVA with large air leaks around the 
nasal interface.

NAVA allows neonates to control 
peak pressure and tidal volume
Neonates breathing on NAVA chose lower peak inspiratory 
pressures (PIP) and tidal volume (V

t
) compared with con-

ventional ventilation which were targeted by the bedside 
clinician [8,16–23]. NAVA is neurally integrated with lung 
protective reflexes such as Hering–Breuer reflex. As lung 
inflation progresses, vagally mediated stretch receptors in 
the lungs sense an adequate level of lung distension and 
turn off inspiration, so the ventilator breath will be cycled 
off when neural exhalation begins.

Specific evidence for functional lung reflexes in prema-
ture infants comes from NAVA-level titrations (systematic 
increases from 0.5 to 4 cmH2O/µV) in premature neonates 
(mean weight at study was 795g, range 500–1441g). Ini-
tially, PIP and V

t
 increased with increasing NAVA levels as 

the work of breathing was unloaded from the neonate to 

Fig. 15B.1 The Physiologic Basis and Advantages of NAVA. The electrical activity of the diaphragm (Edi) is detected by sensors 
embedded in a specialized nasogastric tube. The Edi min value corresponds to the tonic activity of the diaphragm during expiration and 
the typical values in preterm infants are shown in parenthesis. The Edi peak is generated during inspiration. When the Edi value exceeds 
a preset trigger value, this initiates a mechanical breath from the ventilator. The ventilator provides flow to generate a peak pressure 
above PEEP for the mechanical breath as determined by the product of Edi (peak–min) and the NAVA level (see text for details). 
Copyright: Satyan Lakshminrusimha.
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the ventilator. This was followed by a plateau phase where 
the PIP and V

t
 did not increase further but the Edi was 

downregulated (Fig. 15B.2). The NAVA level at which the 
plateau was evident was termed the “break point” and was 
considered the optimal NAVA level [24].

Outcomes of neonates on NAVA

Only short-term data (hours to days) are available for 
NAVA. When changing from conventional ventilation to 
NAVA, PIP decreased [7,8,10,12,16,18–20,25]. Despite 
lower PIP and V

t
, blood gases improved when on NAVA 

for more than 4 h [19,20,22]. NAVA improved oxygen-
ation even at lower airway pressures and led to reduced 
use of sedatives during longer periods of treatment [21] 
and improved comfort [9]. Neonates on NAVA showed 
better median weight gain (30 g/day) compared with con-
ventional ventilation (13 g/day), despite the same aver-
age caloric intake [26]. No adverse events attributable to 
NAVA have been noted. Specifically, in one retrospective 

review, there was no change in the rate of intraventricular  
hemorrhage, pneumothorax, or necrotizing enterocolitis 
[20]. Randomized controlled trials with developmental 
follow-up are needed to determine the long-term outcomes 
of neonates ventilated with NAVA.

NAVA and specific neonatal diseases
NAVA has shown to be feasible and effective in neonates 
with respiratory distress syndrome (RDS) [18–20,27–29], 
bronchopulmonary dysplasia (BPD) [30], respiratory syn-
cytial virus (RSV) [6,22], congenital diaphragmatic hernia 
(CDH) [31,32], pulmonary interstitial emphysema (PIE) 
[33,34], and those undergoing surgery for congenital heart 
disease (CHD) [8,35–37]. NAVA has also been helpful in 
the diagnosis of central hypoventilation syndrome [38]. 
The bedside clinician should use the same method to set up 
NAVA for all the different neonatal respiratory conditions 
as described in the next section. Ventilation with NAVA will 
then allow the neonate to personalize their own ventilatory 
needs to accommodate their specific respiratory condition 
on an ongoing breath-to-breath basis.

Fig. 15B.2 The Relationship Between NAVA Level and Peak Inspiratory Pressure (PIP) and Tidal Volume (Vt). Increasing 
NAVA level represents higher workload by the ventilator (“mechanical” diaphragm) and less workload by the patient (“biologic” 
diaphragm). A NAVA level of 0 provides no mechanical support above PEEP. As NAVA level increases, the workload by the 
mechanical diaphragm increases until the PIP and Vt plateau. This inflection point is called the ‘breakpoint’. NAVA levels higher 
than the “break point” result in reduction in the contribution of the biologic diaphragm, as shown by Edi (red line), to continue to 
generate optimal PIP and Vt.
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Set up of NAVA

How to place the Edi catheter
The catheter-positioning screen is utilized to position the 
Edi catheter electrodes at the level of the crural diaphragm 
in order to detect the optimal Edi signal. Correct placement 
of the Edi catheter is vital though it is easily maintained 
and monitored. Appropriate placement is achieved when 
the retrocardiac ECG signal with large p and QRS com-
plexes in the upper leads progressing to small or absent 
complexes in the lower leads (Fig. 15B.3). The blue tracing 
in the middle 2 leads represents the Edi signal (also seen 
in the bottom tracing) superimposed over the retrocardiac 
ECG tracing. This signal can drift to the upper and lower 
tracings without affecting the signal quality [39].

How to set the NAVA level
The NAVA level is a proportionality factor that converts the 
quantitative Edi into a delivered inspiratory pressure. It is 
helpful to imagine the NAVA level as a determinant of how 
much work of breathing the patient does compared with 
the ventilator. The patient’s respiratory center controls both 
the biologic diaphragm and the mechanical diaphragm 
(the ventilator), and the NAVA level determines the pro-
portion of work each diaphragm does. The higher the 
NAVA level, the more respiratory effort is unloaded from 
the patient to the ventilator, whereas conversely the lower 
the NAVA level, the more work of breathing is assumed by 

the patient. The goal is to unload the work of breathing 
from the patient to the ventilator without overassisting the 
patient (and suppressing the respiratory drive) acknowl-
edging that the patient continues to determine the fre-
quency, size, and termination of each breath. Practically, as 
the NAVA level increases, delivered inspiratory pressure will 
increase proportionally until a “break point” is reached. At 
this point the inspiratory pressure will remain steady and 
the Edi peak (respiratory drive) will decrease with further 
increases in the NAVA level [24]. It is suggested initiat-
ing NAVA with a level of 2 cmH2O/mcV; then observe the 
patient’s Edi peak and work of breathing. If the Edi peak 
is consistently high (>15–20 mcV) and/or the neonate is 
having significant work of breathing, increase the NAVA 
level every few minutes in increments of 0.5 H2O/mcV 
until the Edi peak decreases to 10–15 mcV and work of 
breathing improves [39]. When extubating from NAVA to 
NIV NAVA (typically at a NAVA level of 1 cmH2O/mcV), it 
is important to increase the NAVA level again to 2 cmH2O/
mcV to account for the loss of flow at the nasal interface, 
and then adjust the NAVA level as described earlier [40].

How to set the Edi trigger
The Edi trigger is comparable to the sensitivity setting in 
flow- or pressure-triggered ventilation. The Edi trigger is the 
amount of Edi increase that is needed for the ventilator to 
initiate the NAVA-supported spontaneous breath. When 
the Edi trigger is set too low, the ventilator reacts to insig-
nificant small signals and delivers small, ineffective breaths 
resulting in clinical decompensation. If the Edi trigger is set 
appropriately (usually at the factory default of 0.5 mcV), 
the small Edi signals are ignored by the ventilator, inter-
preted as apnea, and backup ventilation is delivered until 
the respiratory drive improves and a more robust Edi signal 
occurs [39].

How to set apnea time
Although located in the alarm section of the ventilator 
setup, the apnea time is a pertinent ventilator setting. Apnea 
time is the time the neonate can have a respiratory pause 
after which the ventilator initiates backup ventilation. In 
the literature, apnea is defined as no respiratory effort for 
longer than 15–20 s [41]. However, this may be too long for 
a ventilated neonate to be without respiratory support and 
may result in worsening clinical status. Apnea time should 
be thought of as minimum respiratory rate. For example, 
an apnea time of 2 s gives a minimum rate of 30 breaths/
min. This is unrelated to the backup rate, which is the rate 
at which the neonate is ventilated during the apneic event, 
and is preset by the bedside clinician. Providing a mini-
mum rate is a safety feature to ventilate the neonate with 
recurrent apnea [42].

Fig. 15B.3 Edi Catheter Positioning Screen From the 
Servo-i Ventilator. Note that the p-waves become smaller 
and disappear from the top tracing to the lower tracing while 
the QRS complexes get smaller but are still evident in the lower 
tracings.
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How to set the peak pressure limit
With conventional ventilation, the peak pressure alarm is 
typically set slightly higher than the peak pressure to pro-
tect the lung from inadvertent high inspiratory pressure 
and risk of overdistention. However with NAVA ventilation, 
setting the peak pressure limit at a comparable level to con-
ventional ventilation will restrict the neonate from taking 
occasional recruiting or sigh breaths and will be at risk for 
underventilation from progressive atelectasis. Premature 
neonates show the capacity to regulate their minute ven-
tilation and adjust their ventilator peak pressure demands 
and respiratory rate on an ongoing basis as long as the peak 
pressure limit is set high enough to allow them to take 
occasional recruiting breaths [39]. Therefore, it is recom-
mended to set the peak pressure alarm limit between 30 
and 40 cmH2O to allow these occasional recruiting breaths.

Initial setting for invasive and NIV 
NAVA
The initial setting for invasive and NIV NAVA is listed in 
Table 15B.1. Extensive clinical experience suggests that 
a starting NAVA level of 2 cmH2O/mcV is appropriate 
for most neonates. This includes both those intubated 
and those who are escalating from CPAP to NIV NAVA. 
Once the intubated neonate has weaned to a NAVA level 
of 1 cmH2O/mcV and remains stable, extubation to NIV 

NAVA can occur. The NAVA level should be increased again 
to 2 cmH2O/mcV and adjusted as described in Table 15B.1. 
The key to successful implementation of NAVA is to reeval-
uate the neonate frequently and use clinical assessment in 
addition to the parameters described later to manage the 
ventilated neonate.

Management of neonates on NAVA

Most neonates will stabilize on NAVA and wean themselves 
as their disease process improves. There is little variation 
between disease processes on how to approach the initial 
setup and management of NAVA. This has been shown 
in neonates with RDS [18–20,27–29], RSV [6,22], CDH 
[31,32], PIE [33,34], and those undergoing surgery for 
CHD [8,35–37]. The exception to this is BPD and apnea, 
which are discussed in separate sections later.

How to escalate NAVA
After NAVA ventilation has been initiated as described ear-
lier, some neonates will continue to have increased work of 
breathing and require escalation in their ventilatory sup-
port. Table 15B.2 describes how to escalate NAVA in neo-
nates with increased work of breathing using the Edi and 
blood gases.

Table 15B.1  Recommended initial settings for both NAVA and NIV NAVA in neonates

Parameter Settings Management

NAVA level 
(0–4 cmH2O/mcV)

2.0 cmH2O/mcV Titrate to neonate’s comfort and Edi peak 10–15 mcV:
•	 If	there	is	increased	work	of	breathing	and	Edi	peak	>20 mcV, 

increase the NAVA level in 0.5 cmH2O/mcV increments until the 
patient is comfortable and the Edi peaks are <15 mcV

•	 If	the	patient	is	comfortable	and	the	Edi	peaks	are	<5 mcV, decrease 
the NAVA level in 0.5 cmH2O/mcV increments until the Edi peak 
values are >5 mcV

Edi trigger (0–2 mcV) 0.5 mcV Manufacturer default

Pressure alarm 30–40 cmH2O Set high enough to allow recruiting breaths
Increase if peak pressure limited is consistently reached

Apnea time (2–20 s) 2 s Set short enough so that the patient gets a rescue (backup) breath 
before any clinical decompensation noted.

Backup settings PC 15–25 cmH2O
PS = PC
PEEP 4–8 cmH2O
Rate 40–60 breaths/min
IT 0.3–0.4 s

Adjust to maintain clinical stability when the neonate is apneic

IT, Inspiratory time; PC, pressure control; PS, pressure support (for invasive NAVA only).
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How to wean NAVA
Once the neonate has clinically improved, it is time to 
wean ventilatory support. As lung compliance increases, 
their respiratory drive will decrease as manifested by lower 
Edi and improved blood gases. The neonate autoweans by 
decreasing their respiratory drive (Edi), thereby sponta-
neously decreasing the delivered PIP and V

t
. Table 15B.3 

describes how to wean NAVA using the Edi and blood gases. 
Neonates with RDS will wean rapidly and ventilator changes 
can be made 2–3 times a day as tolerated. Most neonates, 
including those as premature as 23–24 weeks, can be extu-
bated from NAVA to NIV NAVA successfully within the first 
3 days. Seventy-four percent of neonates of 23–28 weeks 
were successfully extubated to NIV NAVA for a median of 
8 days after which they were transitioned to CPAP [43].

Troubleshooting on NAVA
Some neonates will have periods of clinical instability and 
need adjustment of their ventilatory support. Table 15B.4 
is a troubleshooting guide that will assist the bedside cli-
nician to adjust the ventilatory support. Of importance is 
the need always to start with checking catheter position. 
Because premature neonates can be very small, it does not 

take much movement for the catheter to become malposi-
tioned and thus results in loss of the Edi signal.

NAVA and BPD
In neonates with BPD, lung development that would have 
normally occurred in utero takes place postnatally under 
altered conditions, such as breathing with strain and stretch 
of immature intrathoracic structures. This results in areas 
of atelectasis, hyperinflation with multiple course densities, 
and fibrosis in addition to the development of abnormal 
pulmonary architecture [44].

When transitioning the neonate with BPD onto NAVA, 
initial NAVA follows the guidelines described earlier includ-
ing determining the NAVA level using Edi peak values and 
the patient’s clinical work of breathing [30].

Minimum respiratory rate should be set higher for these 
infants as the concern for apnea is not an issue in this older 
and neurologically more mature population. The apnea 
time can be set as long as 5 s to provide a minimum rate of 
12 breaths/min.

The peak pressure alarm limit is one of the most criti-
cal settingsin neonates with BPD on NAVA. Keep in mind 
that BPD lungs are stiff and fibrotic and will require much 
higher peak pressures to deliver appropriate V

t
. During 

Table 15B.2  Escalating NAVA and NIV/NAVA in neonates

Presentation Issue Solution

Edi peaks consistently >20 mcV and/or 
acidosis or hypercapnia

Mostly in backup ventilation Increase backup rate
Increase backup PIP
Optimize caffeine

Edi peaks consistently >20 mcV and/or 
acidosis or hypercapnia

Mostly in NAVA ventilation Increase NAVA level
Decrease apnea time

Edi min >5 mcV FiO2 high Increase PEEP by 1 cmH2O

Table 15B.3  Weaning NAVA and NIV NAVA in neonates

Presentation Issue Solution

Edi peaks <5 mcV 
and/or acceptable 
pCO2 and pH

Mostly in NAVA Decrease NAVA level by 0.5 cmH2O/mcV until a level of 1 cmH2O/mcV is reached:
•	 If	intubated,	extubate	to	NIV	NAVA
•	 If	on	NIV	NAVA,	change	to	CPAP/HFNC

Edi peaks <5 mcV 
and/or acceptable 
pCO2 and pH

Mostly in backup 
ventilation

Decrease NAVA level
Decrease backup rate
Decrease backup PIP
Optimize caffeine

Edi min <2 mcV Low FiO2 Wean PEEP by 1 cmH2O

Edi min >5 mcV Clinically stable No change
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“BPD spells,” the neonate with BPD demands high peak 
pressures and requires high pressure alarms as much as 
60–100 cmH2O. Typically starts with pressure limit of 
40 cmH2O and increases as needed until the neonate no 
longer triggers the pressure alarm.

Whether transitioning these patients to home ventilators 
or planning a weaning program for them, it behooves the care 
giver to acknowledge that this disease process did not hap-
pen overnight and will not resolve rapidly. These neonates 
need to repair and grow new lung as they are weaned from 
their ventilator support. Clinical experience suggests that, 
when weaning neonates with BPD using NAVA, the NAVA 
level needs to be decreased slowly and deliberately. Wean-
ing occurs slowly with changes as small as 0.1 cmH2O/mcV  
once or twice per week as tolerated. Careful attention needs 
to be paid to the neonate’s work of breathing, clinical sta-
tus, and Edi peaks during the weaning process.

NAVA and apnea
Severe and frequent apnea is a major challenge in prema-
ture neonates. Some neonates respond to CPAP, but many 
continue to have apnea severe enough to require NIV or 
even invasive support. Ideally, CPAP with backup could 

provide sufficient support when the neonate becomes 
apneic. However, this is not possible with current CPAP 
modes. A novel approach is to use NIV NAVA as CPAP 
[42,43]. The NAVA level is set at zero, and adequate 
backup support is provided for those periods of apnea. 
The neonate receives CPAP when there is an Edi sig-
nal present. However, when apneic for a predetermined 
amount of time (apnea time), backup ventilation begins 
and the neonate is ventilated with predetermined PIP and 
rate until an Edi signal returns. CPAP then resumes as 
long as spontaneous breathing is present. This allows suf-
ficient support during episodes of apnea to prevent clini-
cal decompensation.

Contraindications for NAVA

Contraindications for the use of NAVA are complete lack 
of respiratory drive or inability to place the NAVA nasogas-
tric catheter. Any condition that severely impairs respira-
tory drive, including hypoxic ischemic encephalopathy or 
stroke affecting the respiratory center in the brainstem, 
overwhelming sepsis, and oversedation or paralysis, would 

Table 15B.4  Troubleshooting NAVA and NIV NAVA in neonates

Presentation Issue Solution

Baby retracting and/or Edi 
peak >20 mcV and/or FiO2 
rising

Catheter malpositioned
Peak pressure limit alarming:

Needs increased PIP to recruit lung 
Increased WOB:

Insufficient unloading to ventilator 
In backup ventilation often:

Insufficient back up support
Failing noninvasive support at maximum support

Reposition catheter position
Increase pressure limit

Increase NAVA level

Increase backup pressure

Intubate and place on invasive NAVA

FiO2 rising and/or 
desaturations and/or Edi 
peak <5 mcV

Catheter malpositioned Reposition and adjust catheter

 Undersupported Spontaneous breathing rate is low or periods of 
apnea
Trend Screen-switches to backup often and/or % 
time in backup high
Failing noninvasive support at maximum support

Apnea time set too long

Increase backup pressure and/or rate

Needs invasive ventilation

 Oversupported Low Edi peaks
Low pCO2

High % of time in backup
Edi peaks low 

Spontaneous rate suppressed
Edi low or absent 

Excessive chest rise

Decrease NAVA level

Decrease backup pressure or rate
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result in absence of Edi and the neonate ventilating exclu-
sively in backup. In these cases it is advisable to use con-
ventional ventilation until the respiratory drive begins to 
return. Once the Edi is present, even intermittently, NAVA 
can be used. In this way, the ventilator supports any breath-
ing the neonate does synchronously. The other limitation 
to the use of NAVA is the inability to place the NAVA cath-
eter typically in conditions such as tracheal–esophageal 
fistula, recent upper airway surgery, esophageal perforation 
or surgery, abnormal esophagus, or known phrenic nerve 
lesions. The Edi catheter is not approved for use in the MRI 
environment, so it would need to be removed from the 
patient before entering the MRI area.

Conclusion

NAVA is the next step in personalizing ventilation for each 
neonate on a breath-by-breath basis. This chapter presented 
NAVA basics and described the essential concepts that make 
NAVA a unique ventilatory mode. No specific guidelines 
were offered for each type of neonatal respiratory disease or 
phase of disease process because the neonate now has the 
ability to customize their own ventilatory support based on 
biophysical and biochemical feedback that appears to be 
superior to what the clinician is able to provide.

Fig. 15B.4 Edi Catheter Positioning Screen for Patient 
With RDS and Increased Work of Breathing.

Fig. 15B.5 Labeled Leads Showing How the Edi Catheter 
Loops From the Esophagus into the Stomach (Third and 
Smallest Tracing) and Back into the Esophagus Again.

Case 1

Two-day-old, 29-week gestation age with diagnosis of RDS. 
The infant received artificial surfactant (via Insure) and has 
been placed on NCPAP of 7 cmH2O with FiO2 of 35%. Infant 
has increasing oxygen requirements and shows clinical signs 
of increased work of breathing. An Edi catheter was placed to 
escalate to NIV NAVA. The infant remains tachypneic and the 
Edi signal does not correlate with the respiratory effort.

Trouble shooting
After examination of the Edi catheter positioning screen seen in 
Fig. 15B.4, it is noted that the EKG tracings decrease in size to 
the third tracing but the fourth tracing is large again. This is the 

typical finding for an Edi catheter that is coiled. Fig. 15B.5 labels 
the location of each lead and shows how the catheter loops in 
the stomach and goes back into the esophagus. The catheter 
will need to be removed and reinserted for correct placement. 
This will enable proceeding with correct use of NIV NAVA.

Lesson learned
If the neonate continues to have increased work of breathing 
despite appropriate NAVA settings, it is important to check 
catheter position prior to changing any ventilator settings. 
Correct placement of the catheter is essential for appropriate 
ventilation with NAVA.
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Fig. 15B.6 Trend Screen Showing the Respiratory Rate 
and the Peak Pressure With the Pressure Limit Set at 
20 cmH2O.

Fig. 15B.7 Increased PIP and Decreased RR Noted Within 
Minutes After Increasing the Pressure Limit to 35 cmH2O.

Fig. 15B.8 Mostly Low PIP With Occasional Recruiting 
Breaths and Continued Normal RR Over the Next 30 min.

Case 2

Five-month-old with BPD and ventilator dependence with 
tracheostomy was recently placed on NAVA but had periods 
where she “would not do well” (consisting of tachypnea, 
increased work of breathing, and significant desaturations) 
and required volume ventilation to recover. Ventilator settings 
were NAVA level 1.5 cmH2O/mcV, PEEP 5 cmH2O, apnea time 
4 s, pressure alarm 20 cmH2O; backup settings: PC 25 cmH2O, 
rate 35 bpm, IT 0.35 s.

Analyzing trends
Fig. 15B.6 shows the peak pressure (PIP) and respiratory rate 
(RR) trends. Seeing the pressure limit is set at 20 cmH2O, the 
peak pressure average is 15 cmH2O (5 cmH2O below the pres-
sure limit). The PIP (and Vt) were being limited, so the neonate 
compensated by increasing the RR to achieve adequate min-
ute ventilation. The pressure limit was increased to 35 cmH2O 
and, as seen in Fig. 15B.7, the average PIP increased (with 
increased Vt) and the RR rapidly decreased. Over the next 
30 min, as seen on the screen in Fig. 15B.8, the PIP decreased 
to 10–15 cmH2O with occasional periods of recruiting breaths. 
The RR remained within the normal range.

Lessons learned
Analyzing the trend screen allows evaluation of the neonate’s 
response over time to interventions. It is important to set the 
pressure limit high enough to allow neonates to take recruiting  

breaths as need to maintain adequate lung volumes. This is 
especially important in neonates with BPD who have stiff, 
noncomplaint lungs and may need very high pressure limits to 
meet their respiratory demands.
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Box 15B.1 

Synchronous for:
Initiation, size, and termination of each breath even with 
ETT/NIV leaks
Based on respiratory drive

Advantages:
Lower PIP, Vt, and WOB
Improved blood gases
Improved COMFORT scores
Lower sedation requirements
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Volume-Targeted and Volume-Controlled 
Ventilation
Martin Keszler, MD

Pressure-controlled (PC) ventilation has been the standard 
approach to mechanical ventilation of newborn infants for 
more than 40 years because early attempts at volume-con-
trolled ventilation in small preterm neonates were disap-
pointing. The advantages of PC ventilation are the ability to 
directly control the inflation pressure and time (Fig. 16.1), 
and to ventilate despite large leaks around the standard 
uncuffed endotracheal tubes (ETT—Fig. 16.2). The convic-
tion that high inflation pressure is the chief culprit in ven-
tilator-associated lung injury and air leak is the basis of the 
deeply ingrained “barophobia” that has persisted despite 

growing evidence that excessive tissue stretch, not pressure, 
is the culprit (Fig. 16.3). The evidence from preclinical and 
clinical studies indicates clear benefits of volume-targeted 
modes of ventilation, but the acceptance of this approach 
into clinical practice has been uneven, despite strong evi-
dence of benefit.

Rationale for volume-targeted 
ventilation

A series of animal studies clearly demonstrated that tidal 
volume (Vt), rather than inflation pressure, is the most 
important element in ventilator-associated lung injury. 
Severe acute lung injury occurred in animals ventilated 
with large Vt, regardless of whether that volume was gen-
erated by a high or low inflation pressure [1]. In contrast, 
animals whose chest wall and diaphragmatic excursion 
were limited by external binding experienced much less 
lung damage despite being exposed to the same high infla-
tion pressure [1,2]. Pressure, without correspondingly high 
Vt, is not by itself injurious to the lungs, although it likely is 
injurious to immature airways.

The large number of clinical studies documenting that 
both hypercapnia and hypocapnia associated with neo-
natal brain injury are an equally compelling reason for 
attempting to control Vt [3–6]. Despite increasing aware-
ness of its adverse consequences, inadvertent hyperventi-
lation remains a common problem with PC ventilation, 
especially in the first hours after birth when lung compli-
ance changes most rapidly.

A systematic review by Peng et al. [7] and an updated 
Cochrane meta-analysis [8] that included a combination 
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CHAPTER POINTS

•	 Excessive volume, not pressure is the key element in 
ventilator-associated lung injury

•	 Volume-targeted ventilation reduces lung and brain 
injury and leads to faster weaning from mechanical 
ventilation

•	 Adequate lung volume recruitment is essential to 
ensure even distribution of tidal volume into an open 
lung

•	 One size DOES NOT fit all. Correct tidal volume target 
depends on patient size, postnatal age and nature of 
lung disease
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of several different modalities of volume-controlled (VC) 
and volume-targeted ventilation (VTV) documented a 
number of advantages when compared to PC ventilation, 
including increased survival free of bronchopulmonary 
dysplasia (BPD), decreased air leak, lower rate of neuro-
imaging abnormalities, and shorter duration of ventilation  

(Table 16.1). However, it should be noted that these stud-
ies focused on short-term physiologic outcomes, rather 
than BPD as a primary outcome, and with the exception 
of one follow-up study based on parental questionnaire, 
no long-term pulmonary or developmental outcomes have 
been reported.

Fig. 16.2 Advantages and Disadvantages of Pressure-Controlled and Volume-Controlled Ventilation. Please refer to text 
for details.

Fig. 16.1 Differences Between Pressure-Controlled and Volume-Controlled Ventilation. The yellow shade represents 
inspiration and purple shade represents exhalation. The first waveform in each category reflects low compliance state (such as 
before surfactant) and the second waveform is representative of improved compliance (such as after surfactant administration). 
With pressure control, improved compliance results in higher tidal volume increasing the risk of hypocarbia, volutrauma, and tissue 
injury. With volume control, improved compliance results in lower PIP and the same tidal volume minimizing the risk of tissue injury. 
Copyright: Satyan Lakshminrusimha.
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Fig. 16.3 Phobias Associated With Ventilation of Newborn Infants. “PEEPophobia” refers to the use of very low PEEP 
leading to collapse of the alveoli during expiration. “Barophobia” refers to the use of low PIP to avoid delivering increased 
pressure to the alveolus. Evidence suggests that increased tidal volume leads to tissue damage and inflammation (volutrauma) 
and that alveolar damage is not directly due to increased pressure. If external binding is provided to limit lung volume, increased 
pressure alone without does not increase tissue injury in the absence of high tidal volume. Copyright: Satyan Lakshminrusimha.

Table 16.1  Benefits of VTV/VC ventilation

Relative risk  
or mean difference 95% CI NNTB (95% CI)

Death or BPD at 36-week PMA 0.75 0.53–1.07 NA

BPD at 36-week PMA 0.73 0.59–0.89 8 (5–20)

Grade 3–4 IVH 0.53 0.37–0.77 11 (7–25)

PVL ± severe IVH 0.47 0.27–0.80 11 (7–33)

Pneumothorax 0.52 0.31–0.87 20 (11–100)

Hypocapnia 0.49 0.33–0.72 3 (2–5)

Days of mechanical ventilation −1.35 −1.83 to −0.86

BPD, Bronchopulmonary dysplasia; CI, confidence interval; IVH, intraventricular hemorrhage; NNTB, number needed to benefit; PMA, 
postmenstrual age; PVL, periventricular leukomalacia; VC, volume-controlled ventilation; VTV, volume-targeted ventilation.
Data from Klingenberg C, Wheeler KI, McCallion N, Morley CJ, Davis PG. Volume-targeted versus pressure-limited ventilation in neonates. 
Cochrane Database Syst Rev 2017;10:CD003666 [8].
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Volume-controlled versus volume-
targeted ventilation

Many authors refer to all modalities that attempt to con-
trol Vt delivered into the lungs as VTV, failing to distin-
guish between VC ventilation of the “adult” type (VC) 
and volume-targeted modalities (VTV) that are specifically 
designed for ventilating extremely low birth weight (ELBW) 
infants. The term VTV should be limited to PC modalities 
of ventilation with automatic adjustment of inflation pres-
sure to target a user-set Vt [9]. Thus, VTV is fundamentally 
different from VC modes of ventilation that are widely used 
in adult and pediatric applications. In VC ventilation (also 
known as volume-cycled ventilation), a user-set volume of 
gas (Vset) is introduced into the ventilator end of the patient 
circuit. Circuit pressure rises passively, in inverse propor-
tion to lung compliance, reaching its peak just before exha-
lation. In larger patients with cuffed ETT, there is a close 
correlation between the Vset and the Vt that reaches the 
patients’ lungs (Vdel). In ELBW infants whose lung volume 
is only a fraction of the volume of the circuit and humidi-
fier, much of the Vset is lost to compression of gas in the 
circuit and leak around uncuffed ETT. Thus, a substantially 
higher Vset must be used, often around 10–12 mL/kg, com-
pared to what would be used with VTV in order to deliver a  
physiologic Vdel of 4–5 mL/kg (Fig. 16.4). Because ETT leak 

fluctuates with head position and the degree of volume 
loss to compression varies with inflation pressure, the rela-
tionship between Vset and Vdel is not constant. Most mod-
ern ventilators have provisions to compensate for circuit 
compliance/gas compression in the circuit, but this abil-
ity breaks down with the ubiquitous and highly variable 
leak around uncuffed ETTs. Some of these limitations can 
be overcome by using a flow sensor at the airway opening 
to monitor exhaled Vt, allowing the operator to manually 
adjust the Vset to achieve the desired Vdel. Because the ETT 
leak is usually variable, frequent monitoring and adjust-
ment are necessary, making this approach less attractive. 
An alternate approach is to rely on clinical assessment of 
chest rise and breath sounds to set the Vset, and to make 
subsequent adjustments based on blood gas measurement. 
Despite these limitations, VC has been shown to be feasible, 
at least under research conditions, even in small preterm 
infants when a flow sensor at the airway opening [10].

How does VTV work?

Several varieties of VTV were developed specifically to address 
the limitations of VC ventilation when applied to ELBW 
infants. Volume Guarantee (VG) on the Babylog 8000+ and 
VN 500 ventilators (Draeger Medical GmbH, Lubeck, Ger-
many) is the most extensively studied VTV modality, and 

Fig. 16.4 Ventilator Parameters That Determine Tidal Volume. Compression and/or expansion of the ventilator tubing, 
endotracheal tube (ETT) leak play an important role in determining the delivered tidal volume (Vt set). Vt del is the delivered tidal 
volume. Copyright: Satyan Lakshminrusimha.
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thus most of the specific recommendations for VTV use are 
based on data generated with VG. The basic control algo-
rithm has now been adopted by many other manufacturers, 
so that the available data can probably be applied to other 
modalities of VTV (but not VC!). In VG, the operator sets a 
target Vt and selects a pressure limit up to which the actual 
peak inflation pressure (PIP, known as the working pressure) 
can be adjusted. The microprocessor then compares the 
exhaled Vt of the previous inflation and adjusts the working 
pressure up or down to try to achieve the set Vt. Exhaled Vt 
is used because ETT leak is greater during inspiration and 
therefore the exhaled Vt is a better estimate of the true Vt 
that entered the lungs. The pressure increase from one cycle 
to the next is limited to avoid oscillation in the system, so 
that with rapid changes in compliance, several cycles may be 
needed to reach the target Vt. To minimize the risk of exces-
sively large Vt, the microprocessor terminates inflation if the 
inspired Vt exceeds 130% of the target (corrected for leak). 
Although the measured Vt fluctuates somewhat due to vari-
able contribution of patient’s spontaneous effort, VTV has 
been shown to reduce the number of excessively large VTs 
and the incidence of hypocapnia [11].

Different manufacturers have implemented VTV modali-
ties in different ways; it is important to be aware of limitations 
related to the specific device in use. For example, Pressure-
regulated volume control (PRVC) in the Servo-i ventilators 
(Maquet, Solna, Sweden) uses a control algorithm similar to 
volume guarantee, but the Vt measurement that is the basis 
for PIP adjustment occurs at the ventilator end of the circuit, 
thus grossly overstating the true Vt that enters the lungs. This 
issue has been corrected in the new Servo-n and Servo-u series 
so that now the Vt is measured at the airway opening, which 
should make PRVC behave much more like VG.

Importance of the open lung 
strategy

Lungs of preterm infants are prone to atelectasis as a result 
of surfactant deficiency and an excessively compliant chest 
wall. The atelectasis is not uniform; it occurs predominantly 
in the dependent portion of the lung (Fig. 16.5). Because 
the critical opening pressure of the atelectatic airspaces is 

Fig. 16.5 Effect of Gravity on Alveolar Recruitment and Decruitment During Inflation and Exhalation. Preferential 
gas entry into open alveoli and low surface tension in larger alveoli can result in overinflation and volutrauma. Alveoli in the 
nondependent portion of the lung are usually stable and remain open both during inflation and exhalation (ventilated stable). The 
alveoli in the midsection are open during inflation but collapse during exhalation resulting in recruitment–decruitment injury. The 
dependent portions of the lung can be unventilated with atelectasis. Copyright: Satyan Lakshminrusimha.
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high, the Vt will preferentially enter the already open por-
tion of the lungs. Even a normal, physiologic Vt entering 
only the population of open alveoli will inevitably lead to 
overexpansion of that portion of the lung with subsequent 
lung injury. Thus, it is important to recruit lung volume 
by using adequate distending airway pressure. In practical 
terms, this “open lung” is achieved by applying sufficient 
positive end-expiratory pressure (PEEP) to improve venti-
lation/perfusion matching, as evidenced by the ability to 
wean FiO2 to <0.30. Avoiding atelectrauma is an essential 
element in any lung-protective ventilation strategy [12]. 
The benefits of VTV cannot be realized without ensuring 
that this Vt is distributed evenly throughout well-aerated 
(open) lungs.

Practical guidelines for VTV

When should VTV be used?
The short answer is: almost always and as soon as practical. 
Avoidance of hypocapnia and volutrauma is important at 
all times, and therefore VTV needs to begin as soon as pos-
sible after initiation of positive pressure ventilation. Com-
pliance changes most rapidly in the first hours after birth 
as lung fluid is cleared and soon after intubation when sur-
factant is administered and lung volume is recruited. Opti-
mally, VTV should begin in the delivery suite, though this 
is not always practical. There are few, if any situations when 
VTV would be contraindicated. Excessive leak around the 
ETT (>35% to 40%) is one of the few circumstances when 
VTV is not appropriate, unless using one of the devices that 
has effective leak compensation (see later). Many practitio-
ners prefer to avoid VTV during surfactant administration 
because of concern about surfactant reflux into the flow 
sensor. In some devices, when complete ETT obstruction 
with bolus surfactant administration is detected, the work-
ing pressure may drop to about half of its original value as 
a precaution [13]. Thus, many clinicians prefer to manu-
ally inflate the lungs immediately after surfactant to ensure 
its passage distally. Infants with severe metabolic acidosis, 
for example, after a hypoxic-ischemic insult or a metabolic 
disorder, are difficult to ventilate with VTV because they 
invariably hyperventilate to compensate and their minute 
ventilation target may be changing rapidly. Outside of these 
uncommon situations, VTV can and should be used when a 
suitable device is available.

Initiation of VTV
We recommend the use of synchronized modes of 
ventilation that support every patient breath (assist/
control [A/C] or pressure support ventilation [PSV]). 

Synchronized intermittent mandatory ventilation (SIMV) 
requires a slightly larger Vt target for the same alveolar 
minute ventilation because fewer breaths are supported 
and volume-targeted. It should be noted that most of the 
Vt target values referred to below are based on A/C +VG. 
The choice of appropriate Vt is essential to successful use 
of VTV: one size does not fit all. The infant’s size, post-
natal age, and underlying lung disease all influence the 
choice of target Vt. Table 16.2 lists recommended Vt and 
initial PIP limit for various conditions and the rationale 
for that choice. The clinician must select the basic syn-
chronized mode, PEEP, inspiratory time, and ventilator 
(backup) rate suitable for the particular patient that is 
being ventilated.

When electively switching from PC ventilation to VTV 
in a patient with satisfactory gas exchange, the simplest 
approach is to set a target that matches the average Vt 
measured prior to the changeover. When initiating VTV 
immediately after intubation, the target Vt should be 
selected based on the infant’s size, age, and lung pathology 
(Table 16.2). PIP limit should initially be set 3–5 cmH2O 
above the level estimated to be sufficient to achieve a nor-
mal Vt. If the target Vt cannot be reached with this setting, 
increase the pressure limit until the desired Vt is generated. 
If more PIP is needed than anticipated, it is imperative to 
make sure the ETT is not kinked, too deep, and in the main 
stem bronchus or obstructed on the carina. Significant vol-
utrauma and air leak may result from failure to recognize 
inadvertent main stem bronchus intubation. Pressure limit 
is subsequently adjusted to be about 20% above the current 
working pressure (see Table 16.3 for details).

Subsequent adjustment
The suggested initial Vt settings are typical values and are 
useful as a starting point. However, like all physiologic 
variables, there is large variation between similar patients. 
Patient activity, CO2 production, and presence of a base 
deficit for which the baby is attempting to compensate 
will affect the Vt requirement. It is therefore essential that 
the patient’s response to these initial settings is evaluated 
at the bedside and adjustments are made if needed, even 
before a blood gas is obtained. Careful observation of the 
patient’s respiratory effort and rate, as well as assessment of 
the flow and pressure curves on the ventilator display, will 
provide the clues as to whether the selected Vt is appropri-
ate for this individual patient. In actively breathing infants 
the displayed values will fluctuate, therefore observations 
should be made over a number of cycles. PIP limit needs to 
be adjusted periodically as lung compliance changes. If the 
ventilator is unable to reach the target Vt with the set PIP 
limit, an alarm will sound. This serves as an early warning 
system that should prompt an evaluation of the reason for 
this change, for example, atelectasis, pneumothorax, ETT 
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malposition, or abdominal distention (see Table 16.4 for 
specific recommendations).

When to increase Vt?
Respiratory acidosis is an obvious reason for increasing 
the Vt target. However, ventilator settings should never 
be based on blood gas measurement alone; acceptable 
blood gas is not synonymous with adequate support. Per-
sistence of tachypnea and retractions indicate inadequate 
support and a need for a larger Vt, especially when cou-
pled with relatively low PIP and measured Vt that exceeds 
the target Vt. When a baby is in distress and “fighting the 
ventilator,” some clinicians mistakenly administer seda-
tives. This action only masks the symptoms of inadequate 
respiratory support and prolongs ventilator dependence. 
The appropriate response is to make necessary ventila-
tor adjustments to allow the infant to relax and work in 
synchrony with the ventilator. When the set Vt is sub-
stantially below the baby’s true need, the PIP may drop 

down to the level of PEEP. This is because, as long as the 
patient is able to generate spontaneously a Vt that exceeds 
the Vt target, the microprocessor will continue to drop 
the PIP as per the aforementioned algorithm. With time, 
the baby can no longer sustain the effort and becomes 
apneic. The ventilator will take over at the set backup rate 
and the PIP returns to whatever is needed to reach tar-
get Vt. With rising PCO2 and falling pH, the infant will 
again begin to respond to his/her respiratory drive and 
attempt to normalize the pH. It is important to recognize 
that pH, not PCO2, is the primary driver of respiratory 
control; the response to metabolic acidosis is hyperventi-
lation and thus PCO2 values need to be interpreted in the 
context of pH. ELBW infants with immature renal tubular 
function and high protein intake tend to have a moder-
ate base deficit in the first few days of life and thus need 
a relatively lower PCO2 target to maintain a good pH and 
avoid excessively high work of breathing and loss of lung 
volume recruitment when the PIP falls intermittently to 
or near the level of PEEP.

Table 16.2  Recommended initial Vt settings for VTV

Condition Initial Vt (mL/kg) Rationale References

Term, late preterm, normal lungs 4–4.5 Baseline Dawson et al. [14]

Preterm RDS, 1250–2500 g 4–4.5 Low alveolar dead space Dawson et al. [14]

Preterm RDS, 700–1249 g 4.5–5 Dead space of the flow sensor Nassabeh-Montazami 
et al. [15]

Preterm RDS, <700 g 5.5–6 Dead space of the flow sensor Nassabeh-Montazami 
et al. [15]

Preterm evolving BPD, 3 weeks old 5.5–6.5 Increased anatomical and alveolar 
dead space

Keszler et al. [16]

Term MAS with classic CXR* 5.5–6 Increased alveolar dead space Sharma et al. [17]

Term MAS with whiteout CXR 4.5–5 Alveolar dead space less of a problem Keszler [18]

Term CDH 4–4.5 Normal CO2 production requires 
normal alveolar minute ventilation

Sharma et al. [19]

Established severe BPD 7–12 Greatly increased alveolar and 
anatomical dead space; lower 
respiratory rate due to long time 
constants needs larger Vt

Abman et al. [20]

Individual patients may need slightly smaller or larger Vt. The assumption is the Vt that is measured at the airway opening and VTV is used with 
assist/control or pressure support ventilation, except in the established severe BPD where synchronized intermittent mandatory ventilation is 
assumed. Typical anatomical dead space is 2 mL/kg. Flow sensor adds between 0.7 and 1.2 mL of dead space (absolute), depending on the type 
used. This added dead space becomes progressively more impactful as the infant’s size decreases. Conditions like bronchopulmonary dysplasia 
and meconium aspiration syndrome with hyperinflation/heterogeneous inflation increase alveolar dead space and therefore also require large Vt 
in order to achieve equivalent alveolar minute ventilation. Some infants with meconium aspiration have less heterogeneity and more surfactant 
inactivation and behave more like infants with respiratory distress syndrome.

BPD, Bronchopulmonary dysplasia; CDH, congenital diaphragmatic hernia; CXR, chest radiograph; MAS, meconium aspiration syndrome; RDS, 
respiratory distress syndrome.
*Classic CXR in MAS shows heterogeneous inflation and air trapping.
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When to lower Vt?
The set Vt may be too high when a baby who was previously 
breathing spontaneously becomes apneic some minutes 
after initiation of VTV. Unless there is another explanation, 
such as respiratory depression from medications given for 
intubation, lowering the Vt target is indicated, even before 
a blood gas is obtained. Vt should also be weaned if the 
blood gas shows normal (>7.36) or alkalotic pH and the 
infant does not consistently breathe above the backup rate.

Weaning from VTV
Automatic lowering of PIP in response to improved lung 
compliance and greater spontaneous respiratory effort 
makes VTV a self-weaning modality. Weaning occurs in real 
time, rather than intermittently in response to blood gases 
and thus results in shorter duration of mechanical ventila-
tion. This effective closed-loop system is counterintuitive 
to some clinicians who are accustomed to manual adjust-
ments of ventilator settings and they want to decrease the 

Table 16.3  Guidelines to initiation of VTV

Recommendation Rationale

•	 Start	VTV	as	soon	as	possible	after	intubation
•	 Select	A/C	or	PSV	as	basic	mode
•	 If	using	SIMV	+	PSV,	know	that	only	the	SIMV	inflations	are	

volume-targeted
•	 Select	backup	rate	about	10/min	below	spontaneous	

breathing rate: 30/min for term, 40/min for preterm infants
•	 Select	inspiratory	time	appropriate	for	the	patient’s	size	and	

diagnosis. Typically, 0.25–0.3 s for <1000 g, <28-week GA 
infant with RDS; 0.3–0.35 for larger preterm infants with 
RDS; 0.35–0.5 for infants with evolving BPD; and 0.5–0.6 s 
for large infants with MAS or established severe BPD

•	 Verify	appropriateness	of	inspiratory	time	setting	by	
observing flow waveform. Ensure that inspiratory flow is 
completed before the ventilator cycles off and there is no 
excessive gap between completion of inspiration and onset 
of expiration

•	 Select	PEEP	appropriate	to	the	infant’s	diagnosis,	current	
condition, and FiO2

•	 Optimize	lung	recruitment	to	ensure	even	distribution	of	Vt

•	 Ensure	that	flow	sensor	is	calibrated	and	functioning	
properly

•	 Select	target	Vt (refer to Table 16.3)
•	 Set	PIP	limit	3–5	cmH2O above expected PIP need
•	 If	Vt target not met, ensure ETT is in good position, then 

increase PIP limit, if needed
•	 Observe	chest	rise,	auscultate	breath	sounds,	assess	

respiratory rate and retractions, monitor SPO2, and adjust 
Vt target as needed

•	 If	converting	from	PC	to	VTV,	match	the	Vt generated by 
PC mode if PaCO2 was satisfactory and increase PIP limit by 
3–5 cmH2O

•	 Compliance	and	respiratory	effort	change	rapidly	with	
surfactant administration, lung volume recruitment

•	 More	stable	and	smaller	Vt, lower work of breathing
•	 The	PSV	pressure	is	a	set	value,	not	subject	to	volume-

targeting
•	 Backup	rate	is	a	safety	net	in	case	of	apnea.	Low	rate	

causes larger fluctuation in SPO2 and minute ventilation; if 
too high, there will be more untriggered inflations [21]

•	 Appropriate	inspiratory	time	is	based	on	the	time	constants	
of the respiratory system (product of compliance and 
resistance). ELBW infants with RDS have short time 
constants; large infants with high airway resistance have 
long time constants

•	 The	suggested	values	for	inspiratory	time	are	averages;	
individual infants may need longer or shorter times. Flow 
waveform interpretation indicates if settings are correct for 
the specific baby

•	 PEEP	should	always	be	individualized.	Because	VTV	uses	
lowest possible PIP, sufficient PEEP is essential to maintain 
FRC

•	 Controlling	delivered	Vt is not sufficient to prevent 
lung injury. Lung volume recruitment ensures its even 
distribution

•	 Accurate	Vt measurement is essential for safe and effective 
VTV

•	 Vt is now the primary control variable
•	 This	allows	adjustment	of	working	pressure	both	up	and	

down
•	 ETT	in	the	main	stem	bronchus	or	obstructed	on	carina	

would lead to high PIP/volutrauma
•	 Recommended	Vt targets are population means; individual 

patients may need higher or lower Vt

•	 Changing	primary	control	variable	does	not	affect	
relationship between compliance, PIP, and Vt. Allow PIP to 
float both up and down as needed. Average PIP will be 
lower than with pressure-controlled ventilation

A/C, Assist/control; ETT, endotracheal tube; FRC, functional residual capacity; PEEP, positive end-expiratory pressure; PIP, peak inflation pressure; 
PSV, pressure support ventilation; SIMV, synchronized intermittent mandatory ventilation; SPO2, arterial oxygen saturation by pulse oximetry; Vt, 
tidal volume; VTV, volume-targeted ventilation.
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target Vt in an effort to wean the patient off the ventilator. 
This is not appropriate because the physiologic Vt required 
by the patient does not decrease (over time it may actu-
ally increase); what goes down is the pressure required 
to achieve that Vt because of improved compliance of the 
respiratory system and the infant breathing more effectively. 
Decreasing Vt target below the patient’s physiologic need 
will increase the work of breathing [22] and may delay suc-
cessful extubation. It is essential to make sure the Vt target 
is not excessive and that the infant has a pH low enough to 
stimulate a good respiratory drive (<7.35). When working 
pressure is consistently <12 to 15 cmH2O (higher in larger 
infants), FiO2 is <0.30, and the infant is breathing comfort-
ably without retractions or tachypnea, extubation to non-
invasive support is indicated (see Table 16.5 for details).

Caveats, pitfalls, and troubleshooting
An important issue in the use of VTV is ETT leak, which 
is present to some degree in most intubated ELBW infants 
and tends to increase with time as the trachea and lar-
ynx stretch due to positive pressure ventilation (acquired 
tracheomegaly) [23] and as the infant grows. While the 
exhaled Vt is less subject to leak-related underestimation 
of Vt, when the leak exceeds about 40%, it begins to sub-
stantially affect accuracy of Vt measurement, potentially 

resulting in inadvertent hypocapnia. The reason for this is 
that some of the gas that entered the lungs escapes around 
the ETT during the expiratory phase (more when higher 
PEEP is used) and thus is not measured by the flow sensor 
as exhaled Vt. The ventilator will detect a below-target Vt 
and increase working pressure to achieve a larger Vt. Thus, 
many VTV devices cannot be safely used when the ETT leak 
approaches this limit. The choice then is to replace the ETT 
electively to eliminate the leak, or to abandon VTV in favor 
of PC ventilation, which is not affected by ETT leak. Some 
of the newest specialty infant ventilators have the ability to 
calculate an estimated value for the true Vt even in the face 
of a very large leak, thus avoiding this common problem. 
Understanding the capabilities of the ventilator being used 
is therefore crucial to optimal care.

The relationship between lung compliance, PIP, and Vt is 
the same, whether the PIP is adjusted manually or automati-
cally. Some clinicians are reluctant to “increase PIP” when 
changing to VTV. It is important to understand that the ven-
tilator must be able to adjust PIP both up and down in order 
to maintain target Vt. On average, the PIP is same or lower 
with VTV, compared to PC [24], but when the patient fails 
to breathe or the lung compliance deteriorates, higher PIP 
may be needed. Given that volume, not pressure is the key 
to lung injury, this should not cause alarm. Documentation 
must include actual working pressure, not just the PIP limit.

Table 16.4  Guidelines for subsequent adjustment of VTV

Recommendation Explanation

•	 Assess	chest	rise,	breath	sounds,	respiratory	rate	and	
retractions, PIP and SPO2; adjust Vt target as needed before 
obtaining initial blood gas

•	 Once	working	PIP	range	is	known,	set	PIP	limit	25%–30%	
above upper end of the range

•	 Document	range	of	working	PIP,	not	just	PIP	limit
•	 If	indicated,	adjust	Vt by 0.3–0.5 mL/kg
•	 Consider	both	pH	and	PaCO2; do not lower Vt target if pH 

is not alkalotic and accept higher PCO2 if pH is OK
•	 Adjust	PIP	limit	as	needed	to	keep	it	25%–30%	above	

upper end of the range of PIP
•	 Always	assess	patient’s	respiratory	rate,	comfort,	oxygen	

requirement, and working pressure when considering 
ventilator change. Increase Vt if necessary to achieve 
adequate support

•	 Adjust	PEEP	as	needed	to	maintain	lung	volume
•	 Always	verify	appropriateness	of	support	by	clinical	

assessment, especially if large increase in support appears 
to be needed or blood gas is not consistent with settings

•	 Base	Vt on birth weight in first week. Remember to adjust 
for weight gain if the baby remains ventilated

•	 Recommended	Vt targets are population means; individual 
patients may need higher or lower Vt. Good clinical 
assessment avoids need for extra blood gases

•	 Important	safety	feature	that	signals	change	in	compliance	
or patient effort

•	 PIP	limit	does	not	accurately	reflect	actual	level	of	support
•	 This	is	about	10%	change	in	most	cases
•	 pH,	not	PaCO2, is the primary control of respiratory drive. 

Infants compensate for a base deficit by hyperventilating
•	 As	compliance	and	respiratory	effort	improve,	working	PIP	

comes down
•	 Tachypnea	and	retractions	indicate	increased	work	of	

breathing. If Vt is set too low, the ventilator lowers the PIP 
and the infant has to work harder to maintain their minute 
ventilation

•	 Ensure	adequate	distending	pressure	to	keep	lungs	open
•	 Machines	are	fallible.	Do	not	blindly	trust	any	mechanical	

device. Have a low threshold to recalibrate flow sensor
•	 Short-term	changes	in	weight	after	birth	reflect	fluid	shifts.	

Once baby starts to grow, the Vt needs to keep up with 
current weight

PEEP, Positive end-expiratory pressure; PIP, peak inflation pressure; SPO2, arterial oxygen saturation by pulse oximetry; Vt, tidal volume.
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The most common complaint when using VTV is that 
there are more alarms. VTV is an interactive mode that 
provides the clinician with valuable feedback. When the Vt 
target cannot be met with the set PIP limit, the clinician 
needs to make an assessment of the cause of this change. 
Excessive alarms can be avoided by setting the PIP limit 
high enough (∼25% above usual working pressure) and 
setting the alarm delay at maximum; failure to meet Vt for 
a brief period is not a problem, but if the situation persists, 
an assessment for any change in ETT position, abdominal 

distention, and asymmetry of breath sounds must be made. 
Large leak around ETT that has become too small due to 
stretching of the immature tissue of the larynx and trachea 
is a common and correctable source of annoying alarms. 
The remedy, as suggested earlier, is to reintubate with an 
appropriate-sized ETT. Subglottic stenosis does not result 
from the use of appropriately fitting ETT that is inserted 
easily. There is no evidence from the modern era that a 
large leak around ETT is beneficial in preventing subglottic 
stenosis (see Table 16.6 for trouble-shooting suggestions).

Table 16.5  Weaning and extubation

Recommendation Explanation

•	 Ensure	that	pH	is	<7.35, to provide respiratory drive. 
Weaning is automatic; do not lower target Vt, unless 
patient is alkalotic

•	 Withhold/reduce	sedation/analgesia	if	used
•	 Do	not	reduce	Vt below 3.5–4 mL/kg
•	 Consider	raising	PEEP	to	maintain	adequate	distending	

pressure as PIP comes down
•	 Avoid	using	SIMV	without	PSV;	do	not	wean	backup	rate	

on A/C or PSV
•	 Observe	the	graphic	display	to	detect	excessive	periodic	

breathing or apnea
•	 Consider	extubation	if	PIP	is	<12 to 15 cmH2O with 

satisfactory blood gas, low FiO2, absence of tachypnea/
retractions

•	 Readiness	for	extubation	can	be	assessed	using	the	
spontaneous breathing test (SBT)

•	 If	not	given	earlier,	caffeine	should	always	be	used	prior	to	
extubation of preterm infants <32 weeks

•	 Distending	pressure	with	CPAP,	NIPPV,	or	HHHFNC	should	
always be used for at least 24 h postextubation

•	 Physiologic	Vt does not decrease, the PIP needed to achieve 
it does—self-weaning

•	 Avoid	suppressing	the	respiratory	drive
•	 Setting	the	Vt below what the infant needs imposes 

excessive WOB
•	 Automatic	lowering	of	PIP	may	lead	to	atelectasis	if	PEEP	is	

relatively low
•	 As	PIP	comes	down,	the	WOB	is	gradually	shifted	from	

ventilator to infant. The infant controls the ventilator rate
•	 Inconsistent	respiratory	effort	may	set	up	the	infant	for	

extubation failure
•	 These	pressures	are	sufficiently	low	so	that	most	infants	are	

able to take over
•	 The	SBT	has	been	shown	to	accurately	predict	extubation	

readiness
•	 Caffeine	reduces	extubation	failure	in	preterm	infants
•	 The	use	of	distending	airway	pressure	after	extubation	

reduces the risk of extubation failure

A/C, Assist/control; CPAP, continuous positive airway pressure; ETT, endotracheal tube; FRC, functional residual capacity; HHHFNC, high-humidity, 
high-flow nasal cannula; NIPPV, nasal intermittent positive pressure ventilation; PEEP, positive end-expiratory pressure; PIP, peak inflation pressure; 
PSV, pressure support ventilation; SIMV, synchronized intermittent mandatory ventilation; SPO2, arterial oxygen saturation by pulse oximetry; Vt, 
tidal volume; WOB, work of breathing.

Table 16.6  Troubleshooting

Concern Additional information Possible explanation Action

Tachypnea/retractions PIP is low, occasionally at 
PEEP, increasing FiO2, pH 
normal or low, normal Vt

Vt set too low, failure to 
adjust for weight gain

Reassess Vt target

PIP is too low (near PEEP) Baby is tachypneic, 
retracting, normal Vt, pH 
normal or low, rising FiO2

Vt set too low, failure to 
adjust for weight gain

Reassess Vt target

PIP is too low (near PEEP) Baby is comfortable, normal 
RR, low FiO2

Baby is ready to extubate Extubate
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Concern Additional information Possible explanation Action

PIP is low, not increasing Baby in distress, falling FiO2, 
low or absent Vt

ETT obstruction; some 
devices drop PIP when 
complete obstruction is 
noted

Clear obstruction

PCO2 is too low Patient not breathing, pH 
>7.4

Vt set too high, large 
ETT leak, flow sensor 
malfunction

Reassess Vt target, advance 
ETT if high, Calibrate flow 
sensor, reintubate with 
larger ETT if leak is > 40%

PCO2 is too low Patient breathing actively, pH 
>7.4, distorted loops

Agitation, pain, excessive 
noise, discomfort

Provide better positioning, 
nesting, sedate if necessary

PCO2 is too low pH <7.35, BE −3 or more, 
patient breathing actively

Infant is compensating for 
metabolic acidosis

Accept normal physiology, 
correct acidosis as  
needed

PCO2 is too high pH <7.3, patient tachypneic, 
fluctuating PIP, occasional 
low Vt alarm

Inadequate Vt, air trapping, 
PIP limit too low, increased 
CO2 production

Reassess Vt target, evaluate 
ETT position (CXR), 
abdominal exam, increase 
PIP limit

PCO2 is too high pH <7.3, patient apneic Inadequate Vt + sepsis/
oversedation

Increase Vt target, evaluate 
patient’s condition

PCO2 is too high pH is normal, patient 
comfortable

Metabolic alkalosis (e.g., 
diuretics)

Correct underlying cause

PIP is higher than expected Poor gas exchange, high 
FiO2, patient is breathing 
actively, Vt target is not 
reached, low Vt alarm 
sounding

ETT in main stem bronchus, 
ETT obstructed on carina, 
atelectasis, pneumothorax, 
abdominal distention

Evaluate ETT position, 
rule out pneumothorax, 
atelectasis, evaluate 
abdomen, address 
underlying condition; 
increase PIP limit in the 
meantime

Low Vt alarm Worsening gas exchange, 
patient breathing actively

Indicates worsening 
compliance; causes as earlier

As earlier

Low Vt alarm Patient apneic Oversedation, sepsis Reassess need for sedation 
and dose, evaluate for 
sepsis, increase PIP limit

BE, Base excess; ETT, endotracheal tube; PEEP, positive end-expiratory pressure; PIP, peak inflation pressure; RR, respiratory rate; Vt, tidal volume.

Table 16.6  Troubleshooting (cont.)
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CHAPTER POINTS

Non invasive ventilation holds the key to success in 
neonatal intensive care units. Optimized use of non 
invasive ventilation leads to better neonatal pulmonary 
outcomes. This chapter compares and contrasts various 
strategies of non invasive ventilation in neonatal intensive 
are units as well as delivery room. Further how to initiate 
non invasive ventilation strategies and effectively use in 
different phases of illness are highlighted.

Noninvasive ventilation

Noninvasive ventilation (NIV) refers to administration of pos-
itive pressure support using a flow resistor or positive pressure 
generator without the use of a laryngeal or tracheal interface. 
Its use in the world of neonatology is widespread with various 
modes, patient nasal interfaces, and settings used with the goal 
of keeping infants from getting intubated. Invasive mechani-
cal ventilation especially in premature infants is lifesaving but 
remains as one of the leading causes for the development of 
bronchopulmonary dysplasia (BPD) and ventilator-induced 
lung injury [1]. Most neonatologists now prefer to use NIV 
either as a primary mode or after a brief period of invasive 
ventilation in infants with respiratory insufficiency.

History and timeline
First reports of using NIV were published by Donald and 
Lord in 1953 while carrying out augmented respiratory stud-
ies in newborn infants born with atelectasis of lungs [2]. Sci-
ence has advanced after Gregory et al. applied continuous 
positive airway pressure (CPAP) successfully in 30 infants 
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with idiopathic respiratory distress syndrome (RDS) [3]. 
Negative pressure ventilation was studied simultaneously 
with some initial benefits [4]. Central nervous system bleed-
ing [5] and gastric perforations [6] marked the era of reluc-
tance for the use of NIV due to the fear of causing more harm 
than good. For decades, NIV was limited to using CPAP as 
either bubble CPAP or a flow driver. Concept of using the 
ventilator to provide NIV support without endotracheal tube 
gave a new dimension to clinicians working toward decreas-
ing BPD. NIV was revived after revolutionized studies using 
nasal intermittent positive pressure ventilation (NIPPV) 
showed decreased frequency of apnea of prematurity and 
need for intubation or reintubation [7,8]. Multiple studies 
using NIPPV since then have shown promising results.

Key elements of NIV:
1. modes of NIV (Fig. 17.1)
2. nasal interfaces (Fig. 17.2)
3. settings during different modes

Four most common modes that provide support with 
NIV in newborn infants are nasal CPAP (NCPAP), SIPAP/Bi-
PAP/Duo-PAP, NIPPV, and nasal high-frequency ventilation 
(NHFV) [9]. There are major differences between these modes.

Indications of NIV
•	 Apnea of prematurity—prevention or treatment
•	 Primary respiratory support in newborn intensive care 

for infants with RDS, transient tachypnea of newborn, 
meconium aspiration syndrome, pneumonia, 
congestive heart failure, pulmonary edema, and patent 
ductus arteriosus

•	 Primary respiratory support in the delivery room to 
provide positive pressure ventilation (PPV) and CPAP

•	 Rescue for patients with difficult intubation
•	 Postextubation respiratory support
•	 Postoperative respiratory support

Contraindications of NIV
•	 Infants with unoperated diaphragmatic hernia
•	 Nasal obstruction/anomalies
•	 Tracheoesophageal fistula
•	 Immediate postoperative period for gastrointestinal 

surgery

NCPAP

NCPAP decreases upper airway resistance, maintains 
functional residual capacity, decreases chest wall distor-
tion, augments spontaneous breathing efforts, preserves 
endogenous surfactant, decreases the need for exogenous 

Fig. 17.1 Four Different Modes of Noninvasive Ventilation (NIV) Used in the NICU. CPAP, Continuous positive airway 
pressure; NCPAP, nasal continuous positive airway pressure; NIPPV, nasal intermittent positive pressure ventilation; NHFV, nasal 
high frequency ventilation; PIP, peak inspiratory pressure; IT, inspiratory time; Pr, pressure; NHFOV, nasal high frequency oscillatory 
ventilation; NHFJV, nasal high frequency jet ventilator.

Fig. 17.2 Nasal Interfaces Providing NIV.
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surfactant administration, and decreases the need and/or 
duration of invasive ventilation. Prolonged NCPAP has 
been shown to minimize supplemental oxygen administra-
tion and promote lung growth [10,11]. NCPAP is typically 
generated by using constant or variable flows. Pressures 
may be provided using a water column (bubble CPAP), a 
flow generator (infant flow driver), or a conventional venti-
lator. All these systems generate flow-dependent pressures, 
including bubble CPAP.

Bubble CPAP
This system uses a constant gas flow rate that is set by the 
user, and the CPAP generated is equal to the length of 
expiratory tubing that is immersed under water. Even dur-
ing bubble CPAP, increasing the flow rate also increases 
the intraprong pressures at the level of the patient’s nasal 
interface. Typical flow rates used during bubble CPAP are 
between 6 and 10 L/min. Some studies have suggested that 
because of small low amplitude (∼3–4 cmH2O) oscilla-
tions during bubble CPAP, CO2 elimination may be more 
effective during bubble CPAP. However, randomized, con-
trolled trials have shown no difference in extubation fail-
ures between bubble CPAP, infant flow driver CPAP, and 
ventilator CPAP. In an attempt to increase the amplitude 
of oscillations, high-amplitude bubble CPAP (HABCPAP) 
has been developed by creating 135-degree angle at the end 
of the expiratory tube immersed in the water column [12]. 
However, no clinical studies have been published using 
HABCPAP. No backup rate is provided during any of these 

types of NCPAP. Studies comparing different means of pro-
viding NCPAP have shown extubation failure rates to be 
similar [13–15].

SiPAP/Bi-PAP/DuoPAP
Infant flow drivers are variable flow devices that gener-
ate up to two levels of pressure [a high pressure or peak 
inspiratory pressure (PIP), and a low pressure or positive 
end-expiratory pressure (PEEP)] by varying the flow rates. 
These devices use dedicated flow drivers and generators 
with a patented fluidic flip mechanism that allows variable 
flow rates throughout the respiratory cycle. Also known as 
the Coanda effect, it provides stable baseline pressures and 
has been shown to decrease expiratory work of breathing 
[16,17] (Fig. 17.3). Delta pressure (PIP–PEEP) is around 
4–6 cmH2O. Because of high resistance, a longer inspiratory 
time is needed to overcome the resistance. These biphasic 
CPAP modes essentially mimic NCPAP. Randomized clini-
cal trials comparing Si-PAP/DuoPAP/Bi-PAP with NCPAP 
as either a primary mode or following a period of invasive 
ventilation have not shown any difference in clinical out-
comes [18] (Table 17.1).

NCPAP in the NICU

A multicenter, randomized trial from the South American 
Neocosur Network showed that early bubble CPAP and 

Fig. 17.3 Coanda Effect or Fluidic Flip During Inhalation and Exhalation With NCPAP. Copyright: Satyan Lakshminrusimha.
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selective surfactant administration by the intubation sur-
factant extubation (INSURE) technique reduced the need 
for mechanical ventilation and surfactant, but showed no 
difference in the rates of death or BPD [19]. A major reason 
for the lack of benefit seen in this trial is secondary to the 
high rates of NCPAP failures, requiring intubation within 
3–7 days of randomization. The most common reasons for 
NCPAP failures are repeated episodes of apnea, bradycar-
dia or desaturation, hypopnea, need for higher pressures 
(NCPAP > 8 cmH2O), and/or severe respiratory acido-
sis. NCPAP when used as a primary mode, or following a 
period of invasive ventilation, has been shown to result in 
failure rates of 19.7% to as high as 80%, requiring intuba-
tion or reintubation [9] (Fig. 17.4).

Biphasic CPAP in NICU: Si-PAP/ 
Bi-PAP/DuoPAP

The Infant Flow System (Vyaire Medical Inc., Mettawa, IL, 
USA) is the most widely utilized variable flow device. It 
uses high-velocity jet flows that can entrain gas on demand 
during inspiration and thus keep the CPAP level constant. 
On exhalation, the design of the nasal prongs results in 
some of the new gas being shunted away through an expi-
ratory outlet (Fig. 17.3) rather than continuing to the nares 
reducing the expiratory work [17,20–22]. As against regular  

Fig. 17.4 NCPAP Failure Rates From Studies (2001–12). Modified from Ramanathan R. Nasal respiratory support through the 
nares: its time has come. J Perinatol 2010;30:S67–S72 [9].

Table 17.1  Results of the randomized control trial 
comparing Bi-PAP and CPAP

Bi-PAP 
(n = 270)

NCPAP 
(n = 270) P

BW (g), mean 
(<28 weeks; n = 334)

870 910 NS

BW (g), mean 
(>28 weeks; n = 236)

1185 1173 NS

Reintubated within 
48 h

21% 20% 0.97

Reintubated within 
7 days

34% 31% 0.65

BPD—O2 at 36 weeks 
PMA

50% 54% 0.18

Bi-PAP versus NCPAP: RCT (n = 540; GA < 30 and <2 weeks old; 
8 NICUs; 2011–14). Bi-PAP: PIP 8; PEEP 4; IT 1.0 s. Rate, 30 breaths/
min; NCPAP = CPAP 6. Primary outcome: Failure of extubation 
within 48 h of randomization; infant flow advance by CareFusion.
BPD, Bronchopulmonary dysplasia; BW, birth weight; CPAP, 
continuous positive airway pressure; NCPAP, nasal continuous 
positive airway pressure; PEEP, positive end-expiratory pressure; 
PIP, peak inspiratory pressure; RCT, randomized controlled trial.
Source: Based on data from Victor S, Roberts SA, Mitchell S, et al. 
Biphasic positive airway pressure or continuous positive airway 
pressure: a randomized trial. Pediatrics 2016;138:e20154095 [18].
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NCPAP that provides a continuous distending pressure, 
biphasic NCPAP (BP-NCPAP) cycles between upper and 
lower (baseline) level pressures as determined by the fol-
lowing four parameters: (1) lower CPAP level, (2) upper 
CPAP level, (3) time at upper level, and (4) rate (cycles/
min at upper level). Theoretically, functional residual 
capacity is recruited by the upper CPAP level and main-
tained with the lower baseline CPAP level, leading to 
decrease in the work of breathing. There are few studies 
comparing the use of these two modes of NIV in preterm 
infants to facilitate sustained extubation following an ini-
tial period of intubation and PPV at birth. Earlier study by 
Migliori et al. showed promising results with BP-NCPAP 
group infants who had improved gas exchange compared 
to infants receiving CPAP [23]. Further study by Lista et al. 
in a larger group of 40 premature infants showed decrease 
in days of respiratory support, oxygen dependency, and 
duration of NICU stay in BP-NCPAP group compared to 
NCPAP group [24]. In the study by O’Brien et al., the inci-
dence of sustained extubation was not statistically differ-
ent between the BP-NCPAP versus NCPAP group (67% vs. 
58%, P = 0.27). The incidence of adverse events and short-
term neonatal outcomes were similar between the two 
groups (P > 0.05) except for retinopathy of prematurity 
that was noted to be higher (P = 0.02) in the BP-NCPAP 
group. The study was stopped half way because of slow 
recruitment and shift toward increasing use of NIPPV 
[25]. In the largest pragmatic clinical trial comparing 
NCPAP versus NIPPV by Kirpalani et al., Si-PAP instead 
of NIPPV was used by many study centers. In the centers 
that used “NIPPV,” PIP was limited to 18 cmH2O, essen-
tially, making this study a study of NCPAP versus Si-PAP. 
Results of this study did not show any significance in BPD 
rates in NCPAP group compared to Si-PAP group [26]  
(Tables 17.2 and 17.3).

Suggested guidelines for use 
of CPAP and Si-PAP

Single-level CPAP given by conventional ventilator, bubble 
CPAP, or through infant flow driver are usually started 
at 5–6 cmH2O and adjusted in increments 1 to provide 
adequate lung expansion to prevent alveolar atelectasis. 
Maximum pressure of 8–10 cmH2O can be used based on 
compliance of the lungs. Si-PAP mode cycles between high 
and low CPAP levels on a timed basis. Small incremental 
pressure increases of 2–3 cmH2O above CPAP is used to 
generate a sigh breath that, in turn, augments functional 
residual capacity and decreases work of breathing. The 
switch to the high CPAP level can usually be set for a dura-
tion of 0.1–30 s to produce a sigh. High CPAP is weaned 
based on CO2 clearance (Table 17.4).

NIPPV

By providing backup rates along with two levels of pres-
sure, namely, PIP and PEEP, NIPPV has been shown to 
significantly decrease the intubation or reintubation 
needs. NIPPV mimics invasive ventilation without an 

Table 17.2  Results of the largest randomized control 
trial comparing CPAP and Si-PAP

Si-PAP 
(n = 504)

NCPAP 
(n = 503) P

BW (g), mean (SD) 802 (131) 805 (127) NS

GA (weeks) 26.1 (1.5) 26.2 (1.5) NS

Reintubated 
postrandomization

59.5% 61.8% NS

Prior intubation 46.5% 45.4% 0.70

Caffeine Rx 82.9% 82.9% NS

Survived with BPD 33.9% 31% 0.32

Death or BPD at 
36 weeks PMA

38.4% 36.7% 0.56

Si-PAP versus NCPAP: RCT (n = 1009; <1000 g BW; GA < 30 weeks). 
NIPPV: most centers used Si-PAP; suggested settings: PIP 9–10; vent: 
PIP 2–4 above PEEP; max PIP 18; rate 10–40; IT 0.3–1 s; no data on 
surfactant Rx.
Source: Based on data from Kirpalani H, Millar D, Lemyre B, et al. A 
trial comparing noninvasive ventilation strategies in preterm infants. 
N Engl J Med 2013;369:611–620 [26].

Table 17.3  Devices used to provide NIV in Kirpalani 
study

Ventilator type NIPPV (%) NCPAP (%)

Babylog 8000/8000+ 21 18

Bird VIP/VIP Gold 9 1

Bubble nCPAP — 9

Evita 4/XL 7 2

Infant flow/infant 
flow advance

10 30

Servo 300/900C/I 5 1

Viasys Si-PAP 43 31

Others 5 8

Bold indicates those infants who received Si-PAP and not NIPPV.
NIPPV, Nasal intermittent positive pressure ventilation.
Source: Based on data from Kirpalani H, Millar D, Lemyre B, et al. A 
trial comparing noninvasive ventilation strategies in preterm infants. 
N Engl J Med 2013;369:611–620 [26].
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endotracheal tube. Minimizing the duration of invasive 
ventilation by using NIPPV decreases BPD risk. Both face 
mask and nasal prongs have been used during NIPPV. Bina-
sal prongs placed in both the nostrils have been shown to 
be more effective than a single prong [27].

NIPPV in the NICU

NIPPV is the preferred mode to provide NIV in large num-
ber of centers across the world. The five variables adjusted 
during NIPPV include ventilator rate, PIP, inspiratory time, 
PEEP, and flow rate (Fig. 17.5).

Spontaneous inspiratory effort is augmented when a 
patient receives a positive pressure breath while receiving 
NIPPV [28]. The recommended PIP during NIPPV varies 
from 15 to 25 cmH2O above the PEEP. Use of higher PIP is 
associated with reduced work of breathing [29] (Table 17.5).

Typical rates used during NIPPV range from 20 to 40 
breaths/min. However, use of higher rates results in bet-
ter respiratory unloading as compared to lower rates. 
Decrease in inspiratory efforts occurs with synchronization 
(Fig. 17.6A), although tidal volumes are maintained in 
nonsynchronized NIPPV [30] (Fig. 17.6B).

Due to the high resistance found in the nasal interfaces, 
the pressure transmitted to the hypopharynx is always 
lower than set pressures. As the time constant becomes 
longer due to higher resistance in the circuit, a longer 
inspiration time (∼0.5 s) is recommended to transmit the 
pressures set on the ventilator. Many ventilators are now 
available that have a built-in mode for providing NIPPV. 
Most of these ventilators automatically adjust flow rates. 
Leak compensation is also available. In conventional 
mechanical ventilators without the NIV mode, flow rates 
of 14–20 L/min are needed to compensate for leaks. For 
all practical purposes, NIPPV works as a time-cycled, pres-
sure-limited mode of ventilation. Both synchronized and 
nonsynchronized modes of NIPPV have been studied. At 
present, there are no devices in the United States that are 
capable of providing synchronized NIPPV, except for neu-
rally adjusted ventilatory assist (NAVA). However, there are 
devices available in other parts of the world where flow 
synchronization as well as Graseby capsule are used to 
provide synchronized form of NIPPV and are available for 
clinical use. Multiple randomized, controlled trials com-
paring NCPAP versus NIPPV have been published to date 
[8,31–39]. Most of the trials showed a significant reduc-
tion in extubation failures with NIPPV [9] (Fig. 17.7), and 
three of the studies that used NIPPV as a primary mode 
of respiratory support and selective surfactant administra-
tion using INSURE technique also resulted in significantly 
lower rates (P < 0.05) of BPD when compared to NCPAP 
[33,38,40] (Fig. 17.8).

Table 17.4  Suggested settings for use of Si-PAP

Setting Start Increase Maximum Decrease Minimum

Baseline CPAP 5 cmH2O FiO2 > 30% or signs of 
respiratory distress

10 cmH2O FiO2 21% 4 cmH2O

High CPAP 
(Si-PAP)

7 cmH2O CO2 retention or signs of 
respiratory distress

11 cmH2O Hyperventilation 6 cmH2O

FiO2 21% For desaturations 100% Preductal saturation >90% 21%

Time high 0.5 s Hypoxia 1 s Hyperoxia 0.3 s

Cycle rate 10 cycles/min CO2 retention or apnea 30 cycles/min Hyperventilation 10 cycles/min

Temperature 34–37°C

Humidity 100% relative humidity

FiO2, Fraction of inspired oxygen.

Fig. 17.5 NIPPV Controls. PEEP, Positive end-expiratory 
pressure; PIP, peak inspiratory pressure.
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Table 17.5  Decreased work of breathing with higher PIP in synchronized NIPPV (sNIPPV)

BW (g) 1367 ± 325 GA (weeks) 29.5 ± 2.4 Age at study (days) 4 ± 4
NCPAP 5 sNIPPV 10 sNIPPV 12 sNIPPV 14

Vt (mL/kg) 2.9 ± 1.2 2.8 ± 1.32 2.81 ± 1.1 2.9 ± 1.0

RR (per min) 53 ± 23 58 ± 22 53 ± 26 59 ± 23

MV (mL/min/kg) 115 ± 72 119 ± 67 114 ± 70 127 ± 62

Phase angle (degree) 46 ± 58 49 ± 38 47 ± 53 56 ± 54

WOB Insp, per mL (cmH2O) 2.69 ± 2.24 2.26 ± 1.94 2.29 ± 2.29* 1.91 ± 1.68*

WOB E, per mL (cmH2O) 1.81 ± 1.67 1.32 ± 1.10 1.50 ± 1.56 1.01 ± 0.95*

RWOB, per mL (cmH2O) 2.16 ± 2.04 1.71 ± 1.79* 1.79 ± 2.05* 1.56 ± 1.61*

CL (mL/kg/cmH2O) 1.61 ± 1.68 1.38 ± 2.73 3.37 ± 4.89 2.42 ± 2.86

sNIPPV and work of breathing (n = 15). Ventilator-delivered PIP during sNIPPV decreases WOB.
Vt , tidal volume; RR, respiratory rate; Insp, inspiratory; E, expiratory; RWOB, resistive work of breathing; CL, compliance of lung; PIP, peak inspiratory 
pressure; NCPAP, nasal CPAP; sNIPPV, synchronized NIPPV; MV, minute ventilation; BW, birth weight; GA, gestational age; WOB, work of breathing.
*P < 0.05.
Source: Based on data from Aghai ZH, Saslow JG, Nakhla T, et al. Synchronized nasal intermittent positive pressure ventilation (SNIPPV) decreases 
work of breathing (WOB) in premature infants with respiratory distress syndrome (RDS) compared to nasal continuous positive airway pressure 
(NCPAP). Pediatr Pulmonol 2006;41:875–881 [29].

Fig. 17.6 Comparison of (A) synchronized and (B) nonsynchronized NIPPV demonstrating typical esophageal pressures (red), 
airway pressures (green), and tidal volumes (blue) with NIPPV. Modified from Chang HY, Claure N, D’ugard C, et al. Effects of 
synchronization during nasal ventilation in clinically stable preterm infants. Pediatr Res 2011;69:84–89 [30].
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Fig. 17.7 NCPAP Versus NIPPV Studies Comparing Failure Rates. Based on the data from Ramanathan R. Nasal respiratory 
support through the nares: its time has come. J Perinatol 2010;30:S67–S72.

Fig. 17.8 NIPPV With Intubation Surfactant Extubation (INSURE) Technique Showing Decreased BPD Rates. Modified 
from Ramanathan R. Nasal respiratory support through the nares: its time has come. J Perinatol 2010;30:S67–S72 [9].
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In a systematic review and meta-analysis of five studies 
comparing NCPAP with NIPPV, significant decrease in the 
need for invasive ventilation (risk ratio: 0.44; 95% confi-
dence interval: 0.33–0.59) [41].

Of all the interventions to improve rates of successful 
extubation in preterm infants, NIPPV appears to be superior 
to NCPAP [42] (Table 17.6). An another recent Cochrane 
review authors that early NIPPV does appear to be supe-
rior to NCPAP alone for decreasing respiratory failure and 
the need for intubation, and endotracheal tube ventilation 
among preterm infants with RDS [43]. Ventilator-generated 
NIPPV as well as nonsynchronized NIPPV were the most 

significant factors leading to less respiratory failure in the 
same meta-analysis (Table 17.7).

In summary, NCPAP when used in the delivery room 
or after a period of invasive mechanical ventilation has 
not been shown to improve pulmonary outcomes in 
any of the individual studies. Furthermore, NCPAP use 
has not been shown to improve pulmonary function at 
8 years of age [44] (Table 17.8). This is very likely due 
to high rates of NCPAP failures, especially in extremely 
low–birth weight infants, needing prolonged invasive 
mechanical ventilation. NIPPV has been consistently 
shown to decrease the need for intubation and may be 

Table 17.6  Systematic review and meta-analysis of interventions to improve successful extubation rates in preterm 
infants

Preventing extubation failures Risk ratio (95% CI) NNT (95% CI)

NCPAP versus Head Box 0.59 (0.48–0.72) 6 (3–9)

NCPAP versus HFNC 1.11 (0.84–1.47) —

Methylxanthines 0.48 (0.32–0.71) 4 (2–7)

DOXAPRAM 0.80 (0.22–2.97) —

NIPPV versus NCPAP 0.70 (0.60–0.81) 8 (5–13)

NS-NIPPV or Bi-PAP versus NCPAP 064 (0.44–0.95) 8 (4–50)

sNIPPV versus NCPAP 0.25 (0.15–041) 4 (2–5)

NS-NIPPV or sNIPPV versus NCPAP 0.28 (0.18–043) 4 (2–5)

Conclusions and relevance: Preterm infants should be extubated to noninvasive respiratory support. Caffeine should be used 
routinely. NIPPV is superior to NCPAP.

CI, Confidence interval; HFNC, high flow nasal cannula; NS-NIPPV, non synchronized NIPPV; sNIPPV, synchronized NIPPV.
Source: Based on data from Ferguson KN, Roberts CT, Manley BJ, Davis PG. Interventions to improve rates of successful extubation in preterm infants: 
a systematic review and meta-analysis. JAMA Pediatr 2017;171:165–174 [42].

Table 17.7  Early NIPPV versus NCPAP in preterm infants with RDS Cochrane review and meta-analysis (10 studies; 
n = 1061) by device and synchronization

Respiratory failure by device and 
synchronized versus nonsynchronized

No. of 
studies

No. of 
patients Risk ratio (95% CI) NNTB

Ventilator-generated NIPPV 6 606 0.63 (0.47–0.86) 13 (7–50)

Bilevel NIPPV 2 160 1.0 (0.44–2.27)

Mixed devices 2 294 0.59 (0.38–0.93)

Nonsynchronized NIPPV 5 572 0.60 (0.44–0.83)

Synchronized NIPPV 4 304 0.65 (0.41–1.02)

Mixed methods 1 184 0.74 (0.44–1.22)

RDS, Respiratory distress syndrome; NNTB, number needed to treat for benefit.
Source: Modified from Lemyre B, Laughon M, Bose C, Davis PG. Nasal intermittent positive pressure ventilation (NIPPV) versus nasal continuous 
positive airway pressure (NCPAP) for preterm neonates after extubation. Cochrane Database Syst Rev 2017;2:CD003212 [43].
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lung protective. It is likely that using NIPPV in the deliv-
ery room may improve pulmonary and nonpulmonary 
outcomes in preterm infants.

Patient nasal interfaces
Interfaces predominantly consist of either prongs or masks 
(Fig. 17.2). One of the major issues with NIV is the applica-
tion of patient nasal interface. Binasal prongs that are cur-
rently used are difficult to secure and results in significant 
nasal injury.

Nasal injuries
The most common side effect of using NIV is nasal injuries. 
The incidence could be as high as 60% with 5.5% patients 
getting columellar necrosis leading to long-term nasal sep-
tal problems [45,46].

We use specially designed simple nasal interface (Neo-
tech RAM NC) to minimize nasal injuries and have 
safely used this interface in over 1,000 neonates for over 
10,000 days of NIV.

NIV in the delivery room

Lung-protective strategies should be implemented imme-
diately after birth. Establishment of functional residual 

capacity using NIV is the most important step during the 
initial stabilization period in preterm infants [47]. Prenatal 
as well as interventions in the delivery room may impact 
long-term respiratory outcomes especially in preterm 
infants (Fig. 17.9). The current Neonatal Resuscitation Pro-
gram (NRP) guidelines recommend using a T-piece device 
to deliver consistent CPAP and PPV, rather than using a self-
inflating or flow-inflating bag [48]. Bag and mask resusci-
tation may result in significant mask leaks and airway 
obstruction especially in premature infants [49–52]. Bag 
and mask ventilation can cause upper airway obstructions 
by inadvertently pushing the tongue and soft tissues poste-
riorly, and the increase in dead space caused by the accu-
mulation of gas in the oropharynx that is not contributing 
to gas exchange (Fig. 17.10). Capasso et al. compared face 
mask with nasal cannula during primary neonatal resusci-
tation in a large randomized controlled trial and concluded 
that nasal cannula was more effective than bag and mask 
ventilation in the delivery room [53]. We have success-
fully used modified nasal cannula in the delivery room 
[54] (Table 17.9). Although CPAP in the delivery room 
has improved outcomes of premature infants, the failure 
rates could be as high as 67% [19, 55–60] (Fig. 17.11). Our 
retrospective study showed less failure rates in the form of 
intubation or chest compressions in very low–birth weight 
infants when cannula was used to provide NIV compared 
to PPV provided by face mask [61] (Table 17.10). The need 
for intubation significantly decreased for gestational ages 

Table 17.8  Changes in ventilation mode and lung function at 8 years of age

1991–92 (n = 225) 1997 (n = 151) 2005 (n = 170) P

BW (g) 891 ± 176 824 ± 177 867 ± 195 <0.05

GA (weeks) 25.9 ± 1.1 25.6 ± 1.2 25.8 ± 1.2 NS

AS (%) 71 89 85 <0.05

Surfactant Rx (%) 43 84 87* <0.05*

Postnatal steroids (%) 40 46 23† <0.05†

ET ventilation (median days) 21 19 10

NCPAP (median days) 5 24 31.5† <0.05†

BPD—O2 at 36 weeks (%) 46 43‡ 56 <0.05‡

FEVt (% of predicted value) 87.9 ± 13.4 94.4 ± 14.9 91.0 ± 14.2‡ <0.05‡

FEV1: FVC (% of predicted value) 98.3 ± 10.0 96.8 ± 10.1 93.4 ± 9.2† <0.05†

Changes in ventilation modes and O2 use and lung function at 8 years of age. BW, birth weight; GA, gestational age; AS, antenatal steroids; 
Rx, treatment; ET, endotracheal; BPD, bronchopulmonary dysplasia; FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity.
Despite substantial increases in the use of less-invasive ventilation (NCPAP only).
*Comparison of 1991-92 and 2005.
†Comparison of 2005 to both 1991–92 and 1997.
‡Comparison of 2005 to 1997.
Modified from Doyle LW, Carse E, Adams AM, Ranganathan S, Opie G, Cheong JLY Ventilation in preterm infants and lung function at 8 years. 
N Engl J Med 2017;377:1601–1602.
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between 24 and 30 weeks with use of cannula in the deliv-
ery room (Fig. 17.12). Further it was easier for the team to 
transport infants on cannula to NICU from delivery room. 
We have also shown that using NIPPV from the delivery 
room for larger preterm and term infants with respiratory 
distress results in less need for intubation in the deliv-
ery room or at 24 h of age rather than using mask [62] 

(Table 17.11). Current NRP guidelines recommend using 
nasal interface for stabilizing the premature infants in the 
delivery room who are expected to need NIV in NICU [48].

Based on our experience, we routinely use NIPPV using 
RAM cannula as a primary mode of respiratory support in 
all neonates needing positive pressure support during tran-
sitional period in the delivery room.

Fig. 17.9 Prenatal and Postnatal Interventions and Impact on Long-Term Respiratory Outcome. Copyright: Satyan 
Lakshminrusimha.

Fig. 17.10 Advantages of RAM Cannula Over Mask Ventilation in the DR. Copyright: Satyan Lakshminrusimha.
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Table 17.9  Our experience with use of RAM cannula in delivery room

Range

BW (g) 270–4675 (2106 ± 1094)

GA (weeks) 23–41 (32 ± 5)

BW <1000 g, n (%) 20 (19.6)

BW 1000–2000 g, n (%) 29 (28.4)

BW 2001–3000 g, n (%) 28 (27.4)

BW >3000 g, n (%) 25 (24.5)

Chest compressions, n (%) 5 (4.9)

Intubated in DR, n (%) 8 (7.8)

Pneumothorax incidental on CXR, n (%) 5 (4.9)

INSURE Rx, n (%) 28 (27.4)

RAM-Nasal Cannula (Bi-Nasal) for primary neonatal resuscitation in the delivery room (n = 102). BW, birth weight; GA, gestational age; CXR, chest 
xray; DR, delivery room; INSURE, intubation surfactant extubation
Source: Based on data from Paz P, Ramanathan R, Hernandez R, Biniwale M. Neonatal resuscitation using a nasal cannula: a single-center 
experience. Am J Perinatol 2014;31: 1031–1036 [54].

Fig. 17.11 CPAP Failure Rates in DR Studies. RCT, Randomized controlled trial. BW, birth weight; GA, gestational age;  
DR, delivery room; VON, Vermont Oxford Network
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Suggested guidelines for using 
NIPPV in the delivery room

•	 Initiate with NIPPV using a disposable or standalone 
T-piece device, using your finger to provide backup 
rate. If the heart rate or oxygen saturations do not 
improve, one may consider giving sustained inflation 

at 20 cmH2O for 10 s and may repeat this maneuver 
twice, especially, in preterm infants <30 weeks of 
gestation age.

•	 Suggested setting including starting pressures: PIP, 
20–25 cmH2O; PEEP, 5 cmH2O; FiO2, 21% with rate of 
30–40 breaths/min. Pressures could be increased up 
to 30 cmH2O to overcome initial resistance from fluid-
filled lungs.

Table 17.10  Outcomes of use of RAM cannula in delivery room compared to face mask

PPV with mask (n = 102) NIPPV (n = 119) P

BW (g), mean (SD) 887 (319) 906 (290) 0.65

GA (weeks), mean (SD) 27.1 (3.0) 27 (2.6) 0.72

DR intubation, n (%) 87 (85) 37 (31) <0.001

DR emergency intubation, n (%) 69 (68) 34 (29) <0.001

Chest compressions, n (%) 32 (31) 13 (11) <0.001

Median 5 min Apgar score (IQR) 6 (5–8) 7 (6–8) 0.078

Air leak syndrome on first chest radiograph, n (%) 3 (3) 2 (2) 0.33

Incidence of severe IVH, n (%) 7 (6) 5 (4) NS

Invasive ventilation at 24 h of age, n (%) 67 (66) 45 (38) <0.001

Duration of invasive ventilation (days), median (IQR) 11 (1–39) 2 (0–28) 0.01

Surfactant Rx, n (%) 92 (90) 105 (88) 0.64

NIPPV + RAM NC versus PPV with mask in the DR in VLBW infants <1500 g (n = 221). PPV, positive pressure ventilation; BW, birth weight;  
GA, gestational age; DR, delivery room; IVH, intrventricular hemorrhage; IQR, interquartile range, Rx, treatment
Source: Based on the data from Biniwale M, Wertheimer F. Decrease in delivery room intubation rates after use of nasal intermittent positive 
pressure ventilation in the delivery room for resuscitation of very low birth weight infants. Resuscitation 2017;116:33–38 [61].

Fig. 17.12 NIPPV Versus Facemask PPV in DR Resuscitation for Very Low Birth Weight Infants. Percentage of infants 
required intubation at each gestation age from 23 to 32 weeks when received PPV using face mask (blue, n = 102) and NIPPV 
(red, n = 119). DR, Delivery room; NIPPV, nasal intermittent positive pressure ventilation. Based on the data from Biniwale M, 
Wertheimer F. Decrease in delivery room intubation rates after use of nasal intermittent positive pressure ventilation in the delivery 
room for resuscitation of very low birth weight infants. Resuscitation 2017;116:33–38 [61].
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•	 Supplemental oxygen—in preterm infants, start between 
21% and 30% oxygen and adjust based on preductal SpO2.

•	 Transport the neonate to NICU on NCPAP or NIPPV.

Suggested guidelines 
for use of NIPPV

Ventilator-specific guidelines are shown in Fig. 17.13.

Recruitment phase
•	 Place the patient on NIPPV at 20/6 × 40 × 0.5 s. If 

NIPPV mode is not available, use NCPAP at 5–8 cmH2O.
•	 If the patient meets criteria for surfactant therapy for RDS, 

administer surfactant using INSURE or LISA technique.
Our guidelines for recruitment phase are shown in 

Table 17.12.

Stable phase of NIPPV
•	 If on NIPPV, wean PIP first, as the nasopharynx is typically 

not exposed to high pressures. Do not wean the rate.
•	 If on NCPAP, wean CPAP when FiO2 is <0.30.
•	 Keep on NIPPV/CPAP till 32–34 weeks, corrected 

unless blood gas showing hyperventilation.
•	 Keep FiO2 less than 0.40, PCO2 less than 60 mmHg, 

and pH more than 7.25.
•	 Monitor blood gases every 24–48 h.
•	 Check nasal septum daily.
•	 Adjust PIP if PCO2 is out of arrange.
•	 Keep rate at least 40 and inspiratory time at least 0.5 s.

Weaning from NIPPV
When there are no documented episodes of apnea, bra-
dycardia, or oxygen desaturations, begins weaning the 
rate by 2–4 breaths/min for 6 h. If apnea, bradycardia, 
or desaturations recur, go back on the rate and wait for 
another 24 h before weaning. We typically do not wean 
the rate until the baby is around 33 weeks postmen-
strual age. As nasopharynx is typically not exposed to 
high pressures, we prefer to wean PIP first before wean-
ing the rate. Weaning guidelines are shown below and in 
Table 17.13.
1. Wean PIP first and hold rate at 40 breaths/min.
2. Do not wean rate till PIP is at 15 cmH2O.
3. Wean rate to 15.
4. Switch to “NCPAP” mode if the patient tolerates this 

setting for 6–12 h.
5. Set CPAP and FiO2 (flow will be determined by the 

ventilator).
6. Weaning guidelines: Do not wean rapidly; wean one 

parameter at a time.
a. Wean PIP by 2–4 every 6–12 h.
b. When PIP is around 15, then wean at the rate of 

2–4 every 6–12 h.
c. If the baby does not tolerate weaning, go back to 

the previous settings and start weaning after 6–12 h.
Troubleshooting for failure typically involves one of the 

following steps:
•	 Relief of gastric distention
•	 Adjust flow
•	 Close mouth
•	 Attempt larger size RAM cannula

Table 17.11  Outcomes after use of NIPPV in delivery room compared to mask PPV in larger preterm and term 
infants (≥1500 g BW)

Outcome PPV with mask (n = 375) NIPPV (n = 394) P

BW (g), mean (SE) 2899 (±380) 2786 (±360) 0.03

DR intubation, n (%) 55 (14.7) 28 (7.1) <0.001

Chest compressions, n (%) 9 (2.4) 5 (1.3) 0.184

Median 5 min Apgar score (IQR) 8 (7–9) 8 (7–9) NS

Air leak syndrome on first chest radiograph, n (%) 18 (4.8) 15 (3.8) 0.308

Invasive ventilation at 24 h of age, n (%) 65 (17.3) 30 (7.6) <0.001

Median duration of invasive ventilation (days) (IQR) 1 (1–5) 1 (1–3) 0.003

PPV, Positive pressure ventilation; SE, standard error of mean; DR, delivery room; IQR, interquartile range.
Source: Based on the data from Wang ER, Wertheimer FB, Ramanathan R, Biniwale M. Decrease in intubation rates after early positive pressure 
ventilation using a modified nasal cannula during neonatal resuscitation of larger preterm and term infants. Pediatric Academic Societies Annual 
Meeting, Baltimore, MD, USA, May 2016 [62].
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Noninvasive high-frequency 
ventilation (NIHFV)

Despite lack of evidence, this mode is being used by many 
clinicians predominantly as a rescue mode to avoid intuba-
tion. This mode of NIV has considerable potential and only 
a few researchers have examined the physiologic effects and 
clinical usefulness.

Clinical studies with NIHFV
The first clinical study of NIHFV use in human neonates 
was published by van der Hoeven et al. [63]. In this obser-
vational study, 21 neonates with a wide range of respira-
tory conditions managed with NCPAP of 6 cmH2O (range, 
5–7) were placed on NIHFV because of CO2 retention (16 
infants) or increasing oxygen requirements (5 infants). The 
Infant Star ventilator (Infrasonics, San Diego, CA, USA) was 
used in the study to administer NIHFV. The mean airway 

Table 17.12  NIPPV recruitment phase

Parameter
Start-up 
setting

Advance 
to recruit 
lungs

Maximum 
settings

PIP (cmH2O) 20 2 30–35

PEEP (cmH2O) 5 1 8

Rate (per min) 40 2–5 50

Inspiratory 
time (s)

0.5 1 1

Flow (L/min) 12–14 1 20

PIP, peak inspiratory pressure; PEEP, positive end expiratory pressure.

Table 17.13  Suggested settings for weaning NIPPV

Parameter Wean by
Lowest settings to 
convert to CPAP

PIP (cmH2O) 1–2 10–12

PEEP (cmH2O) 1 5

Rate (per min) 2–5 10–15

Inspiratory time (s) 0.5 0.5

Flow (L/min) 1 10

PIP, peak inspiratory pressure; PEEP, positive end expiratory pressure.
No evidence to suggest that NIPPV results in more “CPAP Belly” than 
patients on Si-PAP or bubble CPAP with flow rates of 8–12 L/min.

Fig. 17.13 Ventilator-Specific Guidelines for NIPPV.
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pressure was raised as needed, the amplitude was adjusted 
to achieve visible chest vibrations, and the frequency was 
maintained at 10 Hz. Fifteen infants were placed on NIHFV 
early at 17 h (range, 2–36), whereas the remaining were 
switched at age 9 days (range, 6–21). The mean duration 
of NIHFV use in the two groups was 35 h (range, 2–144) 
and 40 h (range, 17–126), respectively. Only five patients 
(24%) were intubated after NIHFV use. Arterial or capil-
lary blood gases drawn before and after NIHFV initiation 
showed a decline in PCO2 levels.

In a randomized controlled clinical trial, Dumas De La 
Roque et al. studied 46 term infants with transient tachy-
pnea of the newborn to receive support with either NIHFV 
or NCPAP [64]. NIHFV was delivered via a high-frequency 
percussive ventilator VDR3 (Percussionaire Corp, Sagle, 
ID, USA). The airway pressures oscillated between 2 and 
35 cmH2O whereas the mean airway pressure was set 
at 5 cmH2O and the frequency at 5 Hz. The duration of 
respiratory illness was decreased significantly in the NIHFV 
group (105 ± 20 vs. 377 ± 150 min; P < 0.001). Duration 
of oxygen supplementation was significantly decreased 
and FiO2 was also lower in the NIHFV group. None of the 
randomized patients required any escalation of respiratory 
support.

NIHFV was used prophylactically after extubation by 
Czernik et al. in 20 infants with gestational age less than 
30 weeks [65]. Most of the infants (19 of the 20) had RDS 
and hydrocortisone was given to 14 infants (70%) prior 
to extubation. A Leoni Plus (Heinen & Lowenstein, Bad 
Ems, Germany) ventilator was used for NIHFV. The ini-
tial parameters set on NIHFV were mean airway pressure 
of 8 cmH2O, amplitude of 20 cmH2O, and frequency of 
10 Hz. The median duration of NIHFV was 136.5 h (range, 
7.0–456.0). Six infants (30%) required reintubation. Extu-
bation success was higher among the group placed on 
NIHFC after first extubation (91% vs. 44%; P = 0.0498). No 
side effects were reported as a result of NIHFV use.

Mukerji et al. performed a retrospective review of NIHFV 
use in four large tertiary Canadian neonatal intensive care 
units between July 2010 and September 2012 [66]. During 
this period, 52 infants were placed on NIHFV on 79 occa-
sions. NIHFV was used as “rescue” in 58 of 79 (73%) and 
postextubation “prophylaxis” was used in the remaining. 
NIHFV was administered using the Babylog 8000 or Drager 
VN 500 or Leoni Plus (Heinen & Lowenstein). Intubation 
was prevented in 58% of cases. infants receiving NIHFV 
had decreased apneic episodes as well as CO2 levels. No 
adverse events attributable to NIHFV were reported.

A pilot randomized controlled trial comparing NIHFV 
versus BP-NCPAP in preterm infants after NCPAP failure 
in 39 infants randomized to NIHFV (n = 16) or BP-NCPAP 
(n = 23). Failure of assigned ventilation mode was lower 
with NIHFV (37.5% vs. 65.2%; P = 0.09), although this 
reduction did not reach statistical significance. There were 

no differences in rates of invasive mechanical ventilation at 
72 h and 7 days postrandomization or BPD [67].

Although these studies were not powered to clearly 
establish safety, none have reported any major short-term 
adverse effects related to NIHFV use. However, a recent 
survey of NIHFV use in five European countries reported 
number of side effects including abdominal distension and 
upper airway obstruction owing to highly viscous secre-
tions, but whether these are directly caused by NIHFV is 
unclear [68].

More recently, a pilot randomized trial using NIHFOV as 
a primary mode of respiratory support in preterm infants 
was published by Zhu et al. They showed a significant 
decrease in the need for invasive ventilation in patients 
randomized to NIHFOV [69] (Fig. 17.14).

Recommendations
Routine and widespread use of NIHFV cannot be recom-
mended. However, NIHFV may be considered as a “rescue” 
mode after failure of other NIV modes to prevent intu-
bation. There are few data regarding optimal settings on 
NIHFV.

Suggested settings during NHFV

The suggested settings during NHFV [70] are mentioned in 
Table 17.14.

Initiation of NIHFOV
•	 HFOV MAP: Set 3–5 cmH2O above the MAP on NIPPV.
•	 HFOV amplitude: Same as NIPPV PIP.
•	 Frequency: 8 Hz.
•	 I:E ratio: 1:2; inspiratory time: 33% of cycle time.
•	 If oxygenation or ventilation is not improving, consider 

changing I:E ratio to 1:1 or inspiratory time to 50%.

Weaning of NHFV
When FiO2 is <0.30 and MAP is around 8 cmH2O, wean 
to NIPPV.

NHFJV

High-frequency jet ventilator also can be used to provide 
NHFV (Fig. 17.15). Our suggested settings include keep-
ing the NIPPV settings the same prior to switch, except 
to increase PEEP to 8 cmH2O. PEEP is adjusted based on 
lung expansion and FiO2 requirements. We use Jet PIP 
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Fig. 17.14 Primary Nasal HFOV (NHFOV) Versus NCPAP in Preterm Infants With RDS After Curosurf 200 mg/kg via 
INSURE (n = 76; GA: 28–34 weeks). BPD, Bronchopulmonary dysplasia. Based on the data from Zhu XW, Zhao JN, Tang SF, 
et al. Noninvasive high-frequency oscillatory ventilation versus nasal continuous positive airway pressure in preterm infants with 
moderate-severe respiratory distress syndrome: a preliminary report. Pediatr Pulmonol 2017;52:1038–1042 [69].

Table 17.14  Suggested settings for nasal HFV

Ventilator Suggested initial HFV settings Suggested initial IMV settings

3100A Frequency: 8–10 Hz No conventional breaths
I:E ratio: 1:2 or 1:1
Paw: Similar to IMV or CPAP
Amp/▲P: 2 × Paw

VDR4 or Bronchotron Frequency: 5–8 Hz Optional NIPPV breaths

I:E ratio: 1:1 Frequency 6–20 breaths/min

Paw: Similar to IMV or CPAP PIP as needed to move chest

Drager VN500 or Babylog 8000 Frequency: 6–10 Hz Optional NIPPV breaths

Amp/▲P: 2 × Paw
Frequency 6–20 breaths/min

I:E ratio: 1:1 PIP: 15–20 above Paw as needed to 
move chestPaw: Similar to IMV or CPAP

Leoni Plus/Stephanie/Sophie Variable I:E ratio Same as above

HFJ-Life Pulse Jet Frequency: 4 Hz Same as above
Valve on time: 0.03 s

Source: Based on the data from Yoder BA, Albertine KH, Null DM, Jr. High-frequency ventilation for non-invasive respiratory support of neonates. 
Semin Fetal Neonatal Med 2016;21:162–173 [70].
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5–10 cmH2O above conventional ventilator PIP, Jet Valve 
on time 0.030 s, and Jet rate of 360. Weaning to NIPPV 
is done when Jet PIP is around 15–20 cmH2O with stable 
PCO2 and PEEP is around 8 cmH2O.

Guidelines for NHFJV
Indication: When NIPPV fails, consider NHFJV.

Initiation of NHFJV
Leave the NIPPV settings the same, except to increase PEEP.

Suggested settings for NHFJV
•	 Jet PIP 5–10 cmH2O above conventional ventilator PIP 

during NIPPV.
•	 Jet valve on time 0.030.
•	 Jet rate 360. May decrease to 240 if there is PIE or 

hyperexpanded lungs with gas trapping.
•	 PEEP is adjusted based on lung expansion and FiO2 

requirements.
•	 Typically PEEP is set at 8 cmH2O and adjusted based 

on oxygenation.
•	 Adjust jet PIP based on ventilation.

Weaning from NHFJV
When jet PIP is around 15–20 cmH2O with stable PCO2, 
PEEP is around 8 cmH2O, and FiO2 is <0.30, patient can 
be transitioned back to NIPPV.

Transitioning from invasive HFV
Patients are often placed on HFV when synchronized inter-
mittent mandatory ventilation (SIMV) fails. However, as 
the respiratory status improves with rescue HFV, clinicians 
often tend to wean the patients from HFV to SIMV. We do 
not recommend this as the lung is still healing and with 
SIMV, one may stretch the lung again and cause lung injury, 
needing return to HFV. Further switching to SIMV may 
add to invasive ventilation days [71] (Table 17.15). Our 
approach for weaning from HFV is shown in Fig. 17.16.

NIV during transport

Before transporting neonates on any NIV mode, clinical 
assessments are required to minimize potential failure of 
NIV to avoid problems en route. Patient selection is impor-
tant as during transport, there is a limited ability to assess 
the patient, determine if and what caused any deteriora-
tion, as well as assess the response to any intervention 
made by the transport team. Intubation before transport 
is always preferable than performing during transport. The 
two largest reports that demonstrated safe and successful 
use of NCPAP for the transport of sick neonates are from 
Australia [72,73]. High-flow nasal cannula (HFNC) has also 
been used for transporting newborns and infants without 
any complications [74,75]. If infants are already receiving 
45%–50% FiO2 prior to transport, then it is recommended 

Fig. 17.15 Premature Infant Managed on Nasal High-Frequency Jet Ventilator.
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that these infants should be intubated before transporting 
to other facilities. During air transport (or ground transport 
in mountains), one may need to adjust NIV support due to 
increases in lung volumes or abdominal gas volumes.

High-flow nasal cannula

HFNC are small, thin, tapered binasal tubes that deliver oxygen 
or blended oxygen and air mixture at gas flows of more than 
2 L/min. HFNC are increasingly popular because of their ease 
of use. This form of NIV specifically refers to the delivery of 
blended, heated, and humidified gas. Devices providing HFNC 
along with recommended flow rates are shown in Table 17.16.

Table 17.15  Outcomes of direct extubation from high-frequency ventilation to noninvasive positive pressure 
ventilation in very low birth weight infants (n = 82)

HFV to SIMV (Indirect) 
(n = 48) Direct (n = 34) P

BW (g) 709 ± 254 729 ± 238 0.785

GA (weeks) 26 ± 2 26 ± 2 0.97

Weight at extubation (g) 1299 ± 705 1163 ± 679 0.104

Reintubation within 72 h (%) 10.4 11.8 1.00

Duration of invasive ventilation (days) (mean ± SD) 39.4 ± 17 27.5 ± 14 0.002

Length of stay (days) (mean ± SD) 101 ± 26 105 ± 32 0.749

Direct extubation from HFV to NIPPV may be safe and feasible.

BW, birth weight; GA, gestational age, HFV, high frequency vnetilator; SIMV, synchronized intermitent mandatory ventilation; NIPPV, non-invasive 
positive pressure ventilation.
Source: Based on the data from Bhatt P, Ramanathan R, Barton L, Biniwale M. Direct extubation from high frequency ventilation to noninvasive positive 
pressure ventilation in very low birth weight infants: a retrospective study. Pediatric Academic Societies Annual Meeting, San Francisco, CA, USA, May 
2017; Abstract [71].

Fig. 17.16 Weaning From High-Frequency Ventilation. SIMV, Synchronized intermittent mandatory ventilation HFOV, high 
frequency oscillatory ventilation; HFJV, high frequency jet ventilation; NIPPV, non-invasive positive pressure ventilation.

Table 17.16  Devices providing high-flow nasal 
cannula and recommended flow rates

Device trade  
name

Flow 
rate  
(L/min)

Relative 
humidity 
(%)

Gas  
temperature 
(°C)

Standard nasal 
cannula

1–4 Not 
humidified

Not warmed

Vapotherm 
precision 2000i 
high-flow therapy

5–40 95–100 33–43

Fisher and Paykel 
optiflow high-flow 
nasal cannula

1–60 100 37
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Physiologic principles
A key feature that separates HFNC from standard nasal can-
nula is the preconditioning of the inspired gas. As it would 
normally take metabolic energy for the body to warm and 
humidify the air we breathe, HFNC has the advantage of 
reducing resting energy expenditure.

The clinically important respiratory benefits of HFNC 
include decreased work of breathing and reduced supple-
mental oxygen requirement. There are several proposed 
mechanisms of action to explain these findings. These 
include (1) reduction of inspiratory resistance [76], (2) 
washout of nasopharyngeal dead space [77], and (3) provi-
sion of positive airway distending pressure [78,79]. With 
tightly fitting nasal prongs, high flow rates, and closed 
mouth, HFNC can generate high nasopharyngeal airway 
pressures [78,80].

Advantages of using HFNC

Ease of application and minimization of nasal trauma 
are two big factors that favor use of cannula over CPAP 
(Fig. 17.21). Nasal trauma is mainly reduced by gas heating 
and humidification [81–83]. Other factor that aide in use 
of high-flow cannula include provision of some amount 

of positive pressure, augmentation of spontaneous tidal 
volumes, stabilization in patient’s work of breathing, and 
improved gas exchange via dead space washout [84–86]. It 
also improves patient comfort [87,88].

Disadvantages and safety concerns

Very high pressures can be generated when flow rates 
higher than 2 L/min are used (Fig. 17.17). Even at 2 L/min, 
the CPAP generated could be as high as 10 cmH2O [89]. 
Serious complications due to traumatic air dissection, such 
as scalp emphysema, pneumoorbitis, and pneumocepha-
lus, have been reported with use of HFNC in the past [90]. 
As pressures generated are neither measured nor controlled 
by the user, flow rates more than 2 L/min should not be 
used in preterm neonates. Unpredictable pressures may be 
generated by both the most commonly used devices [91] 
(Fig. 17.18). Pressure-relief valves incorporated into some 
of the HFNC devices may not be sufficient to avoid exces-
sive pressure [80]. Careful attention should be given to the 
size of the prongs as recommended by the manufacturers to 
allow an adequate leak between the prongs and the infant’s 
nares, as well as the use of the lowest effective flow rates. 
Prolonged use of HFNC with exposure to high pressures 
results in many adverse outcomes in extremely low–birth 

Fig. 17.17 Use of RAM Cannula With High–Low System—Advantages and Disadvantages. Copyright: Satyan 
Lakshminrusimha.
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weight infants [92]. One must exercise extreme caution 
when using HFNC, especially in preterm infants. We do not 
use HFNC in preterm infants.

HFNC versus CPAP

Several studies have been performed for efficacy and safety 
check while comparing HFNC and CPAP. The study con-
ducted by Lavizzari et al. enrolled 316 patients of more 
than 29 weeks of gestation age with mild-to-moderate 
RDS. HFNC showed similar efficacy with regard to failure 
in 10.8% compared to 9.5% in CPAP group [93]. In a study 
by Manley et al., infants less than 32 weeks of gestation 
age were randomized after extubation to CPAP or HFNC. 
In this study of 303 infants, treatment failure in the HFNC 
group of 34.2% was comparable to 25.8% in the CPAP 
group [83]. Whereas in a retrospective study involving 
more than 2000 infants, Taha et al. found that HFNC was 
associated with increased respiratory morbidities, delayed 
oral feeding, and prolonged hospitalization in infants less 
than 1000 g birth weight [92] (Table 17.17). The HIPSTER 
trial was an unblended, international, multicenter random-
ized noninferiority trial involving infants of 28 weeks and 

higher comparing HFC to NCPAP as a primary support for 
providing NIV. Of proposed enrollment of 750 infants, trial 
was stopped after enrolling 278 infants because of higher 
percentage of failure in the HFNC group (25.5% vs. 13.3%) 
[94] (Table 17.18). Meta-analysis of studies involving 
HFNC comparing it to CPAP has not shown any difference 
in BPD rates [95].

HFNC for weaning from NCPAP
There are no prospective, randomized studies of HFNC in 
preterm infants with regard to weaning from NCPAP. A 
matched-pair cohort study involving 79 preterm infants 
≤28 weeks of gestation age compared while weaning from 
NCPAP to low-flow cannula versus HFNC and revealed that 
infants in the HFNC group weaned from NCPAP signifi-
cantly quicker but had no difference in overall duration of 
respiratory support [96].

HFNC versus LFNC

Typically, flow rates 2 L/min or less is considered low-flow 
nasal cannula (LFNC). Majority of centers use LFNC as a 

Fig. 17.18 Comparison of two devices delivering high-flow nasal cannula, namely, Fisher and Paykel (blue) and Vapotherm 
(red) demonstrating variable CPAP effect shown in bold lines (n = 9). Error bar shows two standard deviations. At 7–8 L/min, 
pharyngeal pressures are unpredictable and may vary from 1 to 9 cmH2O. Based on the data from Collins CL, Holberton JR, König 
K. Comparison of the pharyngeal pressure provided by two heated, humidified high-flow nasal cannulae devices in premature 
infants. J Paediatr Child Health 2013;49:554–556 [91].
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Table 17.17  Study demonstrating morbidity associated with high-flow nasal cannula use in extremely low birth 
weight infants

CPAP (941) HFNC (333)
HFNC ± CPAP 
(1546) P

CPAP days  
(median, IQR)

15 (5–28) 7 (1–19)

FNC days  
(median, IQR)

14 (5–25) 13 (6–23)

Mean BW (g) 787 ± 145 776 ± 149 773 ± 146 <0.05

Mean GA (weeks) 26.7 ± 2.1 26.5 ± 1.9 26.3 ± 1.8 <0.05

Ventilated any time (%) 799 (84.9) 284 (85.3) 1387 (89.7) <0.05

HFNC ± CPAP (median, 
IQR)

15 (5–28) 14 (5–25) 26 (14–39) <0.001
Linear regression

BPD or death (%) 474 (50.4) 189 (56.8)* 950 (61.5) <0.05
Logistic regression

BPD (%) 397 (42.2) 174 (52.2)* 912 (59.0) <0.05
Logistic regression

Multiple ventilation 
courses (%)

481 (51.1) 177 (53.1) 1000 (64.7) <0.05
Logistic regression

More than 3 ventilation 
courses (%)

166 (17.6) 70 (21.0) 454 (29.4) <0.05
Logistic regression

Ventilator (days) (median, 
IQR)

18 (5–42) 25 (6–52)* 30 (10–58)†

Postnatal steroids (%) 115 (12.2) 71 (21.3)* 387 (25.0) <0.05
Logistic regression

Days to room air  
(median, IQR)

62 (39–90) 76 (51–103)* 72 (51–96) <0.001
Linear regression

Discharge home on 
oxygen (%)

201 (21.4) 70 (21.0) 432 (27.9) NS

Severe IVH (grade 3/4) 
(%)

79 (8.4) 31 (9.3) 170 (11.0) NS

PDA requiring medical 
therapy

445 (47.3) 145 (43.5) 797 (51.5) NS

NEC Bell’s stage 2 or 
higher

74 (7.7) 30 (9.0) 126 (8.1) NS

ROP requiring laser 81 (8.6) 36 (10.8) 208 (13.4) NS

Length of hospitalization 
(days)

82 (64–104) 89 (69–111)‡ 95 (75–119) <0.05
Linear regression

Bold values indicate CPAP versus HFNC ± CPAP significant values; Bw, birth weight; GA, getsaitonal age; FNC, flow nasal cannula; BPD, 
bronchopulmonary dysplasia, D, days; IQR, interquartile range; IVH, intraventricular hemorrhage; PDA, patent ductus arteriosus; NEC, necrotizing 
enterocolitis; ROP, retinopathy of prematurity; NS, not significant.
*P < 0.05, CPAP versus HFNC.
†P < .05, CPAP vs HFNC ± CPAP.
‡P < 0.001, CPAP versus HFNC.
Source: Modified from Taha DK, Kornhauser M, Greenspan JS, et al. High flow nasal cannula use is associated with increased morbidity and length 
of hospitalization in extremely low birth weight infants. J Pediatr 2016;173:50–55 [94].
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step-down process from weaning CPAP of 4–5 cmH2O. 
Main advantage of LFNC is that infants can be fed by mouth 
rather than gavage tube as against in CPAP or HFNC wherein 
majority of infants are fed through gavage tube. Also flow 
rates at 1 L/min or less may not need heated or humidified 
gas. Furthermore, if needed, LFNC can be easily converted to 
home oxygen therapy if infant cannot be weaned any further.

Recommendations
HFNC may be effective for support of preterm infants fol-
lowing extubation. As a primary NIV treatment, HFNC did 

not perform as well as NCPAP. Further studies are needed 
to assess which clinical conditions are most amenable to 
HFNC support, the most effective flow rates, and escalation 
and weaning strategies. Its suitability as first-line treatment 
needs to be further evaluated [97].

Guidelines for using HFNC

Indications in NICU
•	 Postextubation ≥28 weeks of gestation age
•	 Stable infants on CPAP (not “weaning” per se)
•	 Nasal trauma
•	 Recommencing respiratory support after
•	 Weaning off CPAP

Initiation of high and low-flow 
cannula
Set initial gas flow for HFNC of 6–8 L/min, from either the 
Optiflow Junior (Fisher and Paykel Healthcare) or Preci-
sion Flow (Vapotherm) device (Table 17.19). The size of the 
nasal cannula is determined according to the manufactur-
ers’ instructions to maintain a leak at the nares. The maxi-
mum permissible gas flow is 8 L/min, as recommended by 
the manufacturer. Typically, flow rate at 2 L/min is started 
when switched to LFNC. Consider using heated, humidi-
fied gas when flow rates are ≥1 L/min.

Stable phase for HFNC
In the stable phase for HFNC, following parameters have to 
be monitored carefully.
•	 Work of breathing/apnea
•	 Blood gases
•	 Oxygen saturations

Table 17.19  High and low-flow nasal cannula initiation settings

Setting Start Increase Maximum Decrease Minimum

High flow rate (L/min) 6–8 By 0.5–1 for FiO2 > 30% or 
signs of respiratory distress

8 By 0.5–1 when FiO2 21% 2–4

Low flow rate (L/min) 2 — 2 By 0.5 when FiO2 21% 0.5

FiO2 (%) 21–30 Preductal saturation <88% 50 Preductal saturation 
>90%

21

Temperature 34–37°C

Humidity 100% Relative humidity

FiO2, Fraction of inspired oxygen.

Table 17.18  Highlights of HIPSTER trial for comparing 
high-flow nasal cannula to CPAP in 
premature infants

•	 Multinational,	RCT	noninferiority	design—Australia	and	
Norway

•	 HFNC	versus	NCPAP;	no	Surf.	Rx; BW: 1737 versus 
1751 g; GA: 32 versus 32 weeks

•	 Trial	stopped	early	per	DSM	Committee	because	of	
a significant difference in primary outcome of failure 
within 72 h of randomization

•	 Treatment	failure:	HFNC	versus	NCPAP:	25.5%	versus	
13.3%; P < 0.001

•	 Conclusions:	When	used	for	primary	support	for	preterm	
infants with respiratory distress, HFNC resulted in a 
significantly higher rate of treatment failure than did 
CPAP

HFNC for primary respiratory support in preterm infants (n = 564; 
GA ≥ 28 weeks) (HIPSTER trial) in VLBW infants; RCT, randomized 
control trial; Rx, treatment; BW, birth weight; DSM, data safety 
monitoring; GA, gestational age; HFNC, high flow nasal cannula; 
NCPAP, nasal CPAP.
Source: Based on the data from Roberts CT, Owen LS, Manley BJ, 
et al. Nasal high-flow therapy for primary respiratory support in 
preterm infants. N Engl J Med 2016;375:1142–1151 [94].
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•	 Nasopharyngeal patency
•	 Feeding tolerance

If it continues to have increased work of breathing, 
severe apneic episodes, or FiO2 more than 40%, then may 
switch to CPAP or NIPPV.

Stable phase for LFNC
•	 Keep at 2 L/min while FiO2 is more than 21%.
•	 May need to go to CPAP or HFNC if FiO2 persistently is 

more than 40%.
•	 Check the work of breathing before adjusting flow 

rate.
•	 Monitor apnea, bradycardia, and desaturations 

episodes.
•	 Consider keeping the cannula for premature infants if 

growth is suboptimal.

Weaning phase for HFNC
We recommend weaning FiO2 before flow rates and wean 
flow after FiO2 is down to 25% for 24 h (Table 17.20).

Weaning phase for LFNC
•	 Wean FiO2 before flow rates.
•	 Weaning no more than 0.5 L/min/day.
•	 Convert to home oxygen if infant cannot be weaned 

off from 0.5 L/min and if infant is otherwise ready for 
discharge.

•	 Home oxygen settings are usually 1/8 L/min or 1/4 L/
min with FiO2 of 100%.

Precautions when using NIV
1. Do not occlude the nasal passages completely. Allow 

at least ∼30% leak to minimize expiratory resistance 
and to avoid nasal mucosal or septal injury. One may 
need to compensate by using slightly high pressures to 

compensate for the leak. Many devices will be able to 
provide synchronized NIPPV when the leak is <30%. 
With sNIPPV for >60% of the time, effort of breathing 
using pressure–rate product was significantly lower 
than during HFNC at 6 L/min flow in neonates and 
young infants [98].

2. Always keep a “gap” between the nasal interface and 
the columella part of the nose. When fixing the nasal 
interface, make sure that there is this “gap” between 
nasal interphase and the columella (Figs. 17.19 
and 17.20).

Summary and future of NIV

Based on the randomized, controlled trials, use of NCPAP 
as a primary mode of support has not decreased the need for 
intubation or reintubation. Furthermore, both short-term 
outcomes, such as BPD, and long-term outcomes, such as 
pulmonary function, at 8 years of age have not improved. A 
number of studies using true mode of “NIPPV” has clearly 
shown to decrease the need for intubation or reintubations. 

Table 17.20  Weaning guidelines for HFNC

Parameter Wean by

Lowest settings to 
convert to low-flow 
or standard nasal 
cannula

High flow rate 
(L/min)

0.5–1 2–4

FiO2 (%) 2%–5% 21–30

Temperature 34–37°C

Humidity 100% Relative humidity

Fig. 17.19 Precautions Using Nasal Interface While 
Providing NIV.

Fig. 17.20 Practical Issues While Fixing RAM Cannula.
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In addition, when combined with early, rescue surfactant 
therapy in preterm infants with RDS, NIPPV has been 
shown to reduce BPD.

Major limitations with NIPPV 
use in low and middle income 
countries

Cost and lack of experience of staff caring for neonates in 
the low and middle-income countries (LMIC) is a major 
limitation. There is a major need to have support from 
technology industry to produce low-cost, maintenance-
free, portable, simple, and effective devices to provide 
CPAP, NIPPV, and IMV. One such device (RamSmeeta 
Ventilator) developed by one of the authors (R.R.) is 
pending regulatory approval for release in 2018. This ven-
tilator is capable of providing CPAP, NIPPV, and/or IMV 
using standard, disposable, ventilatory circuits. Use of 
NIPPV has been shown to decrease the need for surfac-
tant use, essentially eliminate ventilator-associated pneu-
monia when used as a primary mode, and duration of 
oxygen supplementation and length of hospital stay [38] 
(Fig. 17.21).

Clearly, these benefits will significantly reduce the cost 
further in LMIC, and may help improve pulmonary and 
nonpulmonary outcomes.

Case reports 

Fig. 17.21 Benefits of NIV With Surfactant Therapy. Based on the data from Ramanathan R, Sekar KC, Rasmussen M, et al. 
Nasal intermittent positive pressure ventilation after surfactant treatment for respiratory distress syndrome in preterm infants <30 
weeks’ gestation: a randomized, controlled trial. J Perinatol 2012;32:336–343 [38].

Case 1

Twenty-six weeks of premature infant of birth weight 700 g 
was delivered by C-section secondary to preterm labor. 
Mom received one dose of betamethasone prior to deliv-
ery. Infant briefly cried at delivery but became cyanotic with 
heart rate of 80 beats/min. RAM cannula was placed in the 
delivery room and PPV was initiated using T-piece at pres-
sures of 25 maintaining PEEP at 5 and FiO2 of 30%. Pulse 
oximetry at right hand revealed saturations of 75 with heart 
rate 120 within 30 s of application of cannula. Infant was 
transported by 5 min of life to NICU while continuing PPV 
using RAM cannula with pressures of 25/5, rate 40, and 
FiO2 21%.

In NICU, RAM cannula was connected to conventional 
ventilator with pressures of 20/5 and rate of 40. Infant had 
saturations of 90% in FiO2 of 21%. First blood gas showed 
pH 7.24 with CO2 of 56. Pressures were increased to 22/5 
while maintaining same rate. Over the next 24 h, infant 
maintained blood gases and oxygen saturations. FiO2 grad-
ually increased to 30% over the next day. X-ray revealed 
RDS. Infant received surfactant using INSURE technique 
and was placed back on NIPPV using RAM cannula. Infant 
subsequently improved on NIPPV. Over the next 3 days, the 
infant developed hypotension and metabolic acidosis. Echo-
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CHAPTER POINTS

•	 Use of nasal CPAP as first-line therapy for many 
preterm infants requiring respiratory support 
decreases the incidence of bronchopulmonary 
dysplasia, and the competing outcomes death or 
bronchopulmonary dysplasia.

•	 Multiple interventions, from the delivery room 
to neonatal intensive care unit, stand to decrease 
complications related to nasal CPAP use and minimize 
risk of nasal CPAP failure.

•	 Compared to infant flow driver, bubble CPAP may 
decrease post-extubation failure in infants less than 
30 weeks’ gestation.

•	 For preterm infants with immature lungs, prolonged 
periods of nasal CPAP support, even without oxygen 
supplementation, enhances lung growth.

Introduction

In the past decade there has been increasing interest in using 
noninvasive respiratory support with nasal continuous posi-
tive airway pressure (CPAP) for managing respiratory failure 
in infants, with the focus to reduce the use of mechanical 
ventilation and protect the lung. However, the literature 
reflects conflicting results on the effectiveness of nasal CPAP 
in infants with respiratory failure due to inconsistencies in 
the guidelines for CPAP therapy, use of different devices and 
ventilator modes, and variations in training and levels of 
experience with nasal CPAP use. Very little attention is paid 
to the best ways of practicing nasal CPAP therapy. This chap-
ter addresses key aspects of nasal CPAP therapy under eight 
topics: (1) historical overview, (2) physiological effects of 
CPAP, (3) indications for the use of nasal CPAP therapy, (4) 
desirable features and major components of CPAP systems, 
(5) randomized trials comparing CPAP devices, (6) practi-
cal aspects of nasal CPAP application and strategies for suc-
cess, (7) randomized trials of CPAP use, and (8) Columbia 
experience with nasal CPAP. The management protocols [1] 
discussed have been practiced successfully in our NICU for 
over 40 years and have shown to reduce chronic lung disease 
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in preterm infants without increasing morbidity or mortality. 
These protocols have been increasingly adopted and prac-
ticed at many NICUs throughout the world with good results.

Historical overview

CPAP has been used since the early part of the 20th century 
for resuscitation and stabilization of newborn infants with 
respiratory failure. In 1968, Harrison et al. showed that intu-
bation (without end-distending pressure) resulted in a fall 
in oxygenation; the oxygenation improved when the endo-
tracheal tube was removed and the infants were allowed to 
grunt [2]. Two years later at the Society for Pediatric Research 
meeting, Llewellyn and Swyer [3] showed that the addition 
of positive end-distending pressure improved oxygenation in 
ventilated preterm infants with respiratory distress syndrome 
(RDS). In 1971, Gregory et al. [4] published a small clinical 
trial, demonstrating that CPAP improved oxygenation in pre-
term infants with RDS. However, prior to 2008, there was lit-
tle evidence to support the use of CPAP as a strategy to reduce 
the incidence of bronchopulmonary dysplasia (BPD) other 
than observational data associating the use of CPAP with bet-
ter respiratory outcomes [5]. In landmark study published 
in 1987, the Babies Hospital at Columbia University was 
reported to have the lowest incidence of chronic lung disease 
compared to seven other centers. A number of care practices 
were suggested to explain those differences; early institution 
of CPAP in infants with respiratory distress, avoidance of 
mechanical ventilation by using permissive hypercapnia, and 
allowing infants to breathe spontaneously were all viewed as 
important. Other investigators [6] reached similar conclu-
sions when respiratory outcomes at two Boston Hospitals 
were compared to those at Columbia. The authors concluded  
that most of the increased risk of chronic lung disease in the 
two Boston NICUs could be explained simply by the ini-
tiation of mechanical ventilation. In the 1990s, interest in 
using CPAP as an initial mode of respiratory support waned 
because of the strong evidence demonstrating that endotra-
cheal intubation and administration of surfactant improved 
survival, and decreased the incidence of air leaks [7]. It is 
noteworthy that none of the clinical trials studying surfactant 
at that time had a control group randomized to CPAP. Fur-
thermore, the widespread acceptance of surfactant admin-
istration as an evidenced-based therapy did not result in a 
decline in the incidence of BPD.

In 2008, the first of five randomized clinical trials was 
published, comparing early use of CPAP with routine endo-
tracheal intubation and surfactant administration [8]. A 
meta-analysis of similar trials has recently been published, 
demonstrating a decrease in the combined outcome of death 
or BPD when CPAP is used as an initial mode of respira-
tory support [9]. The authors concluded that one additional 

infant could survive to 36 weeks without BPD for every 25 
babies treated with nasal CPAP in the delivery room. Further-
more, a recent Cochrane review concluded that prophylactic 
administration of surfactant compared with stabilization on 
CPAP and selective surfactant administration was associated 
with a higher risk of death or BPD (RR: 1.12; CI: 1.02–1.24) 
[10]. Therefore, it is somewhat surprising that nasal CPAP is 
not used more widely [11] and that the outcomes from cen-
ters such as Columbia University cannot be easily replicated.

Physiological effects of CPAP

CPAP applies positive pressure to the airway of a sponta-
neously breathing patient throughout the respiratory cycle. 
The physiological effects of CPAP will vary, depending on 
the underlying pulmonary pathology. Prominent physi-
ological effects CPAP are as follows:
1. Increases transpulmonary pressure and functional 

residual capacity (FRC) and improves lung 
compliance.

2. Prevents alveolar collapse (atelectrauma), decreases 
intrapulmonary shunt and provides progressive 
alveolar recruitment.

3. Conserves surfactant.
4. Prevents pharyngeal wall collapse.
5. Stabilizes the chest wall and decreases 

thoracoabdominal asynchrony and work of 
breathing [12].

6. Increases airway diameter and splints the airways.
7. Splints the diaphragm.
8. Stimulates lung growth [13].
9. Bubble CPAP adds high-frequency ventilation [14] and 

stochastic resonance effects [15].
The use of CPAP improves gas exchange with increase in 

PaO2 and decrease in PaCO2 due to enhanced patency of 
the peripheral airways, and the greater surface area available 
for gas exchange due to increased lung volume. However, 
excessive CPAP pressure may lead to serious consequences, 
such as air leak syndromes and increased dead space ven-
tilation, leading to a rise in PaCO2. Furthermore, high lev-
els of CPAP can increase intrathoracic pressure resulting in 
diminished venous return to the heart and reduced cardiac 
output, decreased pulmonary perfusion, and enhanced 
ventilation–perfusion mismatch.

Indications for nasal CPAP therapy

Evidence has accumulated over the past 4 decades to sup-
port the use of nasal CPAP not only to facilitate weaning in 
intubated infants but also as a primary mode of support in 
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infants with various types of respiratory compromise situ-
ations, including
1. diseases with low FRC, for example, RDS, transient 

tachypnea of the newborn, patent ductus arteriosus, 
pulmonary edema;

2. apnea and bradycardia of prematurity;
3. meconium aspiration syndrome (MAS);
4. airway closure disease, for example, bronchiolitis, BPD;
5. tracheomalacia;
6. partial paralysis of diaphragm; and
7. respiratory support after extubation.

Early initiation of CPAP (preferably before fetal lung fluid 
is absorbed) in preterm infants helps prevent alveolar col-
lapse by continuously applying positive pressure, and allow-
ing these infants to produce endogenous surfactant. Spain 
et al. [16] studied the amount and redistribution of lung 
surfactant during the perinatal period in rats, and concluded 
that packaging of surfactant may be very active immediately 
postbirth. Within 10 min of the initiation of air breathing, 
small increases in type II cell lamellar body content are 
observed. By 24 h, the whole lung and alveolar extracellular 
pool surfactant lipid increases substantially. In our experi-
ence since 1973, early application of nasal CPAP therapy, 
usually within 5 min of life, in spontaneously breathing 
preterm infants, prevents alveolar collapse, allows infants 
to breathe and produce adequate endogenous surfactant, 
decreases work of breathing, and helps in lowering the frac-
tion of inspired oxygen (FiO2). More than 77% of infants 
≤1250 g at birth do not require intubation or surfactant 
replacement therapy [17]. The extended use of CPAP can 
also stimulate the growth of the premature lung [13] and 
further decrease the incidence of BPD. Thus, CPAP is both a 
corrective and a supportive therapy that helps the process of 
gas exchange while allowing the premature lungs to grow.

Desirable features and major 
components of CPAP devices

The goal of any CPAP delivery device is to prevent atelectasis 
and airway closure. An ideal CPAP delivery system should 
have the following characteristics: a patient system that 
is easily and rapidly applicable and is readily removable 
and reconnectable; causes the least trauma to the infant; is 
capable of producing stable desired pressure levels; readily 
accepts humidification and supplementary oxygen at the 
desired temperature; is associated with low resistance to 
breathing; offers minimal dead space; is easily understood, 
maintained, and sterilized; and is safe and cost-effective. 
Given the infrequent use of nonnasal methods of CPAP in 
current clinical practice, this chapter will focus exclusively 
on nasal interfaces and modes of pressure generation uti-
lized in nasal CPAP delivery systems.

CPAP delivery system consists of the following three 
components (Fig. 18.1):
1. Circuit for continuous flow of heated and humidified inspired 

gases: Oxygen and compressed air sources provide inspired 
gases at the desired inspired oxygen concentration. The 
flowmeter controls the rate of flow. The minimum flow 
rate used should be sufficient to prevent rebreathing 
of carbon dioxide, that is, usually two and half times 
the infant’s minute ventilation. The flow should also 
compensate for leaks around connectors and the CPAP 
prongs. Usually a flow rate of 5–10 L/min is sufficient in 
infants. The inspired gases are warmed and humidified 
prior to delivery to the infant to avoid mucosal injury.

2. Nasal interface to connect the CPAP circuit to the infant’s 
airway: Nasal interfaces are most frequently selected and 
are usually the most appropriate route for the delivery 
of CPAP in infants as they are obligate nasal breathers. 
Single and binasal tubes/prongs of varying lengths, 
ending in the nares or nasopharynx, have also been 
used as nasal interfaces. Nasal masks have been used 
to deliver CPAP to infants [18,19]; however, they are 
difficult to keep in place and to maintain an adequate 
seal. Nasal cannulae are often used in infants to deliver 
supplemental oxygen at low flows (<0.5 L/min) with 
no intention of generating CPAP. Several binasal devices 
are now widely used, including Hudson [1], INCA [20], 
Infant Flow Driver [21–23], and Fischer Paykel [24] 
prongs. The binasal devices may cause nasal trauma 
if inappropriately applied or infrequently monitored. 
Short binasal prongs, initially used by Wung et al. [1], 
are simple to use, effective, and safe. They are designed 
to avoid cannula contact and compression of the nasal 
septum, and thus prevent septal injury.

 Excessive flow through the circuit generates significant 
resistance against which the infant must exhale. To 
lower the work of breathing, variable-flow devices such 
as Infant Flow Driver (Electro Medical Equipment Ltd, 
Brighton, UK) and Arabella Generators (Hamilton 
Medical, Graubünden, Switzerland) are designed 
to allow the jet flow to flip between inspiratory and 
expiratory routes (Coanda effect). They aim to provide 
sufficient demand flow on inspiration while minimizing 
expiratory resistance. Work with lung models and a 
small study on preterm infants with minimal lung 
disease [25] demonstrated reduced work of breathing 
when compared with conventional devices. Limited 
randomized crossover [26] and nonrandomized clinical 
studies [27], in preterm infants, have compared the 
Infant Flow nasal CPAP system with single-prong nasal 
CPAP. They found no significant difference in short-
term measurement of physiological variables.

3. Modes of positive pressure generation in the CPAP circuit: 
CPAP pressure is usually provided by varying the 
resistance to flow in expired tubing. In neonates this 
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Fig. 18.1 Various components of the nasal prong CPAP delivery system: (1) circuit for continuous flow of heated and humidified inspired gases (oxygen blender, 
flowmeter, heated humidifier, proximal connecting tubing with heating wire inside), (2) nasal interface to connect the CPAP circuit to the infant’s airway (nasal 
cannula with two curved prongs, Velcro to wrap around cannulae to prevent compressing nasal septum), and (3) mode of positive pressure generation in the CPAP 
circuit (bottle containing a solution of 0.25% acetic acid/water filled up to a depth of 7 cm and the distal tubing submerged to a depth of 5 cm to create CPAP 
5 cmH2O). Copyright: Satyan Lakshminrusimha.
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can be achieved by several techniques and a variety of 
nasal CPAP systems. The delivery devices can be broadly 
grouped into continuous-flow and variable-flow systems. 
With continuous-flow devices this is achieved by using 
water-seal bubble CPAP (Fisher and Paykel Healthcare, 
NZ; Babi-Plus [A Plus Medical, CA]; Home-made) 
systems or via flow opposition, where the patient’s 
expiratory flow opposes a set resistance in the ventilator. 
In the conventional ventilator-provided CPAP, the 
pressure fluctuates with infants’ expiratory flow and 
could be higher during crying periods. Ventilator 
delivered CPAP variable-flow devices that include 
the Infant Flow Driver (IFD, Infant Flow nasal CPAP 
system, Care Fusion, Yorba Linda, CA), Benveniste gas 
jet valve CPAP, Aladdin, and Arabella systems utilize 
flow opposition with fluidic flow reversal during 
expiration, where gas is entrained during inspiration to 
maintain stable pressure and expiratory flow is diverted 
via a separate fluidic “flip-flop.”
Bubble CPAP represents the simplest form of CPAP, 

requiring only provision of a constant bias flow of blended 
gas that is heated and humidified, a patient interface and 
creation of flow opposition and pressure by submerg-
ing the tip of the expiratory limb a set distance under the 
surface of the liquid. Varying the depth of the underwater 
expiratory tube thus varies the CPAP pressure. Flow escapes 
beneath the liquid surface via creation of bubbles. Pressure 
oscillation created by the bubbles is transmitted back to the 
nares, delivering a variable rather than constant pressure 
to the airway opening. The generation of bubbling in the 
water chamber by exhaled gas has been hypothesized to 
produce chest vibrations that may enhance gas exchange 
[28]. The applied gas flow rate has been observed to affect 
the degree of bubbling, and it has been suggested that oscil-
lations from bubbling affect the pressure amplitude and 
contribute to gas exchange by delivering low-amplitude, 
high-frequency oscillations to the lungs [14,15,29].

The principle of IFD CPAP is the Bernoulli effect, which 
directs gas flow toward each naris, and the Coanda effect to 
cause the inspiratory flow to flip and exit the generator cham-
ber via the expiratory limb. This may assist spontaneous 
breathing and reduce the work of breathing by decreasing 
expiratory resistance and maintaining stable airway pressure 
throughout the respiratory cycle [30]. The Benveniste gas jet 
valve CPAP is an alternative variable-flow system that con-
sists of two coaxially positioned tubes connected by a ring. 
It works via the Venturi principle to generate pressure. It is 
connected to a blended gas source and then to the patient via 
nasal prongs, generating variable-flow CPAP [31]. Compared 
with constant pressure flow opposition CPAP, variable-flow 
opposition CPAP systems may offer important and relevant 
clinical advantage in the infants with chronic respiratory 
disease, particularly in the presence of impaired respiratory 
muscle contractility and susceptibility to fatigue.

Randomized trials comparing 
continuous positive airway 
pressure devices

Randomized controlled trials 
performed at birth
Mazzella et al. [32] compared IFD CPAP with binasal 
prongs and bubble CPAP through a single nasopharyngeal 
tube in preterm infants with RDS at less than 12 h of age. 
They reported a significant beneficial effect on both oxygen 
requirement and respiratory rate with IFD CPAP, compared 
to bubble CPAP, and a trend toward a decreased need for 
mechanical ventilation. Tagare et al. [33] compared the 
efficacy and safety of bubble CPAP with ventilator-derived 
CPAP in preterm neonates with RDS. A higher percent-
age of infants was successfully treated with bubble CPAP 
(83% vs. 63%, P = 0.03), suggesting superiority of bubble 
CPAP. Mazmanyan et al. [34] randomized preterm infants 
to bubble CPAP or IFD CPAP after stabilization at birth in a 
resource-poor setting. They reported bubble CPAP equiva-
lent to IFD CPAP in the total number of days CPAP was 
required.

Randomized trials of continuous 
positive airway pressure after 
extubation
In a study by Sun et al. [35] among infants greater than 
30 weeks’ gestation and birth weight greater than 1250 g, 
the results favored IFD CPAP over ventilator-derived CPAP. 
In another study, Stefanescu et al. examined extremely low 
birth weight infants and compared IFD CPAP with ventila-
tor-derived CPAP using INCA prongs and found no differ-
ence in the extubation success rate between the two groups 
[20]. These trials suggest that IFD CPAP is either superior 
to or has similar efficacy to ventilator-derived CPAP when 
used after extubation. In a subsequent trial, Gupta et al. 
[21] randomized preterm infants 24–29 weeks’ gestation or 
600–1500 g at birth to receive bubble CPAP or IFD CPAP 
following the first attempt at extubation. Infants were strati-
fied according to duration of initial ventilation (≤14 days 
or >14 days). Although there was no statistically significant 
difference in the extubation failure rate (16.9% on bubble 
CPAP, 27.5% on IFD CPAP) for the entire study group, the 
median duration of CPAP support was 50% shorter in the 
infants on bubble CPAP, median 2 days (95% CI, 1–3 days) 
on bubble CPAP versus 4 days (95% CI, 2–6 days) on IFD 
CPAP (P = 0.03). In infants ventilated for less than or equal 
to 14 days, the extubation failure rate was significantly 
lower with bubble CPAP (14.1%; 9/64) compared to IFD 
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CPAP (28.6%; 18/63) (P = 0.046). This well-designed clini-
cal trial suggests the superiority of postextubation bubble 
CPAP over IFD CPAP in preterm babies less than 30 weeks, 
who are initially ventilated for less than 14 days.

There seems to be only a slight difference between 
continuous- or variable-flow CPAP devices, but there is a 
trend in favor of bubble CPAP for postextubation support, 
especially in infants ventilated for ≤2 weeks. The nasal 
interface is important for optimal delivery of pressure and 
CPAP delivery while limiting untoward effects, which also 
requires close monitoring and good nursing care. With 
increasing use of CPAP devices, it is important that units 
use the evidence to select an appropriate CPAP device and 
minimize complications.

Practical aspects of nasal CPAP 
application and strategies for success

The use of nasal CPAP as the initial mode of respiratory 
support in critically ill very low birth weight infants is asso-
ciated with a lower incidence of chronic lung disease [8]. 
Many institutions have attempted to replicate the practices 
and results at Columbia University. However, success rates 
with nasal CPAP are highly variable, which may, in part, be 
attributable to how well it is utilized. With recent renewed 
interest in noninvasive respiratory support, particularly 
bubble nasal CPAP, it is essential to evaluate strategies for 
success that may depend on the most optimal use of CPAP 
devices, attention to detail and bedside caregiver experi-
ence. Detailed below are strategies that address the issues 
with the use of bubble nasal CPAP system as practiced at 

Columbia University and share the practical aspects for 
replicating success with bubble nasal CPAP use.

Choose the appropriate size 
of nasal prongs
It is important to choose the correct size nasal prongs in 
order to provide effective nasal CPAP and avoid erosion of 
nasal septum. Smaller size prongs are more likely to move 
up and rub against septum. Furthermore, they increase 
airway resistance and allow air to leak around them, mak-
ing it difficult to maintain a desired optimal pressure. If 
prongs are too large, they can blanch nares and also cause 
erosive damage. The correct size prongs should snugly fit 
the infant’s nares without pinching the septum or cause 
blanching as shown in Fig. 18.2. The nasal prongs should 
be placed in the nares with the curved side facing down at 
a 45-degree angle to the infant’s face. The prongs may need 
to be moistened with sterile water or saline, especially in 
extremely low birth weight infants when first introduced.

Proper fixation of the nasal interface
An appropriate size snug premade cap or stockinet is essen-
tial to securely hold the inspiratory and expiratory tubing 
in place. The rim of the cap should be located above the 
eyebrows and over the top of the ears. The tubing are then 
secured on both sides of the cap with Velcro or safety pins 
and rubber bands, as shown in Fig. 18.2. It is important 
to have the nasal prongs and tubing properly positioned 
to reduce pressure on the nose and face. When properly 
positioned the corrugated tubing should not touch infant’s 
skin, there should be no lateral pressure on the nasal 

Fig. 18.2 Nasal CPAP interface (Hudson prongs) used at Columbia University showing correct size prongs that snugly fit in 
infant’s nares without pinching the septum or cause blanching and the cannula is held securely in place without touching and 
compressing the nasal septum with the help of Velcro. Note the tubing secured on both sides of the cap with safety pins and 
rubber bands. Also included is a table of birth weight and corresponding best size of Hudson prong to be used.
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septum and a small space should be present between the 
tip of the septum and the cannula connecting the prongs. 
If necessary, self-adhesive Velcro can be used to ensure that 
the cannula remains away from the nasal septum at all 
times. The elbows of the nasal prongs should be adjusted 
so that the corrugated tubing lie along both sides of the 
face and head.

Optimizing nasal CPAP delivery 
by using chin straps and pacifiers
A small neck roll can be placed under the infant to pre-
vent neck flexion and airway obstruction. Additionally, 
chinstraps can be applied as needed to maintain airway 
pressure, decrease leakage of gases from the mouth, and 
promote bubbling. A pacifier can provide the same effect as 
a chin strap so long as the infant can tolerate sucking on it 
without any signs of distress or discomfort.

Infant care and positioning 
while on nasal CPAP
Vigilant care is needed to ensure correct positioning of the 
nasal CPAP prongs to avoid septal irritation and to keep the 
CPAP cannula off the nasal septum at all times. The nasal 
cavities, oropharynx, and stomach should be gently suc-
tioned every 3–4 h as needed to improve ventilation and 
decrease abdominal distension. When performing nasal or 
oral suctioning, prior to removing the prongs, the infant’s 
eyes should be covered with a dry cloth to prevent contami-
nation from nasal secretions.

The infant’s position should be changed at least every 
3 h; prone, supine, or lateral positions are all acceptable. 
However, after changing infant’s position one must always 
ensure that there is no additional pressure on the nasal sep-
tum or face from the corrugated tubing.

Frequent systematic check 
of delivery system and nasal 
prong position
For nasal CPAP to be effective and successful, it is essential 
to systematically check the CPAP delivery system including 
the oxygen blender and flowmeter settings, humidifier water 
content, inspired gas temperature, and air bubbling out of 
the solution. The inspiratory oxygen concentration should 
be titrated to maintain the oxygen saturation between 90% 
and 95%. The inspired gas should be well humidified and 
the temperature should be kept around 37oC to prevent 
irritation of the mucous membranes, avoid mucous plug-
ging, mobilize secretions, and make suctioning less damag-
ing. It is important to ensure that the temperature sensor is 
always outside the heated isolette. The condensed water in 

the circuit should be periodically drained as needed. Flow 
rates between 5 and 10 L/min should be used to provide 
adequate flow and prevent rebreathing of carbon diox-
ide, compensate for leakage from tubing connectors and 
around CPAP prongs, and generate desired CPAP pressure. 
The distal end of the expiratory tubing should be inserted 
to an appropriate length (usually 5–6 cm) below the liq-
uid surface in the “bubbler” to generate the desired CPAP 
(5–6 cmH2O). Higher CPAP pressures are rarely needed as 
physiological PEEP of 3 cmH2O is well preserved at those 
pressures in a nonintubated infant. Higher CPAP pressure 
may be associated with increased incidence of pneumotho-
rax [8]. The liquid in the bubbler can be sterile water or 
0.25% acetic acid. It is recommended that the nasal CPAP 
circuit be changed once each week.

Avoiding gastric distension
A short length feeding tube is usually placed to permit 
gastric venting and decompression of the swallowed air. 
This decreases excessive pressure from the diaphragm and 
improves lung expansion. The tube should be suctioned 
periodically as needed whether or not the infant is being 
fed enterally. The tube position and patency need to be 
checked periodically.

Nipple feeding and skin-to-skin 
care during nasal CPAP
Infants on nasal CPAP therapy can be fed by nipple, gavage, 
or continuous tube feeding if they are clinically stable. No 
clinically significant aspiration has been demonstrated 
during the period of the oral feeding while the infant is 
receiving nasal CPAP [36]. Controlled introduction of oral 
feedings in infants with BPD during nasal CPAP is safe and 
may accelerate the acquisition of oral feeding milestones 
[36]. In infants with good suck–swallow coordination and 
stable respiratory status, nipple feeding should be encour-
aged. Early parental involvement in nipple feeding while 
the infant is still on nasal CPAP also facilitates bonding. 
Similarly, skin-to-skin care is to be encouraged when 
patient is on nasal CPAP (Fig. 18.3).

Weaning nasal CPAP
As the infant’s respiratory distress improves, the fractional 
oxygen concentration should be lowered in decrements of 
0.02–0.05, keeping the CPAP pressure constant at 5 cmH2O 
and maintaining oxygen saturation in the optimal range 
(targeted range at Columbia University is 90%–95%). 
When the oxygen concentration is 21%, and the infant is 
without signs of respiratory distress, apnea, or bradycardia, 
they are eligible for a “trial off” CPAP. This may be achieved 
by completely discontinuing the CPAP support and closely 



287

ChapterContinuous Positive Airway Pressure for Respiratory Failure in Newborn Infants | 18A |

monitoring the infant for signs of increasing respiratory 
distress (tachypnea, retractions, oxygen desaturation, brady-
cardia, or apnea). If respiratory distress worsens, the infant 
should be placed back on nasal CPAP. A recent multicenter 
randomized controlled trial [37] compared three weaning 
strategies for CPAP (either abrupt discontinuation, wean-
ing CPAP over several days with increasing time off CPAP or 
cycled on and off CPAP with nasal cannula oxygen at 0.5 L/
min during CPAP OFF periods). This study showed that tak-
ing “OFF” CPAP with the view to stay “OFF” significantly 
shortens the weaning time, the duration of CPAP, oxygen 
duration, incidence of BPD, and length of hospitalization.

Identifying and managing nasal 
CPAP failure
CPAP failure may occur during the acute phase of RDS or 
during recovery when nasal CPAP is being weaned. CPAP 
failure during the acute phase of RDS may occur if nasal 
CPAP is not sufficient to maintain adequate oxygenation 
(with an FiO2 ≥0.6) or ventilation (pH <7.2 and PCO2 
≥65 mmHg); or when infant has frequent episodes of 
apnea requiring repeated stimulation or bag-mask ventila-
tion despite adequate CPAP delivery and oxygenation, the 
infant may need to be intubated, mechanically ventilated, 
and perhaps given exogenous surfactant. Prior to initiation 
of mechanical ventilation, it is important to observe the 
infant’s clinical condition. If the blood gas results are not 
compatible with the clinical appearance, further investiga-
tion is needed before abandoning nasal CPAP therapy. It 
is important to rule out the improper application of nasal 
CPAP, poor fit of the CPAP prongs, nasal obstruction due 
to secretions, airway obstruction caused by a flexed neck, 
gastric distention, or too frequent handling of the unstable 
infant. If the CPAP system is felt to be working properly 
and oxygenation is not adequate, rarely some infants may 

benefit from an increase in the end-expiratory pressure. 
CPAP failure during weaning may occur within minutes 
of coming off nasal CPAP or as much as 12–24 h later. If 
the infant is experiencing frequent episodes of apnea and 
bradycardia or develops respiratory distress while off nasal 
CPAP, the nasal CPAP should be reinstituted.

Avoiding potential complications 
with nasal CPAP
Complications of CPAP therapy depend on the interface 
used. With the nasal prong CPAP described above [1], 
they may include (1) nasal obstruction from secretions or 
improper application of nasal prongs; (2) gastric distention 
from swallowing excessive air, or (3) nasal septum erosion 
or necrosis. This last complication can be prevented by 
choosing the appropriate size nasal prongs, ensuring that 
the cannula is held securely in place without touching and 
compressing the nasal septum and with vigilant care to 
keep the cannula off the nasal septum (Fig. 18.2).

Randomized clinical trials of 
nasal CPAP versus intubation and 
surfactant

There have been five, large, randomized clinical trials pub-
lished [8,38–41] comparing early/prophylactic use of nasal 
CPAP with intubation and surfactant. With the exception 
of the trial from South America [41], study infants were all 
<30 weeks’ gestation. In two of the trials [38,40], infants 
were randomized to the treatment arm (CPAP or surfac-
tant) antenatally. In the remaining three trials, the infant’s 
condition was assessed at birth before randomization. 
Overall, there was only a modest reduction in death or BPD 

Fig. 18.3 Infants Being Bottle-Fed and Receiving Skin-to-Skin Care During Nasal CPAP Treatment.
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(29.2% with CPAP vs. 33.5% with intubation and surfac-
tant). Importantly, there was no difference in the incidence 
of air leak between the treatment arms (5.7% with CPAP 
and 6.2% with intubation and surfactant). Long-term respi-
ratory outcomes have only been published for SUPPORT 
[42]. The authors interviewed 918/922 eligible infants at 
6-month intervals up until 18–22 months’ corrected age. 
Infants randomized to CPAP versus intubation/surfactant 
had fewer episodes of wheezing without a cold (28.9% 
vs. 36.5%; P < 0.05), respiratory illnesses diagnosed by 
a doctor (47.5% vs. 55.2%; P < 0.05), and physician or 
emergency room visits for breathing problems (68.0% vs. 
72.9%; P < 0.05) at 18–22 months’ corrected age.

The question has been raised why the outcomes for 
nasal CPAP were only marginally better than those fol-
lowing administration of surfactant. There are several 
possibilities, including (1) inexperience with CPAP at the 
participating centers, (2) thresholds for discontinuing 
CPAP were lower than those used routinely at Columbia, 
(3) the duration of CPAP was very short making it diffi-
cult to using BPD as an end point, and (4) some CPAP 
systems may be more effective than others. Aly et al. have 
published their experience with nasal CPAP over a 4-year 
time period, and demonstrated that the incidence of nasal 
CPAP failure, surfactant use, and BPD all declined sig-
nificantly over time, suggesting a “learning curve” to the 
use of nasal CPAP [43]. Much of that “learning curve” is 
the increase in the comfort level of nurses who are using 
nasal CPAP for the first time. In addition, the percentage 
of infants who were intubated and who received surfactant 
in the two treatment arms of the five randomized clini-
cal trials and the FiO2 threshold used to define treatment 
failure were different. With the exception of the NEO-
COSUR trial, a high percentage of infants in the “CPAP 
arm” was intubated (33%–67.1%) and received surfactant 
(38%–67.1%) in the other clinical trials. As discussed in 
the subsequent section, those percentages are higher than 
routinely occur at Columbia. In three of the trials, the FiO2 
used to define treatment failure was <60%; the threshold 
for intubation at Columbia is an FiO2 ≥60%. Finally, the 
mean duration of CPAP in all five studies was less than 
2 weeks, limiting the utility of BPD as an end point and 
not utilizing the advantage of lung growth stimulation 
[13] with extended CPAP use.

CPAP in meconium aspiration 
syndrome

The practice at Columbia regarding the management of 
MAS is as follows:
1. CPAP is very useful for MAS. Airway diameter is larger 

during inspiration and smaller during expiration. If 

airway is plugged with meconium, air may get into 
lung during inspiration but cannot exhale leading to air 
trapping. CPAP increases airway diameter. With CPAP, 
air can get in and out preventing air trapping. CPAP 
prongs are placed on neonates with MAS as soon as 
possible in DR. With this strategy, there has not been 
a single mortality with MAS since 1980 at Columbia, 
and it is unusual for babies to require intubation and 
mechanical ventilation.

2. Almost all nasal CPAP pressures are initiated at 
5 cmH2O. Most infants have a physiologic PEEP of 
+3 cmH2O without intubation. Very sick neonates with 
MAS (FiO2 >0.6) are intubated and receive surfactant. 
Neonates with mild-to-moderate illness (FiO2 <0.6) 
are managed with CPAP alone and pressures of 
+5 cmH2O are adequate. High pressures (≥8 cmH2O) 
are avoided to minimize the risk of air leaks.

3. During initial phases of weaning, only FiO2 is weaned 
and CPAP pressure is not weaned.

4. The Columbia protocol allows the infant to be 
maintained on CPAP +5 cmH2O as long as the infant 
is still requiring supplemental oxygen or having 
respiratory distress.

5. We discontinue CPAP from +5 cmH2O when infant 
is on room air and no respiratory distress (no 
tachypnea, retraction or apnea, bradycardia). If CPAP is 
discontinued too early, the FRC gradually decreases. If 
patient becomes distressed again, CPAP is reinstated.

Experience with nasal CPAP 
at Columbia University

Nasal CPAP has been used for more than 40 years at Colum-
bia University Medical Center and the incidence of chronic 
lung disease is around 5% [17,44,45]. There is increasing 
interest at other centers in evaluating this technology and 
replicating the results. The policy at Columbia is to use nasal 
CPAP on every spontaneously breathing preterm infant with 
respiratory distress or supplemental oxygen requirement. 
CPAP is usually initiated within 10 min of life. At Columbia, 
CPAP is used more liberally; fewer infants are mechanically 
ventilated; and less sedation, postnatal steroids and surfac-
tant are used resulting in much lower incidence of chronic 
lung disease. Our success with nasal CPAP is due to a num-
ber of variables, which extend far beyond the cognitive deci-
sion to initiate it in an infant with respiratory distress.

We have published two retrospective analyses of preterm 
infants with RDS admitted to the NICU at Columbia to 
identify clinical variables predicting CPAP failure [17,45]. 
Study infants weighed <1250 g in the Ammari study [17] 
and <1000 g in the Tagliaferro study [45]. We defined 
success with CPAP when infants were maintained on nasal 
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CPAP for at least 72 h. The CPAP failure group required 
intubation within the first 72 h of postnatal age. CPAP fail-
ure was defined as worsening oxygenation with an FiO2 
≥0.6 or inadequate ventilation (arterial pH <7.20 and a 
PaCO2 >65 mmHg or frequent episodes of apnea requir-
ing repeated stimulation or bag/mask ventilation). Infants 
without any spontaneous ventilation at birth, despite resus-
citative efforts, were intubated and ventilated. In the study 
by Ammari et al., 76% of infants were successfully main-
tained on nasal CPAP [17]. Success with nasal CPAP was 
directly related to postmenstrual age. None of the infants in 
the nasal CPAP success group received surfactant and those 
infants were significantly less likely to develop chronic lung 
disease (defined as need for supplemental O2 at 36-week 
postconceptional age) than those failing CPAP or ventilated 
immediately. In the study by Tagliaferro et al., 64% of the 
infants started on nasal CPAP were successfully maintained 
for at least 72 h and the incidence of BPD defined, as an 
oxygen need at 36 weeks’ gestation was 4.2% in the CPAP 
success group, 17.9% in the CPAP failure group, and 15.2% 
in infants requiring ventilation in the delivery room [45].

Summary

The success with the use of nasal CPAP for respiratory fail-
ure in newborn is contingent upon the thorough under-
standing of the device and astute assessment of the infant 
during the treatment in order to provide optimal respiratory 
support that results in minimal volutrauma or barotrauma 
and reduces the development of chronic lung disease. Not 
all CPAP devices are created equal, and there is a learning 
curve for nasal CPAP therapy. The more you do it, the easier 
it will feel, the better your outcomes will be, and the less 
complications you will encounter. Existing literature shows 
conflicting results with nasal CPAP therapy due to variable 
guidelines for use, different devices and ventilator modes, 
and variations in training and experience. More recently, 

there has been a wealth of experimental and clinical data 
supporting the effectiveness of using early nasal CPAP ther-
apy for respiratory failure in very low birth weight infants 
to reduce the need for intubation and surfactant replace-
ment therapy. Nasal CPAP also facilitates weaning from 
mechanical ventilation to reduce lung injury. For preterm 
infants with immature lungs, prolonged periods of nasal 
CPAP support, even without oxygen supplementation, 
enhances lung growth, and can potentially reduce the inci-
dence of BPD. NICUs not using nasal CPAP are encouraged 
to gain training and experience from an experienced center 
that uses nasal CPAP appropriately and has proven superior 
respiratory outcomes. Units implementing “best practices” 
have demonstrated improved patient outcomes [46,47].

Key strategies for the successful use of nasal CPAP 
therapy include the following:
1. Choose the right nasal CPAP device.
2. Familiarize caregivers with the device.
3. Learn to use nasal CPAP correctly and troubleshoot.
4. Maintain nasal CPAP with meticulous airway care.
5. Pay attention to details and minimize complications.
6. Gain experience (as there is a learning curve).
7. Initiate nasal CPAP as early as possible (usually in 

the delivery room) to all infants (no birth weight or 
gestational age limits) having spontaneous breathing 
with respiratory distress.

8. Tolerate permissive hypercarbia (PaCO2 50–65) if 
oxygenation is adequate.

9. Extended use of nasal CPAP support to enhance the 
growth of the premature lung.

10. Team work.

Appendix: video of nasal CPAP 
application at birth in a 480 g 
preterm infant with RDS

Please visit MedEnact to access the above mentioned video.
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CHAPTER POINTS

•	 A good understanding of the underlying complicated 
pathophysiology and pulmonary mechanics is 
needed to manage infants with meconium aspiration 
syndrome (MAS) successfully.

•	 Use of early nasal CPAP in infants with MAS can reduce 
the need for subsequent mechanical ventilation.

•	 Majority of infants with MAS do not need innovative 
ventilatory support that includes use of HFOV, inhaled 
nitric oxide or surfactant.

Introduction

Meconium aspiration syndrome (MAS) is a complex syn-
drome that ranges in severity from mild respiratory distress 
to severe respiratory failure, persistent pulmonary hyper-
tension of the newborn (PPHN), and sometimes death. 

Accordingly, the respiratory support should be tailored 
depending on the severity of respiratory distress from con-
tinuous positive airway pressure (CPAP) to conventional 
mechanical ventilation (MV), high-frequency oscillatory 
ventilation (HFOV), and extracorporeal membrane oxy-
genation (ECMO). Approximately 30%–50% of infants 
diagnosed with MAS have severe disease, defined as the 
need for MV [1–3]. Bhutani et al. reported that only 20% 
of infants with MAS requiring positive pressure assistance 
needed “innovative ventilatory support” (defined as the 
use of high-frequency ventilation, inhaled nitric oxide, or 
surfactant) and no infants died or required ECMO [4]. It 
seems that when used optimally, conventional therapies 
(CPAP and MV) are adequate to improve oxygenation in 
the majority of infants with this disease. However, MV 
though life-saving can result in ventilation-induced lung 
injury, and is associated with prolonged duration of hospi-
talization and subsequent increased burden on the health 
care system [5,6]. Neonatal MAS challenges the caretakers 
to make the correct diagnosis, understand the syndrome’s 
complicated pathophysiology and alterations in pulmo-
nary mechanics, and then tailor the appropriate treatment 
strategy, including the use of early nasal CPAP, and other 
therapies.

Diagnosing meconium aspiration 
syndrome

Approximately 8%–19% of all term deliveries occur 
through meconium-stained amniotic fluid and MAS devel-
ops in 5%–33% of these infants [3]. The respiratory signs 
of MAS are similar to other neonatal respiratory diseases 
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and include tachypnea, retractions, grunting, nasal flaring, 
and cyanosis. If the meconium has been present in utero 
for greater than 3 h, the infant may have meconium stain-
ing of the skin, nails, and umbilical cord. The anterior–
posterior diameter of the chest may be increased if there is 
significant air trapping. The classic radiographic picture of 
MAS includes diffuse patchy infiltrates with areas of atel-
ectasis mixed with areas of hyperinflation throughout the 
lung fields (Fig. 18B.1). Other findings on X-ray include 
possible air leaks and cardiomegaly, if significant perinatal 
asphyxia has resulted in cardiomyopathy.

Despite the classic clinical and radiological appearance 
of MAS, it may be difficult in certain cases to distinguish 
MAS from other neonatal respiratory diseases such as 
transient tachypnea of newborn, aspiration of amniotic 
fluid, respiratory distress syndrome, pneumonia, sepsis with 
pulmonary edema, PPHN, and congenital heart disease [7]. 
It is important diagnostically and physiologically to deter-
mine if PPHN is secondary to MAS or may be present by 
itself (primary PPHN) with concurrent meconium-stained 
amniotic fluid but no true aspiration [8]. Importantly, the 

treatment of the infant’s respiratory disease will depend on 
the presence and severity of pulmonary hypertension.

Pathophysiology of meconium 
aspiration syndrome

Pulmonary pathophysiology of MAS is complex as it 
involves multiple mechanisms. Meconium has deleterious 
effects on the airways, injures the pulmonary parenchyma 
and alveoli, inhibits surfactant function, and may cause 
hypoxic pulmonary vasoconstriction resulting in PPHN [9]. 
The most common disturbance of lung function in MAS 
is hypoxemia and decreased lung compliance. Poor oxy-
genation is attributable to a combination of ventilation–
perfusion mismatching, intrapulmonary shunting related 
to regional atelectasis, and extrapulmonary shunting due 
to PPHN. Infants may manifest any one or more of these 
effects and the respiratory distress may change depending 
on the severity of the underlying pathophysiology.

One common mechanism of MAS is due to obstruction 
of airways with meconium in the lung. When the obstruc-
tion is partial, a “ball-valve” mechanism may lead to air 
trapping and air leaks (Fig. 18B.2) [10]. If meconium plug 
is in the airway, during inspiration the dilated airway allows 
the gas to enter the lung, but during expiration when the 
airway constricts around the obstruction, air is trapped 
inside the lung. This may result in overexpansion of the 
lung, ventilation–perfusion mismatch, decreased compli-
ance, and possibly air leak. Complete obstruction of the 
airway by meconium may result in atelectasis and resultant 
hypoxemia and hypercapnia.

Fig. 18B.1 Classic radiographic picture in meconium aspiration 
syndrome showing diffuse patchy infiltrates with areas of 
atelectasis mixed with areas of hyperinflation throughout the 
lung fields.

Fig. 18B.2 The airway is bigger during inspiration (left) 
compared with expiration (right). In the presence of meconium 
plug, the bigger airway allows for air to enter the lung during 
inspiration. However, during expiration with a smaller airway, 
exhalation of air is difficult resulting in air trapping and 
hyperinflation.
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The majority of cases of significant PPHN are asso-
ciated with MAS, and the relationship of PPHN with 
MAS is complex and multifactorial [11]. Prolonged in 
utero hypoxia and intrapartum asphyxia with normal 
or increased pulmonary vessel muscularization, along 
with the inflammatory response to MAS, may trigger the 
vicious cycle of postnatal hypoxia, pulmonary vasocon-
striction, right-to-left shunting, and further hypoxia. In 
the presence of chronic vascular remodeling, the combi-
nation of MAS and PPHN is much more difficult to treat 
with standard therapies.

Pulmonary mechanics of meconium 
aspiration syndrome

MAS is in reality both an obstructive and atelectatic dis-
order characterized by decreased lung compliance, and 
increased lung volume, airway resistance, and time con-
stant. Assisted MV may further exaggerate this condition 
as there is insufficient ventilator time for exhalation due 
to abnormally long time constant. The resultant “inadver-
tent PEEP” will further increase gas trapping accompanied 
by an increase in lung volume, a build-up of pressure in 
the alveoli and distal airways, and decreased compliance 
[12]. In addition, assisted MV at the upper end of the 
compliance curve (high lung volumes) results in a further 
decrease in compliance and may lead to pulmonary air 
leaks [13]. Thus, the use of oxygen via early nasal CPAP is 
advocated to avoid intubation and the deleterious effects 
of MV.

Role of CPAP in meconium 
aspiration syndrome

Management of MAS is primarily based on pulmonary 
pathophysiology. Sufficient oxygen should be given to 
maintain oxygen saturations between 90% and 95% as the 
risk of eye and lung toxicity is less in term infants, and the 
dangers of intermittent hypoxemia may result in the devel-
opment or worsening of PPHN. In MAS, there are alter-
nating areas of atelectasis and hyperperfusion leading to 
ventilation–perfusion mismatch. Therefore, hypoxia can-
not be relieved by just increasing the oxygen alone, whereas 
application of CPAP results in improvement of ventilation-
perfusion ratio by expanding partially obstructed small 
airways and stabilizing the collapsing terminal airways to 
increase functional residual capacity and hence improved 
gas exchange. Nasal CPAP also distends the larger airways 

and assists during expiratory phase by avoiding air trap-
ping, as shown in Fig. 18B.3. Early application of nasal 
CPAP allows for air movement in the airways both during 
inspiration and expiration and avoids any ball-valve phe-
nomenon and air trapping.

In a recent randomized clinical trial of nasal CPAP 
and standard care (5–10 L/min hood oxygen), Pandita 
et al. reported less need for MV in the first 7 days of life 
in the nasal CPAP group compared with the standard 
treatment group. In addition, the need for surfactant, 
duration of oxygen therapy, and incidence of sepsis were 
higher in the standard group, while there was no differ-
ence in the incidence of pneumothorax between the two 
groups [14]. In our experience of use of early nasal CPAP 
in infants with MAS over the past 40 years we have rarely 
needed MV and no infant has died with MAS. Thus, the 
oxygenation benefits of nasal CPAP in MAS should be 
weighed against MV-associated barotrauma that may 
result from preferential distension due to ball-valve 
effect.

In addition, nasal CPAP may be beneficial in infants 
with MAS due to the “waterfall effects” of CPAP. High 
intrinsic (inadvertent) PEEP is commonly identified 
in patients with MAS due to air trapping. According to 
the “waterfall theory,” if intrinsic PEEP is the result of 
expiratory flow limitation, then application of extrinsic 
PEEP at the airway opening should decrease the pressure 
gradient between the mouth and alveoli at end expira-
tion [15,16]. As shown in Fig. 18B.4, nasal CPAP with 
5 cmH2O pressure aids in overcoming the intrinsic PEEP 
of 6 cmH20 pressure and relieving airway obstruction 
without increasing work of breathing and exaggerating 
air trapping.

Fig. 18B.3 In the absence of CPAP (right), the airway diameter 
is narrow and expiration is difficult resulting in air trapping. 
Application of CPAP increases airway diameter (left) and allows 
for air to be exhaled avoiding air trapping.
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Summary

1. MAS is a complex syndrome that ranges in severity 
from mild respiratory distress to severe respiratory 
failure, PPHN, and sometimes death.

2. Accordingly, the respiratory support for MAS should 
be tailored depending on the severity of respiratory 
distress from nasal CPAP to MV, HFOV, and ECMO.

3. Approximately 30%–50% of infants diagnosed with 
MAS have severe disease and that only 20% of infants 
with MAS requiring positive pressure assistance need 
innovative ventilatory support that includes use of 
HFOV, inhaled nitric oxide, or surfactant.

4. A good understanding of the underlying complicated 
pathophysiology and pulmonary mechanics is needed 
to manage infants with MAS successfully.

5. Early nasal CPAP application opens airways; avoids air 
trapping and atelectasis; improves functional residual 
capacity leading to better recruitment of alveoli; and 
prevents secondary surfactant deficiency to prevent 
development of hypoxia, acidosis, and PPHN and the 
need for HFOV or ECMO.
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Fig. 18B.4 Waterfall Effect of CPAP. Top panel shows 
meconium plug obstructing the airway with incomplete 
exhalation and air trapping resulting in inadvertent PEEP 
of +6 cmH2O. Without CPAP (extrinsic pressure), with next 
inspiration patient has to generate more than 6 cmH2O 
pressure to allow air to enter the lung (middle). However, after 
application of CPAP 5 cmH2O, patient just needs to generate 
little over 1 cmH2O to get air into lung (bottom).
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Introduction

Noninvasive ventilation strategies are becoming increas-
ingly popular in the care of preterm infants across the globe 

due to the potential for less barotrauma, volutrauma, and 
oxygen toxicity—all being the factors that contribute to the 
development of bronchopulmonary dysplasia (BPD). Early 
initiation of continuous positive airway pressure (CPAP) has 
become a standard in the care of the spontaneously breath-
ing preterm infant. However, CPAP failure occurs in up to 
50% of extremely low birth weight infants, most often due 
to apnea of prematurity and progressive respiratory acido-
sis [1–4]. Nasal intermittent positive-pressure ventilation 
(NIPPV) is a form of noninvasive ventilatory assistance using 
a nasal interface to deliver intermittent peak inspiratory pres-
sures (PIP) above positive end-expiratory pressure (PEEP). 
NIPPV is an intermediate approach between invasive ventila-
tion with an endotracheal tube and noninvasive CPAP.

History

NIPPV has been used as a form of noninvasive respiratory 
support in newborn infants since the 1970s [5]. Its use was 
described to be an effective mode of ventilation in intracta-
ble apnea of prematurity [6]. However, the technique went 
into disfavor in the 1980s after reports of increased gastro-
intestinal perforations in infants ventilated with facemask 
or nasal prongs [7]. It was in the early 2000s that there 
was a renewed interest in this technique after randomized 
controlled trials (RCT) proved it to be effective without an 
increased incidence of gastrointestinal perforations [8–10].

Mechanism(s) of action (Fig. 19.1)

NIPPV theoretically works by recruitment of collapsed 
alveoli establishing functional residual capacity (FRC) 
and improved gas exchange [11,12]. Other reported physi-
ological effects include improved stability of the chest wall, 
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•	 NIPPV is an intermediate mode of noninvasive 
respiratory support between endotracheal tube 
ventilation and CPAP

•	 NIPPV is different from BiPAP, and when synchronized, 
is referred to as SNIPPV

•	 Early use of NIPPV has been proven to be superior 
to CPAP in decreasing the need for intubation and 
endotracheal tube ventilation

•	 Indications and guidelines for the ventilator settings for 
primary and secondary modes of NIPPV are different

•	 A decompression orogastric tube should be present in 
all babies on NIPPV
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improved pulmonary mechanics and thoracoabdominal 
motion synchrony, decreased flow resistance [13], increased 
tidal and minute volumes [14], decreased work of breath-
ing, and reduced chest wall distortion [15–17], and addi-
tion of increased intermittent distending pressure above 
PEEP, with increased flow delivery in the upper airway [8]. 
Use of NIPPV has also been shown to decrease pulmonary 
inflammation in newborn piglets managed with NIPPV 
compared with invasive ventilation [18]. A majority of the 
studies noted above were conducted with NIPPV being 
delivered in the synchronized mode, that is, SNIPPV, using 
the Infant Star ventilator in the StarSync mode (Infrasonics 
Inc., San Diego, CA). This ventilator (no longer available 
in the United States) used the Graseby capsule, which was 
placed on the abdominal region over the surface of the liver 
in the neonate to detect the respiratory efforts by changes in 
the abdominal excursion.

Types of NIPPV—primary mode 
versus secondary mode

Primary mode of NIPPV refers to its use soon after birth 
with or without a short period (≤2 h) of intubation for 
surfactant delivery, followed by extubation. The secondary 
mode refers to its use after a longer period (>2 h to days to 
weeks) of intubation [12].

NIPPV versus BiPAP

BiPAP or bilevel CPAP or biphasic CPAP is not to be con-
fused with NIPPV. In BiPAP, flow drivers are used to deliver 
alternating high- and low-level CPAP pressures. The high-
level pressure is usually in the range of 9–11 cmH2O with 
the difference in the two pressure levels being <5 cmH2O, 
and the inflation times are prolonged. On the other hand, 
the aim in NIPPV is to mimic invasive ventilation with peak 
inspiratory pressures and positive-end expiratory pressures 
similar to those used in invasive ventilation with an endo-
tracheal tube and the inflation times are usually short. A 
subgroup analysis of a large multicenter randomized trial 
comparing infants who received treatment with NIPPV ver-
sus bilevel CPAP did not show a significant difference in 
the composite outcome of death/BPD or BPD alone, but 
morbidity was higher in the bilevel CPAP group [19]. It 
is recommended that these two modalities should not be 
considered equivalent until further evidence is available 
from large RCTs.

NIPPV versus SNIPPV

Synchronized NIPPV (SNIPPV) refers to the use of 
NIPPV with synchronization to the patient’s inspiratory 

Fig. 19.1 Benefits of Nasal Intermittent Positive Ventilation (NIPPV) With Nasal Prongs. Nasal ventilation is easy to use and 
results in washout of nasopharyngeal dead space and distends collapsed alveoli establishing functional residual capacity (FRC). It reduces 
work of breathing and inspiratory resistance. Modified from a graphic abstract MHNP journal. Copyright: Satyan Lakshminrusimha.
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efforts. Clinical trials have demonstrated the effective-
ness of SNIPPV over NIPPV and NCPAP in reducing need 
for intubation in respiratory distress syndrome (RDS), 
improving the success of extubation, and treating apnea 
of prematurity, with a reassuring absence of relevant side 
effects [8–10,15,20]. As mentioned earlier, synchroniza-
tion was achieved using the Infant Star ventilator using the 
StarSync mode with a Graseby capsule placed on the ante-
rior abdominal wall. However, this ventilator was phased 
out of production and this technique of synchronization 
has become obsolete in the United States. Some European 
manufacturers are introducing ventilators with incorpo-
rated flow-synchronization mechanisms showing encour-
aging results with synchronization in published studies 
[21]. A retrospective study comparing clinical outcomes in 
infants managed with SNIPPV versus NIPPV showed that 
use of NIPPV was not associated with increased BPD/death 
or other common neonatal morbidities after adjusting for 
significant confounding variables [22].

Clinical use of NIPPV

Respiratory distress syndrome (RDS)
In the management of spontaneously breathing preterm 
infants with clinical/radiological evidence of RDS, we rec-
ommend the early use of NIPPV at settings as described 
(Section: Practical guidelines for the use of NIPPV). How-
ever, it is important to consider the use of early surfactant 
in extremely preterm infants (≤26 weeks of gestational 
age) and in infants with severe RDS requiring fraction of 
inspired oxygen (FiO2) > 0.4, as surfactant deficiency is a 
major contributing factor to the failure of NIPPV.

Early surfactant therapy by minimally invasive surfac-
tant therapy (MIST) or intubation, surfactant, extubation 
(INSURE) approach is recommended, whenever feasible in 
this population. The MIST approach seems to be a safe and 
an effective alternative to INSURE in RCTs conducted to 
date [23]. In a RCT comparing early NIPPV versus NCPAP 
in preterm infants, early NIPPV decreased the use of inva-
sive mechanical ventilation and the need for surfactant 
treatment (given as MIST) within 72 h of life [24].

Two recent Cochrane reviews with meta-analysis of mul-
tiple RCTs comparing NIPPV to NCPAP concluded that 
early NIPPV is superior to NCPAP alone in decreasing respi-
ratory failure and the need for intubation and endotracheal 
tube ventilation [25,26].

Prevention of postextubation failure
Use of NIPPV after invasive mechanical ventilation and 
extubation decreases the risk of meeting respiratory failure 

criteria and the need for reintubation, compared to NCPAP 
[25,26]. Early surfactant replacement as needed, early caf-
feine therapy, and maintaining an optimal hematocrit are 
vital for preventing postextubation failure. Please refer to 
Section, Practical guidelines for the use of NIPPV, for fur-
ther details on management of infants on secondary mode 
of NIPPV.

Apnea of prematurity
Immature pulmonary reflexes to hypoxia and hypercapnia 
are involved in the pathophysiology of apnea of prematu-
rity [27]. Apnea is one of the main causes of noninvasive 
ventilation failure [28]. NIPPV is known to augment the 
beneficial effects of CPAP in preterm infants with frequent 
or severe apnea [25,26]. Increasing the frequency on the 
NIPPV settings is helpful in preterm infants presenting with 
apneic episodes. However, if the episodes of apnea are fre-
quent (≥2 episodes/h) or require manual bag-mask venti-
lation, it is recommended to intubate and place on invasive 
mechanical ventilation (see criteria for reintubation in Sec-
tion: Practical guidelines on use of NIPPV).

BPD
Invasive endotracheal tube ventilation is a critical contrib-
uting factor to the pathogenesis of BPD. Invasive ventila-
tion induces mechanical stretch injury and generates an 
inflammatory response characterized by an increase in the 
proinflammatory cytokines, such as interleukin-6 (IL-6), 
IL-8, tumor necrosis factor-alpha (TNF-α), and decrease 
in antiinflammatory cytokines, for example, IL-10. This 
inflammatory response in the setting of hyperoxia leads to 
a multiple hit pathway predisposing to BPD [29]. In par-
ticular, during the first 3 postnatal days in the life of a pre-
term infant there is a high proinflammatory environment 
as measured by increased levels of cytokines IL-6, IL-8, and 
granulocyte-colony-stimulating factor (G-CSF) in the tra-
cheal secretions in neonates ≤30 weeks of gestational age 
[30]. Any additional inflammation secondary to invasive 
mechanical ventilation with subsequent barotrauma and/
or volutrauma during this critical period may contribute 
to further lung damage and development of BPD. Thus, 
emphasis should be placed on aggressive weaning and early 
extubation to a noninvasive mode of ventilation within the 
first postnatal week, preferably within the first 72 h, as early 
extubation is associated with decreased BPD/death [31,32].

An attempt toward extubation should always be con-
sidered as soon as the infant is weaned to appropriate 
settings [12]. In an interesting retrospective study, it was 
noted that infants who were extubated early but had to 
be reintubated later have a lower incidence of BPD/death 
compared to infants who remained intubated and were 
extubated later [32].
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Multiple small RCTs comparing the use of NIPPV to 
NCPAP have shown a decreased incidence of BPD with 
NIPPV [33–36]. However, the meta-analysis from the recent 
Cochrane reviews did not demonstrate a significant reduc-
tion in chronic lung disease with the use of NIPPV com-
pared to CPAP [25,26]. The RCT conducted by Kirpalani 
et al. also showed no significant differences in survival or 
BPD between the two groups [37]. However, in a recent 
RCT, comparing early NIPPV versus NCPAP, the NIPPV 
group had significantly decreased moderate-to-severe  
BPD [24].

NIPPV failures

In a large retrospective study analyzing the characteris-
tics of infants who failed NIPPV, it was noted that female 
gender, increased gestational age, and weight at the time 
of extubation were protective against NIPPV failure. The 
most common reasons attributed to NIPPV failure are 
work of breathing, increasing FiO2 requirement (in the 
first 6 h after extubation), and apnea (after 24 h of extu-
bation) [28].

Additional modes of synchronization 
to provide noninvasive support: 
NIV-NAVA
Synchronization utilizing neurally adjusted ventilatory 
assist (NAVA) in noninvasive ventilation is a relatively 
newer concept in neonatal ventilation. In NAVA, the elec-
trical activity of the diaphragm is measured and is used to 
trigger and control the ventilator. The ventilator delivers 
mechanical breaths that are synchronized with the patient’s 
inspiratory effort and also provides pressure support pro-
portional to the patient’s inspiratory effort. This eliminates 
the asynchrony between the infant’s respiratory efforts 
and the ventilator-delivered breaths, theoretically leading 
to improvement in the work of breathing [38]. Published 
studies using NIV-NAVA are showing promising results in 
small trials [39,40]. However, large, multicenter RCTs are 
required to determine the short- and long-term effects of 
NIV-NAVA before it can be recommended as the primary 
mode of noninvasive ventilation.

Flow synchronization

Another mode of synchronization reported in a European 
unit utilizes a flow sensor to detect spontaneous inspiratory 

flow with the help of a pressure transducer pneumotacho-
graph and specially designed ventilator software (Giulia 
flow trigger). Studies comparing flow SNIPPV to NIPPV 
and NCPAP using this device showed a reduced need for 
intubation, decreased extubation failure, and improvement 
in apnea of prematurity in the SNIPPV group [21,41,42]. 
Additional studies and more adequately powered trials are 
needed to confirm these data.

Practical guidelines for the use  
of NIPPV

Indications
1. A method of noninvasive ventilatory assistance in the 

spontaneously breathing infant with impending or 
existing ventilatory failure because of increased work of 
breathing.

2. A form of weaning from invasive conventional 
mechanical ventilation in the spontaneously 
breathing patient with increased work of 
breathing [12].

Contraindications
1. Upper airway abnormalities

a. Choanal atresia
b. Cleft palate
c. Tracheoesophageal fistula

2. Severe cardiovascular instability

Potential hazards/complications
1. Obstruction of prongs because of mucus plugging
2. Feeding intolerance
3. Abdominal distension
4. Gastrointestinal perforation
5. Ventilator-induced lung injury including air-leak 

syndromes
6. Hypoventilation
7. Infection
8. Nose bleed/nasal irritation
9. Skin irritation and pressure necrosis

Equipment and supplies

1. Ventilator
2. Nasal prongs (or mask)
3. Tape
4. Hydrocolloid dressing, for example, DuoDerm
5. Orogastric tube (8 or 9 Fr)
6. Suction catheter
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Procedure
1. Estimate appropriate size prongs for the infant.
2. Place DuoDerm strips in front of the nostrils, after 

making holes in the strips that will fit the nasal prongs 
snugly. Additionally, place a Duoderm strip over the 
upper lip, if the prongs are going to be resting there.

3. Position the prongs in the infant’s nose. The short 
binasal prongs should fit fully inside the nostrils.

4. Place the headcap over the infant’s head and secure the 
nasal interface with Velcro straps, if appropriate.

5. Insert an orogastric tube; connect the other end of the 
tube to a 10 mL syringe, remove plunger, and place it 
higher than the infant and open to the atmosphere.

6. Connect the nasal interface setup to the ventilator.
7. See Table 19.1 for initial and maximal NIPPV settings.
8. After initial placement of NIPPV, it is necessary to 

auscultate to check for air entry and oxygenation 
(SpO2). Increase PIP in steps of 2 cmH2O till 
you get good air entry, appropriate chest rise, 
and SpO2 is being maintained in the desired 
range. The rate may need to be increased, as needed.

9. It is imperative to start caffeine therapy as soon as 
possible; at least 1 h prior to extubation.

10. Maintain a hematocrit ≥35%

Monitoring on NIPPV
1. Monitor: SpO2, heart rate (HR), and respiratory rate 

(RR). Target SpO2 within the desired range as per the 
individual unit’s protocol.

2. Obtain a blood gas in 15–30 min.
3. Adjust ventilator settings to maintain blood gases 

(Table 19.2).
4. Suction mouth and pharynx as necessary.

NIPPV—maintenance
1. Attempt to minimize air leak from the mouth

a. Use a pacifier
b. Use a chin strap

2. Attempt to keep PIP/MAP within 4/2 cmH2O of the 
targeted value

3. Orogastric (large bore) decompression tube
a. Connect to an empty 10 mL syringe, with the 

plunger removed, open to the atmosphere
b. Keep at a higher level than the infant to decrease 

abdominal distension
c. Can be used for feeding via gravity drip method

4. If requiring continuous feeds, a 6 Fr orogastric tube can 
be placed (passed along the large-bore decompression 
tube and can be taped to it) and connected to a syringe 
pump

NIPPV: consideration  
for reintubation despite 
maximal support settings
1. Blood gas: pH < 7.25 and PaCO2 ≥60 mmHg
2. Severe apnea: Any episode requiring bag and mask 

resuscitation

Table 19.1  Recommended initial and maximum support in primary and secondary modes with extubation criteria 
prior to secondary mode of nasal intermittent positive-pressure ventilation (NIPPV)

Primary 
mode—initial 
settings

Primary mode—
maximum 
support

Extubation  
criteria prior to 
secondary mode

Secondary 
mode— 
initial settings

Secondary 
mode— 
maximum 
support

PIP (cmH2O) 4 cm above that 
required for 
manual ventilation

≤16 2–4 cm above 
that required 
on conventional 
ventilator

PEEP (cmH2O) 4–6 6–8 ≤5 ≤5 6–8

MAP (cmH2O) <1000 g–≤14
≥1000 g–≤16

<1000 g–≤14
≥1000 g–≤16

Frequency (per min) 30 45 15–25 15–25 40

Ti (sec) 0.45 0.55 0.45 0.45 0.55

Flow (L/min) 8–10 12 8–10 8–10 12

PIP, peak inspiratory pressure; PEEP, positive end-expiratory pressure; MAP, mean airway pressure; Ti, inspiratory time.
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3. Frequent (>2–3 episodes/h) of apnea/bradycardia 
(cessation of respiration for >20 s associated with a 
HR <100/min) not responding to caffeine

4. Frequent desaturation (SpO2 ≤85%): ≥3 episodes/h, 
not responding to increased ventilator settings
Adjust FiO2 to maintain O2 saturations in the desired 

range. If FiO2 ≥0.6:
•	 Step 1: Increase PIP by 2, minimize pressure leaks by 

closing the mouth.

•	 Step 2: If unable to wean FiO2, increase Ti by 0.05.
•	 Step 3: If unable to wean FiO2, increase PEEP by 1.
•	 Step 4: if unable to wean FiO2, repeat steps 1–3 in the 

same sequence, until maximum MAP is reached.
In clinical practice, we do not have a maximum value for 

the PIP. PIP is adjusted to achieve adequate chest expan-
sion, equal and good breath sounds. PEEP is adjusted 
based on FiO2 requirement. We do not routinely obtain 
chest X-rays in patients on NIPPV (Fig. 19.2).

Fig. 19.2 Mechanisms of Synchronization During Noninvasive Ventilation. Neurally adjusted ventilatory assistance (NAVA) 
detects diaphragmatic electrical activity (Edi). Flow detectors sense spontaneous inspiratory flow. Graseby capsule detects 
abdominal movement during inspiration (see text for details). Copyright: Satyan Lakshminrusimha.

Table 19.2  Suggested changes in nasal intermittent positive-pressure ventilation (NIPPV) settings based on blood 
gases/apnea

Hypoxemia Hypercarbia Hypercarbia + Hypoxemia Apnea

Ti* (s) ↑ (max 0.55) ↓ (min 0.4) ↑ (max of 0.55) 0.4–0.5

Rate* (/min) ↑ (max 40) ↑ (max 40) ↑ (max 40) ↑ (max of 40)

PIP* (cmH2O) ↑ ↑ ↑ Usually 15–20

PEEP* (cmH2O) ↑ (max 8) −/↓ ↑ (max 8) Usually 4–6

↑, Increase; ↓, decrease; MAP, mean airway pressure; max, maximum; min, minimum; PEEP, positive end expiratory pressure; PIP, peak inspiratory 
pressure; Ti, inspiratory time.
*Variables determining MAP. Adjust these parameters to increase MAP to a maximum of 14 cmH2O in <1000 g and 16 cmH2O in ≥1000 g 
weight infants.
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Real-life case scenarios

Case 1: Primary mode NIPPV

A 25 1
7 weeks of gestational age female infant weighing 

755 g was born to a 30-year-old G3 P0 mother through 
an emergent cesarean section secondary to worsening pre-
eclampsia. Mother received 2 doses of betamethasone with 
the last dose 8 h prior to delivery. Rupture of membranes 
was at delivery and amniotic fluid was clear. Infant had a 
heart rate above 100 bpm but had poor respiratory effort. 
Resuscitation in the delivery room included positive pressure 
ventilation via T-piece resuscitator. The Apgar scores were 
6 and 8 at 1 and 5 min, respectively. She was transferred 
to the neonatal intensive care unit (NICU) on CPAP requir-
ing 0.35 FiO2 to maintain saturations in the desired target 
range.

On arrival to the NICU, she was placed on NIPPV with 
settings of PIP 18 cmH2O, PEEP 5 cmH2O, and rate of 40.

An umbilical venous catheter and umbilical arterial cathe-
ter were placed. Over the next 60 min, the patient’s work of 
breathing gradually worsened with grunting, nasal flaring, 
and subcostal retractions. The FiO2 requirement increased 
to 0.5. Her initial chest X-ray is shown in Fig. 19.3. Arterial 
blood gas (ABG) at 1 h of life was 7.21/58/31/23.2/−5.7.

The chest X-ray shows complete opacification of lung 
fields suggestive of severe RDS. In such a scenario, it is 
important to consider surfactant replacement rather than 
increasing the settings on NIPPV. The patient was intubated 
and administered surfactant. She was briefly placed on the 
conventional ventilator SIMV-PS mode with settings of PIP 
15 cmH2O, PEEP 5 cmH2O, PS 7 cmH2O, and rate of 30.

2517

The FiO2 requirement gradually decreased to 0.25. ABG 
at 1.5 h of life was 7.42/32/61/20.8/−2.7.

Patient was extubated to NIPPV with settings of PIP 
18 cmH2O, PEEP 5 cmH2O, and rate of 40. ABG at 6 h of 
life was 7.31/41/48/20.6/−5.4. Patient was maintained on 
the same settings. The FiO2 requirement ranged between 
0.25 and 0.3.

Over the next 6 h, the patient’s work of breathing again 
gradually worsened with increasing FiO2 requirement up to 
0.4. ABG at 10 h of life was 7.28/48/53/22.6/−4.5. A chest 
X-ray was obtained (Fig. 19.4).

The chest X-ray shows relative clearing of the lung fields 
but still with hazy opacification and expansion of the lungs 
to 9 ribs. To improve oxygenation, the MAP was increased 
by raising the PEEP to 6 cmH2O. Fig. 19.5 shows the 
improvement in lung opacification before and after initia-
tion of NIPPV in a different patient.

ABG at 13 h of life was 7.27/56/39/22.9/−4.6. Physical 
examination was notable for decreased air entry bilaterally. 
PIP was increased to 20 cmH2O. ABG 3 h later showed per-
sistent acidosis 7.23/60/51/21.9/−5.6. PIP was increased to 
22 cmH2O.

Over the next few hours, patient’s work of breathing 
gradually improved and the FiO2 requirement decreased 
to 0.3. ABG at 20 h of life was 7.23/45/37/18.8/−8.4. 
Patient was maintained on the same support for the next 
24 h. ABG on day 2 of life was 7.36/41/47/23.2/−2.2 and 
FiO2 requirement was between 0.25 and 0.3. The PIP was 
decreased to 20 cmH2O.

Fig. 19.4 Chest X-ray at 10 h of life shows some 
clearing of lung fields, but persistence of areas of 
hazy opacification.

Fig. 19.3 Initial chest X-ray suggestive of severe RDS.
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Case 2: Secondary mode NIPPV

A 36-year-old G4 P1 mother presents to labor and delivery 
with rupture of membranes and fever at 24 2

7 weeks of ges-
tational age. She received the first dose of betamethasone 
and was started on antibiotics. A stat C-section was done 
12 h later for fetal bradycardia resulting in the delivery of a 
female infant weighing 542 g. Resuscitation in the delivery 
room included endotracheal intubation, positive pressure 
ventilation via T piece resuscitator. Infant was transferred to 
the NICU on 0.6 FiO2. Apgar scores were 4 and 7 at 1 and 
5 min, respectively.

On arrival to the NICU, infant was administered a dose 
of surfactant and placed on conventional ventilator with 
settings of PIP 18 cmH2O, PEEP of 5 cmH2O, and rate of 
30. Umbilical catheterization was performed. Initial ABG 
was 7.37/39/105/22.5/−2.5. FiO2 requirement decreased 
to 0.25 after surfactant administration. The settings on 
the conventional ventilator were gradually weaned to PIP 
15 cmH2O, PEEP 5 cmH2O, rate of 20; and the infant was 
extubated to NIPPV by 8 h of life. Initial settings on NIPPV 
were PIP 18 cmH2O, PEEP 5 cmH2O, and rate of 20. Follow-
up gas 3 h later was 7.39/42/72/23.6/–3.6 requiring 0.21 
FiO2. She remained stable on those settings for the next 
2 days.

On day 3 of life, multiple areas of skin breakdown 
were noted over the axilla and back. She had a couple 
of self-recovering apneic episodes. The NIPPV rate was 
increased to 30/min. An ABG showed metabolic acidosis 
7.28/31/61/14/−11. A sepsis workup was done and she 
was restarted on antibiotics. Later that day, the infant 
had to be intubated due to multiple episodes of apnea 
and bradycardia. She was treated for coagulase-negative 
Staphylococcus bacteremia and was extubated to NIPPV 
after 6 days. She was started on settings of PIP 16 cmH2O, 
PEEP 5 cmH2O, and rate of 20. She was weaned to CPAP 
of 5 cmH2O after 2 days and then to nasal cannula 1 L by 
33 weeks CGA.

2427

Patient remained on NIPPV for the next few days without 
any major events. On day 7, she developed abdominal dis-
tension with feeding intolerance. Physical exam revealed a 
benign abdomen except for the soft distension. An abdomi-
nal X-ray was obtained.

The X-ray showed diffuse gaseous distension of the bowel 
with no other concerning findings. Termed as “CPAP belly” 

this is a common side effect of noninvasive ventilation due to 
air leak into the gastrointestinal tract. Left unattended, this 
can progress to severe abdominal distension causing pressure 
effect on the lungs and can potentially lead to an abdominal 
perforation. The NIPPV rate was decreased to 20/min.

Eight days later, she was weaned to CPAP of 5 cmH2O. 
The settings prior to switching to CPAP were PIP 15 cmH2O, 
PEEP 5 cmH2O, and rate of 20 with a FiO2 requirement of 
0.25. At 324

7 weeks of corrected gestational age (CGA) 
she was able to be weaned off CPAP to 1 L nasal cannula. 
She came off supplemental oxygen at 34 2

7 weeks CGA and 
was discharged home at 373

7 weeks CGA.

3247

3427
3737

Fig. 19.5 (A) Chest X-ray in a neonate on CPAP showing 
hazy opacification of the lung fields. (B) Improvement in 
the opacification noted after changing support to NIPPV 
in the same neonate. Note: X-rays taken in the same 
patient; UVC had been removed at the time of the 2nd 
X-ray and replaced by a R upper extremity PICC, when 
infant was placed on NIPPV. 
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Introduction

Respiratory support remains an indispensable therapy in 
the care of most patients admitted to the neonatal inten-
sive care unit (NICU). Ventilator support, positive pressure, 
and/or supplemental oxygen are required to manage the 
most vulnerable extremely premature infants with respira-
tory distress syndrome (RDS), as well as term newborns 
suffering from hypoxic respiratory failure (HRF). Remark-
able advancements in ventilation support have been made 
since the first reported cases, in the early 1950s, of a respi-
ratory device used to provide positive pressure breaths to 

newborns in respiratory distress [1]. Despite extraordinary 
technological advancements in ventilator devices and neo-
natal respiratory care, bronchopulmonary dysplasia (BPD) 
remains the most prevalent chronic morbidity in prema-
ture newborns, 50 years following its first description [2,3].

One of the most important conceptual breakthroughs in 
managing patients with respiratory failure is that mechani-
cal ventilation may exacerbate lung injury [4], and ongoing 
research continues to expand our understanding of ventila-
tor-induced lung injury (VILI) [5,6]. Experimental studies 
have clearly demonstrated that the lungs (particularly dis-
eased lungs) are very susceptible to overdistension (volu-
trauma) [4,7]. Furthermore, repeated opening and closing 
of terminal lung units (atelectotrauma) [8,9], and release of 
inflammatory markers (biotrauma) [10], also contribute to 
VILI. In an attempt to improve the management of patients 
with severe respiratory disease who died of intractable 
hypoxia complicated by multisystem organ failure, high fre-
quency ventilation gained substantial interest in the man-
agement of adult RDS [11], as well as newborn RDS [12,13].

High-frequency ventilation (HFV) represents a generic 
term that encompasses any mode of assisted ventilation 
operating at a frequency at least 4 times the natural breath-
ing rate [14]. HFV can be categorized into three general 
types: (1) high-frequency positive-pressure ventilation 
(HFPPV) produced by modified conventional ventilation 
operating at rapid rates, (2) high-frequency jet ventila-
tion (HFJV) produced by ventilators that deliver a high-
velocity jet of gas by means of a flow-interrupter, and (3) 
high-frequency oscillatory ventilation (HFOV), produced 
by moving air back and forth at the airway opening, while 
generating minimal bulk gas flow. The chapter focuses on 
HFOV, which is defined by any device that uses reciprocat-
ing pumps of a piston, diaphragm, or generates sinusoi-
dal waveforms and vibrates air in and out of the lungs at  
frequencies ranging from 180 to 3000 breaths/min 
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CHAPTER POINTS

•	 Avoiding excessive tidal volumes and ensuring 
adequate lung volume recruitment are imperative to 
mitigate ventilator-induced lung injury and reduce 
the risk of bronchopulmonary dysplasia.

•	 High frequency ventilation provides low tidal volumes 
and is a very effective mode of ventilation for 
neonates with severe lung disease.

•	 Understanding the mechanics of high frequency 
ventilation leads to improved ventilation strategies 
for newborns with lung pathology.
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(3–50 Hz) [15,16]. Characteristically, gas is both driven 
into the lung and actively withdrawn by the pump stroke. 
HFJV will also be briefly discussed.

Brief history on HFOV

Conventional pulmonary physiology dictates that the par-
tial pressure of arterial carbon dioxide (PaCO2) is inversely 
related to alveolar ventilation (Va), and that the gas avail-
able for gas exchange, the alveolar volume, is derived from 
the tidal volume (Vt) minus the anatomic dead space (Vd); 
Va = Vt − Vd. However, the notion that Vt needs to be greater 
than the Vd to allow adequate ventilation was challenged 
over a century ago by Henderson et al. who speculated by 
observing panting dogs that “there may easily be gaseous 
exchange sufficient to support life, even when Vt is consid-
erably less than dead space” [17]. To support their claim, in 
a simple experiment, they demonstrated that when blow-
ing tobacco smoke down a transparent elongated tube, a 
long thin spike formed and that “the quicker the puff, the 
thinner and sharper the spike.” When the puff stopped “the 
spike breaks instantly, everywhere, and the tube is seen to 
be filled from side to side with a mixture of smoke and air,” 
[17] so as flow stopped, diffusion occurred.

Not until several decades later, did the concept of high 
frequency oscillation spark the interest of scientist anew 
[18–20]. During experiments measuring the effects of 
muscle relaxants on lung impedance using loudspeakers, 
a group of researchers were astounded that CO2 appeared 
at the mouthpiece during a breath-hold in increasing 
amounts with each beat of the loudspeaker. In the same 
year, Lunkenheimer et al. demonstrated that the oscilla-
tor dramatically lowered PaCO2 [19,20]. In the following 
years, a group of dedicated researchers devised a piston 
pump and started a systematic study on the effects of oscil-
lations on beagle dogs; the results were presented at the 
Federation of American Societies for Experimental Biology 
in 1979 [18,21]. Henceforth, to this day, a surge of experi-
mental and clinical studies exploring the mechanism and 
effects of high-frequency oscillations has emerged in the 
scientific literature.

Physiology of HFOV

Mechanisms of HFOV
The physiology responsible for gas transport during 
HFOV remains theoretical and is believed to involve sev-
eral contributing mechanisms [22–24], which are briefly 
reviewed:

1. Bulk convection: Even with small tidal volumes, gas 
flow may reach proximal alveoli and participate in 
direct alveolar ventilation.

2. Pendelluft: At high frequencies, gas distribution is 
strongly influenced by time-constant inequalities,  
and there is redistribution from full, fast-filling  
units to slower-filling units (hence augmenting gas 
exchange) [25].

3. Asymmetric inspiratory and expiratory velocity profiles: 
Inspiratory gas tends to stream along the center of the 
airway toward the alveoli, while expiratory gas streams 
along the outer wall [26].

4. Taylor dispersion: When convective flow is 
superimposed on a diffusive process, there is an 
increased dispersion of tracer molecules (diffusion of 
the high-velocity central gases to the margins of the 
airway—primarily in smaller airways) [27].

5. Cardiogenic mixing: Beating action of the heart 
promotes gas mixing in the pericardial regions of the 
lungs [28].

6. Molecular diffusion: As in normal ventilation, there is 
a movement of molecules from higher concentration 
to lower concentration.
The key concept underlying the aforementioned mecha-

nisms is that increased energy of the gas molecules at high 
frequencies and high flows leads to augmented mixing of 
gas in the airways [29]. In more practical terms, the suc-
cess in using HFOV depends on understanding the strate-
gies aimed at oxygenating and, especially, ventilating the 
patients.

Oxygenation in HFOV
Similar to conventional ventilators, high-frequency oscilla-
tor devices function to improve oxygenation and ventilation, 
and while the factors affecting oxygenation and ventilation 
are interrelated, they are distinct. The two factors that deter-
mine oxygenation are mean airway pressure and fraction of 
inspired oxygen (FiO2). The cause for hypoxemia in neo-
natal lung disease is primarily due to atelectasis, and there-
fore increasing mean airway pressure decreases the degree 
of atelectasis and improves ventilation-perfusion matching. 
In HFOV, the way the pressure and flow waveform move 
down the airway is very different from the characteristic 
pressure and flow patterns in conventional ventilation. 
During conventional ventilation, bulk flow essentially gen-
erates the pressure at the airway opening, which is trans-
mitted to the endotracheal tube and ultimately the alveoli; 
whereas in HFOV the pressure at the airway opening is con-
siderably higher but significantly attenuates at the alveolar 
level [30]. Additionally, the way the pressure is transmitted 
or attenuated is not even across the lung. Some airways will 
get a higher-pressure transmission than other ones, which 
is dependent on their physical location in the respiratory  
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system and their disease state [31]. Therefore, alveolar pres-
sure in HFOV usually ranges between 0.1 and 5 cmH2O. 
Owing that there is no means in monitoring respiratory 
function on HFOV to determine pressure–volume curves as 
is the case in conventional ventilation, a crude way to assess 
adequate inflation volume is with the help of chest radio-
graphs to look for lung expansion and diaphragm position.

Other factors that influence blood oxygen content 
include pulmonary vascular resistance, extrapulmonary 
shunts, cardiac output, hemoglobin concentration, and 
FiO2. Mean airway pressure needs to be carefully adjusted 
to avoid hyperinflation, which restricts venous return, com-
promises cardiac output and consequently impairs oxy-
genation [32,33]. When lung volume is excessive, airway 
pressures exert compressive forces against the capillaries 
within respiratory units and may also increase pulmonary 
vascular resistance and impede pulmonary blood flow 
[34,35]. Conversely, a low mean airway pressure leads to 
hypoventilation, increases atelectatic areas in the lungs, 
and results in worsening ventilation/perfusion mismatch 
and decreased oxygenation.

Ventilation in HFOV
In conventional ventilation, there is a proportional rela-
tionship between CO2 elimination (alveolar ventilation) 
and tidal volume (Va = f × Vt). In HFOV, tidal volume has a 
greater effect on CO2 removal than frequency and appears 
to be a linear function of (f)a × (Vt)

b, where “a” is approxi-
mately 0.7–1 and “b” is between 1.5 and 2.2, depending 
on the circuit or species [23,36]. Therefore, during conven-
tional ventilation, if we assume a frequency of 40 breaths/
min and a Vt of 8 mL/breath, the volume of exhaled CO2 
(VCO2) per minute is proportional to the minute ventila-
tion of 320 mL/min. Increasing either the f or Vt on the 
conventional ventilator by 25%, for example, propor-
tionally increases minute ventilation to 400 mL/min and 
increase VCO2 by 25%. In comparison, in HFOV, if f is 600 
breaths/min (10 Hz) and Vt is 2 mL/breath, minute ven-
tilation = 2400 mL/min (600 × 22). Increasing f by 25% 
increases minute ventilation to 3000 mL/min (750 × 22), 
while an increase in Vt by 25% leads to a greater increase in 
minute ventilation to 3750 mL/min (600 × 2.252). Altering 
frequency on an oscillator, changes effective Vt as described 
later and further complicates this relationship.

During HFOV, Vt is determined by the stroke volume the 
ventilator applies to the system (Fig. 20A.1). The distance 
that the piston/diaphragm moves creates the amplitude. This 
movement results in a gas volume displacement and a visual 
chest wiggle. It may also be described as the peak-to-through 
swing around the mean airway pressure. The area under the 
curve of the volume-time curve represents the stroke volume, 
which increases by increasing amplitude (tidal pressure range) 
or decreasing frequency (longer cycle time).

Amplitude

Amplitude has the greatest effect on Vt and is, therefore, 
the primary control to enhance CO2 removal. Amplitude 
controls the “force” with which the piston moves and is 
measured in units of pressure (cmH2O). When setting the 
amplitude, the mean airway pressure needs to be consid-
ered first, as CO2 elimination is not efficient without ade-
quate lung recruitment [37]. There is no set rule on how to 
choose the initial amplitude. The best way to assess ade-
quacy of the amplitude is by visualizing the chest wiggle. A 
rough estimate for setting the initial amplitude is twice the 
HFOV mean airway pressure. Any further changes in ampli-
tude will, thereafter, depend on the PaCO2. An early gas 
should be obtained and, subsequently, transcutaneous CO2 
readings have been shown to be reliable in trending CO2 in 
infants on HFOV [38].

Frequency

Frequency can provide secondary control of CO2 removal. 
The frequency controls the time allowed for the piston to 
move. The lower the frequency is set, the greater the vol-
ume displacement is achieved, and conversely, the higher 
the frequency, the lower the displaced volume. Therefore, 
lower frequencies result in greater stroke volume and, 
hence, greater CO2 removal. Unlike conventional or jet ven-
tilation, no inspiratory or expiratory time is set for HFOV. 
Instead, a percentage of time spent in inspiration and expi-
ration (I:E ratio) is set (e.g., I:E ratio of 1:1 or 1:2, 50 or 
33%, respectively). The I:E ratio is rarely adjusted in HFOV 
and is usually set at 1:2.

The most important aspect of lung mechanics in deter-
mining optimal frequency is the time constant, which 
equals the product of dynamic compliance and airway 
resistance. In general, patients with short time constants 
(low lung compliance or low airway resistance) can be 
ventilated effectively at higher frequencies than those with 
longer time constants (high lung compliance or high air-
way resistance) [39]. Different compliances within the lung 
affect the effect frequency has on Vt because the compli-
ance of the respiratory system affects the transmission of 
the pressure down the airway (Fig. 20A.2) [40,41]. Pressure 
amplitude transmission decreases with increasing compli-
ance and increasing frequency. In the compliant lung, there 
is marked dampening of the pressure waveform in HFOV. 
Lung disease affects the diffusion of gas in the alveolus 
and, thus, affects the optimum range of frequency for effi-
cient gas exchange. In the noncompliant lung (e.g., RDS), 
the dampening of pressure down the airways is decreased 
and, consequently, the frequency can have a much larger 
effect on Vt. With less dampening of pressure down the pul-
monary system, there is a potential for barotrauma in the 
poorly recruited lung at low frequency [42].
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Fig. 20A.1 Volume-Time Curve in High-Frequency Oscillatory Ventilation (HFOV). Tidal volume (Vt) is determined by the stroke volume, which represents the 
area under the curve of the volume-time curve. Increasing the amplitude increases the tidal pressure ranges, while decreasing the frequency (f) leads to a longer cycle 
time; both changes increase the stroke volume and, therefore, Vt. Conversely, increasing f or lowering the amplitude will decrease Vt and thus decrease CO2 removal.
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During HFOV, several factors can influence tidal volume 
(Fig. 20A.3). Changes that lead to increased Vt and facilitate 
CO2 elimination include increasing the amplitude, decreas-
ing the frequency, decreasing resistance, and optimizing mean 
airway pressure. The disease state and the compliance of the 
lung also impact the efficiency of HFOV. Independent of the 
intrinsic airway disease of the patient, the resistance created 
by the endotracheal tube is also very significant. Assuming 
laminar flow, the resistance in the endotracheal tube (ETT) is 
derived from the equation R = 8ηL/πr4 (where R is resistance, 
η represents viscosity of the gas, and L represents the length 
of the tube). Knowingly, exchanging the ETT from a 2.5-mm 
internal diameter tube to a 3.5-mm tube decreases resistance 
by a factor of approximately 4.

Clinical application of HFOV

The evidence behind HFOV
HFOV has been studied in animal models for almost  
4 decades and the majority of animal data supports the 

superiority of HFOV over conventional ventilation. Of 
particular interest, HFOV used in primate models have 
demonstrated improved gas exchange and lung mechanics, 
uniform inflation, reduced air leak, and decreased concen-
tration of inflammatory mediators in the lung, as compared 
with conventional mechanical ventilation [43,44]. Unfor-
tunately, the National Institutes of Health-sponsored trial 
of HFOV in neonatal RDS (HIFI trial) came at a time when 
optimal HFOV application was not completely understood 
[37,45]. The final HIFI protocol tested the low-volume/
low-pressure strategy of HFOV and found no pulmonary 
benefit. In this trial, HFOV actually appeared to increase the 
incidence of intraventricular hemorrhage.

Around the time of the HIFI trial, emerging evidence 
supported favorable outcomes in clinical and animal mod-
els when applying a high-pressure open-lung strategy with 
HFOV [44,46], which led to ongoing experiments and tri-
als, despite the poor outcomes of the HIFI trial. Owing to 
the ongoing interest in HFOV by the San Antonio group in 
North America who continued to champion this mode of 
ventilation and the advent of the SensorMedics oscillator, 
HFOV use has now become widespread in NICUs around 
the world [18].

Fig. 20A.2 Time Constants and Amplitude Attenuation in HFOV. (A) Lung pathology with high airway resistance and low 
airway compliance, such as BPD, has a high time constant with a rapid attenuation of amplitude. Optimal ventilation mode: 
Lower frequency = Prevents attenuation of amplitude. A low frequency would optimize ventilation to prevent attenuation of the 
amplitude. (B) Lung pathology with low airway resistance and low airway compliance, such as RDS, has a short time constant 
with a rapid attenuation of amplitude. Optimal ventilation: High frequency = Rapid attenuation of amplitude. Higher frequencies 
optimize ventilation in neonates with low airway resistance and low airway compliance. Copyright: Satyan Lakshminrusimha.
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In the two more recent, largest, randomized clinical trials, 
significant benefit from HFOV was only seen in the study 
that restricted entry to very low birth weight infants who 
met set FiO2 and mean airway pressure requirements after 
surfactant administration [12]. In that population, HFOV 
increased survival without chronic lung disease and infants 
managed with HFOV were extubated successfully 1 week 
earlier than those receiving lung-protective ventilation at 
conventional frequencies. The other study found no sub-
stantial benefit and no adverse effects of HFOV compared 
with conventional ventilation when all premature new-
borns within a given range of gestational age were random-
ized irrespective of the degree of parenchymal disease [13]. 
Despite the enormous number of publications on HFOV, 
substantial variability remains about when and how to use 
HFOV. At one end of the spectrum, HFOV is used as the 
primary mode of ventilation; whereas at the other extreme 
HFOV is reserved as a rescue technique, only after conven-
tional ventilation has failed. HFOV should be reserved for a 
subset of infants with moderate to severe disease, and in the 
words of Dr. Alison Froese “in mild disease it is not needed. 
In end-stage disease, it will be useless” [37].

High-frequency jet ventilation

The concept of high-frequency jet ventilation (HFJV) was 
first introduced in 1967 by Sanders when he demonstrated 

the ability to maintain adequate oxygenation and ventila-
tion during bronchoscopy using periodic jets of compressed 
gas [47]. Subsequently, extensive experimental and clinical 
studies using the delivery of gases through a small-bore 
cannula under high pressure confirmed adequacy of CO2 
elimination and improved oxygenation [48–51]. The Bun-
nell Life Pulse jet ventilator (Bunnell Inc., Salt Lake City, 
Utah) was designed specifically for infants and remains the 
most widely used jet ventilator in NICUs. HFJV is primar-
ily used in patients with air-leak syndromes or in cases of 
nonhomogeneous lung disease.

Mechanism of HFJV and ventilator 
adjustments
HFJV introduces small volumes typically less than 1 ml/kg 
(range 0.35 to 1 ml/kg) [52] of gas into the patient’s air-
way at a frequency of 150–600 breaths/min, typically 360–
420 breaths/min in the neonatal population. Short pulses 
of pressurized gas are directly delivered into the upper air-
way through a narrow-bore cannula or jet injector. The jet 
gas entering the restricted side port of the adapter accelerates 
and creates transitional flow (jet streams) into the airway. The 
jet gas penetrates through the center of the airways and thus 
limits the pressure exerted on the outside wall of the airway. 
The high velocity of the jet gas entrains or drags gas from the 
surrounding airway distally by the Venturi Principle [53]. 
Exhalation occurs passively as a result of lung recoil along 
the outer walls of the airway and CO2 is ultimately expelled 

Fig. 20A.3 Factors Influencing Tidal Volume and Pressure Transmission in HFOV. ETT, Endotracheal tube. Copyright: Satyan 
Lakshminrusimha.
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through the expiratory port—an open ventilator-patient cir-
cuit is therefore essential.

HFJV can only be used in tandem with a conventional 
ventilator, whereby ventilation (amplitude) is provided by 
the jet ventilator and oxygenation (mean airway pressure) 
is provided by the conventional ventilator. The conven-
tional ventilator can provide recruitment (sigh) breaths to 
open the lungs, maintains a positive end-expiratory pres-
sure (PEEP), and is the main source of gas through the 
circuit. A triple-lumen ETT adapter interfaces the two ven-
tilators and consists of (1) a pressure monitoring line that 
measures pressures at the ETT and feeds back that informa-
tion to the ventilator, (2) a jet injection port where the jet 
gas enters, and (3) a standard lumen for connection to a 
CMV. This adapter avoids the need for reintubation prior 
to HFJV initiation.

When transitioning from CMV to HFJV, the ETT hub 
needs to be exchanged for the triple-lumen ETT adapter, 
and the patient can be reconnected to the previous CMV 
settings. Then the jet injector and pressure monitoring 
lines are connected to their respective ports on the adapter. 
The rate on the jet ventilator is usually set at 420 breaths/
min, but can be decreased to as low as 240 breaths/min. 
Compared to HFOV, HFJV has a set time cycle (default 
at 0.02 s) and thus a variable I:E ratio, depending on 
the set frequency. In addition, as the time cycle is fixed, 
Vt stays constant with changes in frequency and can only 
be adjusted by a change in delta P (e.g., increase in PIP). 
The PIP is initially set at the same level as the CMV (and 
can be increased to a maximum of 50 cmH2O). Once the 
HFJV settings are set, the PIP and rate on the CMV can be 
taken off.

The conventional ventilator is necessary to provide PEEP 
and is usually set 2–3 cmH2O higher when used with the 
jet. The jet ventilator also allows larger volume breaths (sigh 
breaths) to be delivered using the conventional ventilator. 
Sigh breaths may be beneficial in patients suffering from 
cardiac dysfunction who need to be ventilated with lower 
Paw and PEEP compared to the higher level of PEEP used 
during HFOV. Sigh breaths can also help recruit atelectatic 
lung areas, especially in nonhomogenous lung disease, 
but should not exceed 5–10 breaths/min. Using excessive 
conventional breaths rather than a higher Paw is less lung 
protective. Once the patient is stable, an attempt should be 
made to decrease the sigh breaths to avoid volutrauma.

Clinical cases

Case of severe pneumomediastinum 
and pneumoperitoneum
A 36-week gestation late-preterm male born vaginally to a 
30-year-old primigravida mother with gestational diabetes. 
Mother presented in preterm labor and there was no history 
of chorioamnionitis or prolonged rupture of membranes. 
The newborn was noted to have increased work of breath-
ing and had persistent hypoxia. He was intubated shortly 
following birth and received two doses of surfactant in the 
first 24 h of age. He was placed on CMV on a Vt of 4.5 cc/kg, 
PEEP of 7 cmH2O, a rate of 20 breaths/min and Ti of 0.35 s. 
On the second day, he was noted to have worsening respi-
ratory distress requiring an increase in FiO2 and the X-ray 

Fig. 20A.4 A 36-week gestation male with RDS at 2 days of age with large pneumomediastinum and pneumoperitoneum on 
CMV (A). Improvement shown 10 h (B) and 48 h (C) following initiation of HFOV.
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revealed development of a large pneumomediastinum and 
pneumoperitoneum (Fig. 20A.4A)

The patient was transitioned to HFOV on the following 
settings: Paw, 20 cmH2O; f, 10 Hz; and amplitude of 20A. 
The patient’s hemoglobin saturations improved quickly 
and within the first hour FiO2 was weaned from 0.75 to 0.4, 
and the Paw was decreased to 18 cmH2O. By 10 h, the FiO2 
had decreased to 0.26 (Fig. 20A.4B) and the Paw had been 
gradually weaned to 14 cmH2O. By 48 h, the Paw was down 
to 12 cmH2O and FiO2 remained <0.25 (Fig. 20A.4C). The 
following day the patient was extubated from HFOV (Paw, 
10 cmH2O; f, 12 Hz; amplitude 18) to a noninvasive posi-
tive pressure ventilation.

Case of severe BPD
Former 24-week gestation extreme premature male at 
corrected gestational age of 40 weeks with severe BPD 
complicated by ventilator acquired pneumonia. Patient’s 
hemoglobin oxygen saturation deteriorated on CMV 
settings of Vt 6 cc/kg, PEEP of 8 cmH2O, and rate of 20 
(Fig. 20A.5A). The patient was switched to HFOV: Paw, 
13 cmH2O; amplitude 30; and f, 9 Hz; and within 1 h FiO2 
decreased from 0.93 to 0.72. After 48 h, the patient’s FiO2 
was 0.4 on a Paw of 15 cmH2O (amplitude of 33 and f of 
8). Following the treatment of his pneumonia he was tran-
sitioned back to CMV (Fig. 20A.5B).

Fig. 20A.5 Former extreme premature infant corrected to term with severe bronchopulmonary dysplasia (BPD) and ventilator 
acquired pneumonia (A). Improvement in aeration and oxygenation following switch to HFOV (B).
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Introduction

High-frequency oscillatory ventilation (HFOV) is a type of 
high-frequency ventilation produced by applying sinusoi-
dal oscillations at a frequency typically ranging from 8 to 
15 Hz, with volumes of gas near or below the physiological 
dead space at the airway opening [1]. The gas exchange is 
thought to be reliant on different processes including bulk 
convection, asymmetric inspiratory and expiratory veloc-
ity profiles, pendelluft, Taylor dispersion and turbulence, 
molecular dispersion, and collateral ventilation [2].

Different HFOV ventilators use different mechanisms 
(piston, membrane, venturi, or reverse jet) to achieve 
HFOV, for example, SensorMedics, Draeger, SLE, Accutron-
ics, Hummingbird, and so on [3]. The manner in which 
an oscillatory waveform is generated is less important 
than the waveform it produces. A true oscillator is a device 
that generates an equal positive and negative pressure; in 
other words, it has an active expiratory phase. In contrast, 
flow interrupters such as the Infant Star have only a small 
negative pressure deflection. These differences should be 
accounted for when choosing a strategy for HFOV, as their 
effectiveness may vary in different patient groups or dis-
ease states.

Patient groups and indications

While some centers may use HFOV as the primary mode 
of neonatal ventilation, there is insufficient evidence to 
support the routine use of this mode in all preterm infants 
needing invasive respiratory support [4]. HFOV is more 
commonly used as a rescue mode when conventional ven-
tilation fails or uncomfortably high pressures are needed. 
Rescue use should occur early enough to avoid serious 
complications of conventional ventilation. Indications for 
HFOV include the following conditions:
•	 Moderate–severe homogeneous lung disease

•	 Respiratory distress syndrome
•	 Pulmonary hypoplasia

•	 Nonhomogeneous lung disease
•	 Meconium aspiration
•	 Congenital lobar emphysema
•	 Severe bronchopulmonary dysplasia (BPD)
•	 Atelectasis
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•	 HFOV is often used as a rescue mode of ventilation 
when conventional ventilation is failing or requiring 
very high pressures

•	 Optimizing lung volume with adequate MAP 
important for the success of HFOV

•	 In non-homogeneous lung disease, a low volume 
strategy should be used

•	 Volume targeting, if available, can help avoid CO2 
fluctuations
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•	 Congenital diaphragmatic hernia
•	 Persistent pulmonary hypertension of newborn 

(PPHN)
•	 Air leaks

•	 Pulmonary interstitial emphysema (PIE)
•	 Pneumothorax
In homogeneous lung disease, optimizing lung volumes is 

strategically important to minimize ventilator-induced lung 
injury (VILI) and improve gas exchange. In nonuniform lung 
disease, for example, congenital lobar emphysema, compli-
ance varies throughout the lungs, creating areas of variable 
expansion, affecting gas exchange, and increasing the risk of 
air leak. In this situation it may be useful to adopt a “low-
volume” lung strategy (Fig. 20B.1). Close monitoring of the 
effect and safety of HFOV is essential.

When using HFOV, underinflation and overinflation are 
problematic and are associated with VILI and ventilation–
perfusion mismatch (Fig. 20B.2).

Initiation of HFOV

For initiation of HFOV, refer to Fig. 20B.1.

Patient preparation
•	 Consider arterial access for invasive BP monitoring and 

arterial blood gas (ABG) analysis.
•	 Blood pressure and perfusion should be optimized 

prior to HFOV; any volume replacement contemplated 
should be completed and inotropes commenced, if 
necessary.

•	 Use analgesia and sedation as appropriate.
•	 Muscle relaxants are not routinely indicated unless 

previously in use or clinically indicated.

Initial settings
The HFOV parameters that need setting include mean air-
way pressure (MAP), amplitude (or power), frequency and 
inspiration to expiration (I:E) ratio. The initial settings 
will depend on the clinical condition of the patient and 
the management strategy being used. These settings are 
described later and in Fig. 20B.1.

Rescue therapy with optimal lung volume 
strategy

•	 MAP: Start at 2 cm above the MAP on conventional 
ventilation when using I:E ratio of 1:2 to maintain a 
comparable tracheal pressure [6].

•	 Amplitude: Start at a number twice the MAP (generally 
20–25) and then slowly increase in increments of 

3–5 cmH2O until the chest wall is seen to gently 
bounce (wiggle). Some ventilators use the term Power 
to describe the pressure amplitude generated and thus 
volume of gas displaced during the oscillation. The 
initial power should be set at 2 and this should be 
modified on the basis of the chest bounce and CO2 
levels on ABG (range 1–10). It is useful to note the 
starting diffusion coefficient of carbon dioxide (DCO2) 
when available, and follow the trend as you stabilize 
the baby on HFOV.

•	 Frequency: Start at 10–12 Hz in most infants, but 
lower (6–8) if treating MAS or BPD.

•	 I:E ratio: Start the ratio at 1:2.
•	 Stay with the patient and slowly increase MAP in 

1–2 cmH2O increments every 5–10 min (escalating 
recruitment maneuver), observing oxygenation 
(saturations and arterial PaO2) and blood pressure. 
These should improve as the lungs are better 
recruited [7]. It is unusual to need MAP above 
20 cmH2O.

•	 Once the FiO2 has stabilized to an acceptable level, 
for example, <0.4 (ideally <0.3), lower the MAP by 
decrements of 1 cmH2O while maintaining oxygen 
saturations and FiO2 within target limits until the 
oxygenation just begins to deteriorate (closing 
pressure), then go back up 1–2 cmH2O [8].

•	 Watch blood pressure and perfusion carefully. 
Hemodynamic impairment may occur if MAP is 
excessive. Recognize that once the lung is recruited, 
it becomes more compliant and thus needs less 
MAP than was needed for the initial recruitment 
(Fig. 20B.2).

•	 Arrange for a chest X-ray (CXR) after the recruitment 
maneuver, to assess lung volumes, aiming for 8–9 
posterior ribs at the dome of the diaphragm.

•	 Once stability is achieved, consider the addition of 
volume targeting when available. Adequate tidal 
volumes (VThf) are typically between 1 and 3 mL/kg. 
Close observation of ventilator-measured parameters 
(VThf, DCO2), clinical examination, and blood gases 
will guide the tidal volume setting (VThf).

Rescue therapy with “low” lung volume 
strategy (e.g., air leak, nonhomogeneous 
lung disease)

•	 MAP: Start at the MAP on conventional ventilation. 
High MAP can worsen the air leaks and can be 
counterproductive. Permissive hypercapnia and 
optimal oxygenation with minimum possible MAP 
are key to the success of HFOV in these situations. 
FiO2 may need to be higher to maintain the target O2 
saturations. If available, high-frequency jet ventilation 
may be preferable for this indication.
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Fig. 20B.1 Initiation of High-Frequency Oscillatory Ventilation (HFOV) [5]. ABG, Arterial blood gas; CXR, chest X-ray; DCO2, 
diffusion coefficient of carbon dioxide; MAP, mean airway pressure; PIE, pulmonary interstitial emphysema.
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Fig. 20B.2  Pulmonary vascular resistance (PVR) is lowest at functional residual capacity (FRC). At low lung volumes below FRC, extra-
alveolar vessels get kinked and offer high resistance increasing PVR. When lung volumes are extremely high, venous return is impaired 
reducing right ventricular preload and alveolar vessels are compressed leading to high PVR. Copyright: Satyan Lakshminrusimha.
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•	 Amplitude: Start at a number twice the MAP (generally 
20–25) and then slowly increase in increments of 3–5 
until the chest wall is seen to gently bounce/wiggle. 
Some ventilators use the term Power to describe the 
volume of gas during the oscillation. The initial power 
should be set at 2 (range 1–10) and this should be 
modified on the basis of the chest bounce, DCO2 
trend, CO2 levels on ABG.

•	 Frequency: Start at 10–12 Hz.
•	 I:E: Start at a ratio of 1:2.
•	 If there is no improvement in oxygenation, carefully 

consider small increments in MAP (1 cmH2O) 
observing oxygenation (saturations and arterial PaO2) 
and blood pressure. These should improve as the lungs 
are recruited [7].

•	 Once the FiO2 has stabilized consider lowering the 
MAP by 1 cmH2O continuing to observe the patient, 
before weaning the FiO2.

•	 Watch blood pressure and perfusion carefully.
•	 Arrange for a CXR after the recruitment maneuver, to 

assess lung volumes, aiming for 6–8 posterior ribs at 
the dome of the diaphragm.

•	 Once stability is gained, consider the addition of 
volume targeting. Adequate tidal volumes are typically 
between 1.5 and 2 mL/kg, but some infants require 
substantially larger VThf. Emerging evidence indicates 
that factors that cause larger VT requirement with 
conventional ventilation also apply to HFOV [9,10]. 
Thus, the tiniest infants, sicker infants, and older 
infants with BPD may need as much as 3 mL/kg. Close 
observation of ventilator-measured parameters (e.g., 
VThf, DCO2), clinical examination, and blood gases 
will guide adjustments of volume targets.

Adjusting settings during HFOV

Refer to Fig. 20B.3 for guidance on adjusting settings in 
response to blood gas results.

Oxygenation
•	 Oxygenation is controlled by adjusting the MAP and 

FiO2, and the lungs must be optimally inflated.
•	 MAP may be increased or decreased in 1–2 cmH2O 

increments.
•	 Generally, it is rare to use MAP levels >20 cmH2O.
•	 Increasing the MAP will initially improve lung inflation 

(recruitment), but if the lungs become overdistended, 
then oxygenation will worsen and paradoxically MAP will 
need to be reduced (Fig. 20B.2) [11]. Overinflation can be 
assessed clinically and by X-ray. Bedside indicators like a 
drop in blood pressure and poor perfusion may be seen 
beyond the trough of the J curve (Fig. 20B.2) [11].

Ventilation
•	 Lungs must be optimally inflated.
•	 Changes in PaCO2 may be affected by changing

•	 amplitude of oscillation (∆Phf);
•	 VThf (in volume targeted mode); and
•	 frequency (f).

•	 Chest wall bounce should be assessed clinically and 
the amplitude adjusted to achieve a gentle “wiggle” 
of the chest. If chest movement is excessive reduce the 
amplitude promptly to avoid the risk of hypocapnia.

•	 Frequency is usually set at 10 Hz. It is not common to 
change this though some ELBW infants with RDS may 
require higher frequencies (11–15 Hz) and some term 
infants may require a lower frequency (6–8 Hz). Some 
oscillators are less powerful at higher frequencies, for 
example,12–15 Hz. Refer to the instruction manual of 
the ventilator in your unit and discuss with experienced 
senior staff. In conventional ventilation, reducing the 
frequency of breaths reduces CO2 clearance, assuming 
the tidal volume stays the same. In HFOV, decreasing 
the frequency will increase the tidal volume (VThf) and 
therefore increase CO2 clearance at the same amplitude. 
However, if volume targeting is being used, decreasing the 
frequency will decrease the CO2 clearance, because the 
VThf is fixed and thus unaffected by frequency.

•	 DCO2 is a measure of alveolar ventilation 
during HFOV. It is derived from the calculation 
DCO2 = VThf2 × f and expressed as mL2/s.

 Regular monitoring of this parameter can guide CO2 
clearance. Trends are more important than the absolute 
numbers though most neonates will have adequate 
CO2 clearance between 40 and 100 mL2/s.

I:E ratio
The normal starting ratio is 1:2, that is, 33% inspiration to 
67% expiration. At 10 Hz it is equivalent to a Ti of 0.03 s. 
Increasing the ratio to 1:1 may be used to improve oxygen-
ation or to increase the power of some oscillators at high 
MAP and/ or amplitude. This may, however, lead to air trap-
ping and eventually poorer CO2 clearance and impedance of 
venous return. If oxygenation is satisfactory but CO2 clearance 
is poor, a ratio of 1:3 may be tried. However, this can only be 
successfully achieved with a lower frequency range (5–10 Hz).

Volume targeting
Once stability is achieved and the lungs are recruited, then 
the volume targeting function may offer optimal con-
trol over CO2 clearance. Start with a VThf value typically 
1.5–2 mL/kg or use the value associated with recent stabil-
ity and good gas exchange. The amplitude will then vary to 
deliver this volume and a maximal value for ∆Phf should 
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be set for the range of values required. Monitoring the 
trend in the DCO2 will help identify the optimum VThf.

During HFOV, the I:E ratio remains constant regardless 
of VThf. At higher frequencies the time available to deliver 
VThf reduces. This explains the reduction in VThf and CO2 
elimination with an increase in frequency, opposite to the 
effect of increasing the respiratory rate in conventional ven-
tilation [12]. However, in the volume targeted mode, the 
ventilator maintains a constant VThf up to its performance 
limit, therefore increasing frequency leads to an increase in 
minute ventilation and better CO2 clearance, as long as the 
VThf can be maintained.

Radiology
Radiological assessment of lung inflation is very important 
for safe and effective use of HFOV. Consider requesting 

an initial CXR after a recruitment maneuver to assess lung 
inflation and lung fields. It may be necessary to perform 
CXR 6–12 hourly, especially if oxygenation, gas exchange 
or blood pressure is unstable. Normal inflation on HFOV 
should show the diaphragm to be at 8–9 posterior ribs with 
no intercostal bulging of pleura.

Overinflation is demonstrated on a CXR by [13]
•	 Flattening of diaphragm below the 9th rib
•	 Intercostal pleural bulging of lungs
•	 Air is visible as a crescent under the cardiac shadow

The assessment of inflation should be considered in 
the context of the clinical condition and other ventilatory 
and bedside parameters. For example, in babies with pul-
monary hypoplasia or congenital diaphragmatic hernia, 
hyperinflation should not solely rely on diaphragm posi-
tion but also on the appearance of the hypoplastic lungs, 
intercostal bulges, and heart size.

Fig. 20B.3 HFOV: Adjusting the Ventilator Settings in Response to the Blood Gas Findings.
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Underinflation is indicated by a high diaphragm. Lung 
volumes are difficult to assess in the presence of pulmonary 
hypoplasia, diaphragmatic hernia, or abdominal disten-
sion, for example, postgastroschisis repair. When managing 
patients with air leak or congenital diaphragmatic hernia, 
consider maintaining normal PaO2 levels with the mini-
mum possible MAP and accept higher FiO2 levels.

Monitoring
All babies on HFOV need close continuous monitoring. 
The electronic record or paper observation chart should 
include the values and trends of the following:
•	 O2 saturations (consider pre- and postductal for PPHN)
•	 ECG and heart rate
•	 Blood pressure (consider arterial access for invasive BP 

and PaO2 monitoring)
•	 Blood gases and oxygenation index (OI = FiO2 × MAP/

PaO2(in kPa) × 7.5)
•	 Ventilator measurements, such as VThf, DCO2, 

amplitude, MAP, and frequency
•	 Clinical observations of the baby such as chest wiggle 

and pain score
•	 Consider using transcutaneous CO2 monitoring 

when DCO2 is not available to avoid the risk of 
hypocapnia

Disconnection and suction
•	 Maintenance of optimal lung volumes is critical, and 

disconnections should be discouraged.
•	 Ensure the ventilator circuit is kept free from water 

condensation as this can impair oscillation. Position 
the tubing to ensure that the water does not drain 
down the tubing to the baby.

•	 Babies on HFOV should have inline/verso adapter 
suctioning.

•	 Repositioning of the baby should be performed by two 
nurses to avoid disconnection from the ventilator.

•	 Whenever the MAP falls, for example, following 
disconnection and/or suctioning, it may be necessary 
to increase the MAP for a short period to reestablish 
lung volume.

Surfactant therapy during HFOV
Surfactant may be administered in the routine manner to 
babies receiving HFOV, including bolus administration fol-
lowed by a short period of ventilation using a T-piece. Sur-
factant may improve compliance rapidly, and the ventilator 
requirements should be altered accordingly.

Potential complications of HFOV
•	 Hypotension due to reduced venous return [14,15]
•	 Hyperinflation (focal or generalized)

•	 Inadvertent overventilation (even small increases in 
VThf can drop PCO2 substantially, due to the f × VThf2 
relationship)

•	 Air leak [16]
•	 Lack of improvement or further deterioration  

(see Figure 20B.3)
•	 Necrotizing tracheobronchitis [17] (very rare)

Assessing failure on HFOV
HFOV will at least temporarily improve the respiratory 
status in the majority of neonates. The common iatro-
genic reasons for apparent HFOV failure include failure to 
achieve optimal lung volumes, inappropriate ventilation 
settings, small ETT diameter, long ETT and ETT leak, as well 
as secretions or water in the ETT or tubing.

HFOV is considered failed if after 2 h the OI and PaCO2 
are rising or oxygen saturations are worsening in spite of 
good recruitment and “wiggle.” Severe respiratory disease, 
coexistent high inotropic requirements, and presence of 
nonhomogeneous lung disease are also known as risk fac-
tors for HFOV failure. A common cause of apparent failure 
of HFOV is excessive MAP that results in hemodynamic 
impairment and increased pulmonary vascular resistance 
(Fig. 20B.2). In some infants who are not oxygenating, low-
ering, not increasing MAP is the correct move. CXR is not 
always helpful, so a trial of lower MAP is usually indicated if 
oxygenation is a problem. Some patients deteriorate imme-
diately on transfer to HFOV and need to be stabilized back 
on a conventional mode of ventilation.

Weaning from HFOV and extubation

Weaning of HFOV
Once the patient is stable with improving oxygenation (typ-
ically FiO2 <0.4) and improved systemic status, an active 
weaning process can start. Each change should be closely 
monitored with clinical parameters, including oxygen satu-
rations, heart rate, and blood pressure. Arterial blood gases 
should be performed 20–60 min after each change depend-
ing on the magnitude of change.
•	 MAP: Reduce in 1 cmH2O steps every 4–6 h as tolerated
•	 Amplitude: If volume targeting is being used, the 

amplitude will “autowean” as the lung mechanics 
improve. In the absence of volume targeting, amplitude 
can be weaned in steps of 1–2 cmH2O every 4 h 
guided by PaCO2 and DCO2. If instead of amplitude, 
power is used to determine the volume of gas-driving 
oscillations, these can be weaned by 0.2–0.3 every 4 h. 
The target PaCO2 will depend on the clinical situation: 
it will be higher when managing patients with 
established chronic lung disease.
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Extubation
Centers vary in their practice with regards to extubation 
from HFOV. Babies can be successfully extubated from 
HFOV or switched to conventional ventilation before 
extubation. Typical settings suggesting readiness for extu-
bation are:
•	 MAP < 9–10 cmH2O
•	 FiO2 < 0.3–0.4

Troubleshooting and alarms
Fig. 20B.4 provides a framework for troubleshooting and 
responding to alarms. At the outset the clinical team should 
be aware that successful use of HFOV is highly dependent 
upon the following:
•	 Optimal lung volumes
•	 Minimal or no ETT leak
•	 Patent ventilator tubing and ETT lumen

Fig. 20B.4 HFOV Troubleshooting and Alarm Management [5].



324

Section Bedside Application Principles of Assisted Ventilation Devices| IV |

•	 Experience of clinicians with the ventilator in HFOV mode
•	 Skilled nursing staff

Supporting parents and careers
•	 Explain how HFOV is different to other forms of 

ventilation in a language that the parents understand.

•	 Cuddles or kangaroo care are possible in stable babies 
receiving HFOV but may be constrained by the type of 
ventilator and ventilator circuit.

•	 Ensure the parents are encouraged to talk to their  
baby and use containment holding to provide  
comfort.
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•	 Conventional mechanical ventilation (CMV) aims 
to breathe for patients who cannot breathe on 
their own. High-frequency ventilation (HFV) takes 
a different approach: it is designed to facilitate gas 
exchange. While we use the same terminology to 
describe the settings used on both types of machines 
(e.g., rate, tidal volume, peak inspiratory pressure, 
pressure amplitude, and so on), high-frequency jets 
and oscillators operate at rates and deliver “tidal” 
volumes (i.e., the volume between inspiration and 
expiration) that can be orders of magnitude higher 
and smaller, respectively, than those used during CMV.

•	 The way in which jets and oscillators deliver tidal 
volumes reduces physiologic dead space to the point 
that it can be less than anatomic dead space [1,2]. 
Oscillators push gas in and pull gas back out of the 
lungs, usually in a 1:2 duty cycle. Jets deliver the gas 
in short, high-velocity spurts, allowing more time 
for passive exhalation. When used properly, both 
modalities offer the opportunity to prevent lung 
injury in preterm babies [3,4].

•	 As inflammation is typically triggered by mechanical 
ventilation of any sort, as well as tracheal intubation, 
jets are more effective in treating lung injury, as 
demonstrated in the success of HFJV for the treatment 
of pulmonary interstitial emphysema (PIE) [5]. Injured 
areas of the lungs have increased airway resistance as 
well as poor perfusion. Thus, CMV using higher rates 
and shortened inspiratory times improves ventilation/
perfusion ratios in patients with PIE. HFJV provides 

an extension of that approach by operating at much 
higher rate and shorter inspiratory time with I:E 
ratios as small as 1:12, which provides even better 
ventilation/perfusion ratios as well as adequate time 
for passive exhalation.

•	 CMV can provide some things that HFV cannot, 
such as tidal volumes of size and duration sufficient 
to open up collapsed alveoli. CMV can also control 
mean airway pressure (MAP) by regulating positive 
end-expiratory pressure (PEEP) and provide gas for 
spontaneous breathing.

•	 The following charts and flowcharts are designed 
to aid HFJV operators in developing treatment 
strategies for infants and children with various 
pathophysiologies. The goal of these teaching aids is 
to provide lung protective ventilation by facilitating 
gas exchange in the most gentle ways possible, 
including enabling infants to breathe spontaneously. 
(Needless sedation should be avoided.)

•	 While certain HFJV and CMV settings are 
recommended, operators are urged to use the 
principles of these recommendations to determine 
how to best apply HFJV. Certain settings and 
conditions that would dictate, for example, when 
to wean an infant from HFJV to a less invasive form 
of respiratory support, are left vague on purpose. 
Clinicians should evaluate each patient individually 
based upon their abilities to breathe spontaneously 
without periodic apnea spells to make such setting 
decisions.

•	 The first chart is designed to serve as a general guide 
to applying HFJV in circumstances and conditions 
commonly found in newborn and pediatric intensive 
care units. The other flowcharts assist in optimizing 
PEEP and MAP.



326

Section Bedside Application Principles of Assisted Ventilation Devices| IV |

Circumstances—
complications Goals Actions (vent settings)

General HFJV startup Get lungs open.
Keep them open.

HFJV rate: Set by baby size and condition:
•	 At	least	420	bpm	for	infants	<1 kg.
•	<420 for bigger babies, gas trapping, severe PIE, and 

babies >2 weeks old.
HFJV PIP: Adjust as needed to control PCO2.
HFJV I-time: 0.02 s
CMV rate: Start with 5 bpm until baby is stable and 
discontinue to find optimal PEEP (see later).
CMV PIP: Set to achieve moderate chest rise.
CMV I-time: Sufficient to recruit alveoli.
CMV PEEP: Adjust to maintain pre-HFJV MAP.

Provide adequate 
ventilation

PCO2 <55 mmHg Transcutaneous CO2 monitoring is helpful.
Adjust HFJV PIP until ineffective in reducing PaCO2, and 
then alleviate by increasing I-time in 0.004 increments to 
enable VT delivery.
Compare HFJV-displayed PEEP with set CMV PEEP to 
assess gas trapping (inadvertent PEEP); if monitored 
PEEP > set PEEP, alleviate by reducing HFJV rate in 
60 bpm increments.

Optimize PEEP Keep lungs open without impeding 
pulmonary perfusion while 
minimizing CMV rate and VT to 
decrease lung injury.

Once baby is stable, discontinue 5 bpm CMV; use CPAP 
only, or as close as possible by minimizing CMV rate, PIP, 
and I-time.
Raise PEEP incrementally to avoid raising FiO2.
Reinstitute 5 bpm CMV temporarily if necessary, until 
PEEP has been adjusted to the point where CMV breaths 
are no longer needed.

General maintenance Keep lungs open.
Maintain good blood gases with FiO2 
<0.30 if possible.

Use CMV for alveolar recruitment only (e.g., after 
suctioning).
Use PEEP to maintain adequate MAP and avoid 
atelectasis.
Use lower PEEP and low CMV rate if high PEEP impedes 
cardiac output.

RDS Maintain adequate lung volume; 
gently provide adequate ventilation 
(PCO2 <55 mmHg).

HFJV rates >420 may be used for preterm babies.
Use HFJV PIP as primary control of ventilation (PCO2).
CMV should be used for alveolar recruitment only.
Find and use optimal PEEP (see later).

RDS, surfactant 
deficiency

Facilitate surfactant delivery. Surfactant may be administered via catheter downstream 
of LifePort adapter during HFJV to improve distribution.
Alternatively, put jet in standby and deliver per hospital 
CMV policy.

CDH, pulmonary 
hypoplasia

Maintain adequate lung volume; 
provide adequate ventilation (PCO2 
<55 mmHg) in gentlest way possible.

HFJV rate: At least 420 bpm; increase in 60 bpm 
increments if PIP >40 cmH2O.
HFJV PIP: Set as needed to control PCO2.
HFJV I-time: 0.02 s; increase as needed when raising PIP 
no longer seems capable to reducing PaCO2.
CMV: CPAP only, or as close to CPAP as you can get by 
minimizing CMV rate, PIP, and I-time.
PEEP: Raise as necessary to counteract abdominal pressure 
and maintain appropriate lung volume postsurgery.
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Circumstances—
complications Goals Actions (vent settings)

PIE, other air leaks, and 
early BPD

Facilitate healing and normal lung 
growth.
Minimize CMV rate and VT by 
optimizing lung volume, PEEP.

Use HFJV rates <420 bpm to lengthen exhalation 
time.
Use CPAP only or adjust CMV as close to CPAP as 
you can get by minimizing CMV rate, PIP, and I-time.
Adjust PEEP upward to enable lower FiO2 (<0.30 if 
possible).

MAS, PPHN, 
bronchiolitis

Facilitate mucociliary clearance, 
reduce gas trapping.

Use optimal PEEP (see above) and low HFJV rate 
(240–300).
Raise HFJV PIP and/or I-time to enable 
PaCO2 = 35–40 torr.
Low CMV rate may be helpful.
Delivering inhaled NO via HFJV may be effective.

Pulmonary 
hyperinflation

Avoid and remedy gas trapping. Reduce HFJV rate incrementally by 60 bpm toward 
240 bpm if X-ray reveals hyperinflation.
HFJV rate reduction may require increases in PEEP and 
HFJV PIP to maintain adequate blood gases.
Continue to optimize rather than minimize PEEP to 
avoid airway collapse and worse gas trapping.

Severe BPD, pulmonary 
hyperinflation

Reduce hyperinflation and 
hypercapnia.

Reduce HFJV rate to 240 bpm.
Increase PEEP and HFJV PIP as necessary to enable 
adequate oxygenation and ventilation, respectively.
If HFJV PIP >40, increase HFJV I-time in 0.004 
increments to maximum = 0.034 s.

Cardiac patients in 
respiratory distress

Improve hemodynamics, cardiac 
index.

Moderately hyperventilate at low MAP using HFJV 
PIP and rate appropriate for patient size (at least 
420 bpm for preterms, lower rates for larger  
patients).
Use low-rate CMV and lower PEEP, as needed for 
control of lung volume.

Surgery patients (CDH, 
cardiac)

Facilitate surgical repair. HFJV may be used before, during (improves field of 
view), and after surgery, which enables chest closure 
due to low MAP capability.

Wean (applicable to all 
disorders)

Minimize mechanical ventilation 
time.
Maintain gentlest ventilation on 
HFJV all the way to extubation.
Extubate ASAP.

Minimize CMV rate, PIP, and I-time unless temporary 
alveolar recruitment is necessary.
Reduce HFJV PIP as PCO2 allows.
Reduce FiO2 and MAP as PO2 allows.
Reduce FiO2 before MAP until FiO2 <0.40 to 0.30.
Reduce MAP before FiO2 when PEEP is impeding 
cardiac output.
Reduce PEEP cautiously to avoid atelectasis.
Encourage spontaneous breathing via reduction of 
HFJV rate and PIP; do not oversedate.
Once baby is sufficiently spontaneously breathing 
and MAP can be maintained via CPAP, extubate  
directly to nasal CPAP near last recorded MAP.

BPD, Bronchopulmonary dysplasia; bpm, breaths per minute; CMV, conventional mechanical ventilation; CPAP, continuous positive airway 
pressure; HFJV, high-frequency jet ventilation; I-time, inspiratory time; MAP, mean airway pressure; PEEP, peak end-expiratory pressure; PIE, 
pulmonary interstitial emphysema; PIP, peak inspiratory pressure; RDS, respiratory distress syndrome; VT, tidal volume. Copyright: Bert Bunnell.
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Introduction

Persistent pulmonary hypertension of the newborn 
(PPHN) is a syndrome caused by failure of the pulmonary 
vascular resistance (PVR) to decrease at birth. Elevated 
PVR can be secondary to pulmonary vasoconstriction, 
structural thickening of pulmonary arterial wall, or dys-
morphic angiogenesis in the lung. Prompt recognition 
and management of underlying lung disease is an inte-
gral part of the overall approach to PPHN [1]. The over-
all prevalence of PPHN remains constant at 2 per 1000 
live births [2,3]. However, the lung diseases contributing 
to PPHN have changed over the last 20 years with the 
decreasing incidence of meconium aspiration syndrome 
[4]. Congenital diaphragmatic hernia is now the leading 
cause of severe PPHN among infants needing ECMO can-
nulation for neonatal respiratory failure (Fig. 21.1). This 
is followed by meconium aspiration syndrome, primary 
PPHN, and surfactant deficiency due to pneumonia or 
respiratory distress syndrome. Genetic causes of respi-
ratory failure are increasingly being recognized among 
infants with severe PPHN. These include surfactant pro-
tein B and ABCA3 deficiency and alveolar capillary dys-
plasia. Additionally, PPHN can complicate the course 
of infants being treated with hypothermia for hypoxic 
ischemic encephalopathy [5]. The appropriate treatment 
depends on the underlying lung disease contributing to 
PPHN. Echocardiography is an essential tool to rule out 
congenital heart disease as a cause of cyanosis and to doc-
ument pulmonary hypertension.
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CHAPTER POINTS

•	 PPHN remains a challenging clinical problem, 
associated with significant morbidity and mortality 
for the affected infants

•	 The introduction of inhaled nitric oxide and other 
pulmonary vasodilators have greatly improved the 
outcomes in PPHN

•	 This chapter summarizes our current 
knowledge of pulmonary vasodilator therapy, 
the challenges that remain and future directions 
for research
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Regulation of vascular tone 
in pulmonary circulation

Vascular tone is determined by the continuous balance 
between vasoconstrictor and vasodilator influences that 
operate on these vessels. The pulmonary vessels are capable 
of autonomous regulation of tone, although various neu-
ral, endocrine, and paracrine factors influence the regula-
tion of tone. Fetal pulmonary circulation is in relatively low 
oxygen tension (20–39 torr), which facilitates pulmonary 
vasoconstriction. This tilt in balance toward vasoconstric-
tion is reversed during postnatal transition, favoring rapid 
onset of pulmonary vasodilation. During fetal life, increased 
levels of endothelin-1 (ET-1) and thromboxane A2 (TxA2) 
contribute to increased tone. Endothelin, a potent peptide 
released by vascular endothelial cells [6], exists in at least 
three isoforms: ET-1, ET-2, and ET-3, which interact with at 
least four known endothelin receptors: ETA, ETB1, ETB2 and 
ETC [7]. ET-1 is the most extensively studied vasoconstric-
tor in PPHN; elevated levels have been demonstrated in 
PPHN infants [8]. The ETA receptor is primarily located on 
vascular smooth muscle cells and mediates vasoconstric-
tion. ET-1 also induces vasoconstrictor effects by the gen-
eration of endothelium-derived TxA2 [9]. The ETB receptor 
is primarily located on endothelial cells and its activation 
leads to release of NO and prostacyclin when activated, to 
cause vasodilatation [6]. However, ETB receptor on vas-
cular smooth muscle cells mediates vasoconstriction and 
stimulates cell proliferation. In healthy vasculature, ET 

can mediate vasorelaxation due to its site-specific effect on 
endothelial ETB receptor, but causes vasoconstriction in 
diseased vasculature due to different expression patterns 
of the ET receptors [7]. Increased expression of ETA and 
ETB receptors on the vascular smooth muscle cells may be 
a contributing factor for PPHN. TxA2, the vasoconstrictor 
eicosanoid, is a product of PGH2 metabolism by throm-
boxane synthase. Since prostacyclin synthase and throm-
boxane synthase compete for PGH2, decreased expression 
or activity of one can lead to higher levels of vasodilator 
PGI2 or constrictor, TxA2. Studies in fetal lamb model of 
PPHN demonstrated that reciprocal decrease in PGI2 syn-
thase expression and activity is associated with increased 
expression and activity of thromboxane synthase and 
higher levels of TxB2, the stable metabolite of TxA2 [10]. 
These studies demonstrate that the vascular tone balance is 
shifted toward vasoconstriction in PPHN.

Vasodilation in the perinatal pulmonary circulation is 
largely mediated by cGMP- and cAMP-dependent signaling 
mechanisms (Fig. 21.2). These two complementary systems 
are activated by the release of endothelium derived nitric 
oxide for cGMP and prostacyclin for cAMP. Nitric oxide 
is the catalytic by-product of the oxidation of l-arginine  
on the terminal amino group by the enzyme, nitric oxide 
synthase, which generates l-citrulline. The levels of lung 
endothelial NOS protein increase in late gestation to ensure 
that pulmonary circulation is primed for the release of NO 
immediately after onset of respiration [11]. Both lung dis-
tension and increase in oxygen tension at birth activate 
eNOS either directly or indirectly by release of paracrine 
factors, such as vascular endothelial growth factor (VEGF) 

Fig. 21.1 Incidence of Lung Diseases Associated With Hypoxic Respiratory Failure in Term and Late Preterm Infants 
Who Required ECMO Cannulation During the Years 2010 and 2011. Data are from the ELSO Registry for neonatal respiratory 
indications for ECMO, shown for this 2-year period. Congenital diaphragmatic hernia (CDH) was the most common indication, 
followed by primary PPHN (PPHN), meconium aspiration syndrome (MAS), respiratory distress syndrome (RDS), and pneumonia/
sepsis. Other includes hypoxic ischemic injury, genetic causes, and other causes of lung hypoplasia.
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and ATP. NO diffuses to adjacent vascular smooth muscle 
cell to activate soluble guanylate cyclase, which initiates 
synthesis of cGMP from GTP (Fig. 21.2). Cyclic GMP acti-
vates protein kinase G to decrease the contractility of vas-
cular smooth muscle cell, which leads to vasodilation. The 
levels of cGMP in the cell are tightly regulated by the activity 
of type V phosphodiesterase in the vascular smooth muscle 
which breaks down cGMP to limit the duration of vasodi-
lation (Fig. 21.2). Studies in neonates with PPHN and the 
fetal lamb model of PPHN demonstrated downregulation 
of NO-cGMP signaling at multiple levels due to increased 
oxidative stress. The expression of eNOS and plasma levels 
of NO metabolites are decreased in neonates with PPHN 
[12,13]. Studies in the fetal lamb model of PPHN demon-
strated that both the expression of endothelial NOS and 
its function are decreased with depletion of NOS cofactor, 
tetrahydrobiopterin (BH4) and the interaction of eNOS 
with its chaperone, Hsp90 [14,15]. Additionally, oxidation 
of heme component of soluble guanylate cyclase leads to 
decreased sensitivity to NO in PPHN [16]. Increased activ-
ity of PDE-5 also leads to accelerated degradation of cGMP 
in the VSM and promotes vasoconstriction [17].

Prostacyclin initiates vasodilation through the activa-
tion of adenylate cyclase, which converts ATP to cAMP, 
and activation of protein kinase A (Fig. 21.2). The effects 
of PKA activation are similar to PKG activation and leads 
to decreased VSM contractility and vasodilation. The levels 
of cAMP are also tightly regulated by rapid breakdown of 
cAMP by type III phosphodiesterase (Fig. 21.2). Previous 
studies in the endothelial cells from fetal lamb model of 
PPHN demonstrated decreases in the expression of cyclo-
oxygenase and PGI2 synthase and the levels of PGI2 [10], 
suggesting a coordinated downregulation of both cGMP- 
and cAMP-dependent signaling in PPHN.

The development of pulmonary vasodilators for PPHN 
parallels our understanding of vascular biology of perinatal 
circulation as summarized earlier. The available agents tar-
geting the cGMP signaling include inhaled NO, sGC acti-
vators, cinaciguat [16] and riociguat and PDE-5 inhibitors, 
sildenafil and tadalafil. Both inhaled nitric oxide (iNO) and 
sildenafil have been investigated in neonates with PPHN 
through randomized controlled trials (RCTs) and are cur-
rently being used. The sGC activators have been tested in 
adults with pulmonary hypertension, but no case reports or 

Fig. 21.2 Mechanism of Endothelium-Dependent Pulmonary Vasodilation and Vasoconstriction During Birth-Related 
Transition. Birth-related stimuli, including oxygen and lung distension, activate endothelial nitric oxide synthase (eNOS) and 
cyclooxygenase directly or indirectly through release of paracrine factors, VEGF and ATP. Release of NO and prostacyclin (PGI2) 
leads to activation of guanylate cyclase and adenylate cyclase, respectively in vascular smooth muscle cell. These enzymes in turn 
generate cGMP and cAMP, respectively. The cyclic nucleotides then activate their corresponding protein kinases, which lead to 
decreased Ca++ and smooth muscle cell relaxation. The phosphodiesterases-V and III breakdown cGMP and cAMP, respectively, to 
limit the duration of vasodilation. Two important vasoconstrictor pathways are conversion of PGH2 to thromboxane A2 (TxA2) by 
thromboxane synthase and synthesis and release of endothelin-1 (ET-1). Both TxA2 and ET-1 are potent vasoconstrictors released in 
response to hypoxia, elevated pressure, or inflammation. Copyright: Satyan Lakshminrusimha.
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clinical trials have been published about their use in neo-
nates. Among cAMP-targeted therapies, intravenous, inhaled, 
and subcutaneous PGI2 or its analogs have been studied in 
pulmonary hypertension as discussed in detail later. Addi-
tionally, limited data suggest that milrinone, a phosphodies-
terase-3 (PDE-3) inhibitor, improves oxygenation in PPHN 
and is currently being used in neonates who fail to respond 
to iNO therapy. ETA inhibitor, bosentan has been tested in 
case reports and a pilot randomized trial in neonates with 
PPHN; current experience with this agent is very limited and 
is not recommended as a primary vasodilator in PPHN.

General management of PPHN

Optimum response to pulmonary vasodilator therapy 
requires adequate expansion of the lung, proper acid–base 
balance, sufficient preload for the left heart, and optimum 

cardiac performance (Fig. 21.3). Appropriate use of the 
adjunct therapies is as important as the selection of right 
vasodilator for the infant (Fig. 21.3). These therapies should 
be targeted to the underlying lung disease associated with 
PPHN. For parenchymal lung disease secondary to RDS, 
pneumonia or perinatal aspiration syndrome, early surfac-
tant therapy can rapidly improve oxygenation and decrease 
the level of ventilator support needed for lung recruitment. 
Additionally, use of higher PEEP on conventional mechani-
cal ventilation (CMV) or high frequency oscillation (HFO) 
in the presence of parenchymal lung disease may enhance 
the response to iNO therapy. These two approaches are 
discussed further in following sections. The traditional 
practice of targeting a high PO2 (>100 torr) and low PCO2 
(<40 torr) to achieve pulmonary vasodilation has not been 
shown to improve outcomes and is potentially harmful to 
the developing lung and cerebral perfusion. While achiev-
ing a normal PaO2 of 60–90 torr is important for restor-
ing postnatal adaptation, there is no evidence that a PaO2 

Fig. 21.3 A Schematic for the Initial Approach to Management of Hypoxic Respiratory Failure. An integrated approach, 
including lung recruitment, pulmonary vasodilation, and optimizing cardiac function with attention to preload, inotropic state, and 
afterload is needed for relieving hypoxemia. Copyright: Satyan Lakshminrusimha.
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>100 causes a greater reduction in PVR [18]. Similarly, it 
is important to maintain normal acid–base balance (pH 
7.30–7.40 and PCO2 40–50 torr) to optimize the responses 
to pulmonary vasodilator therapy; however, hypocarbia 
and alkalosis should be avoided [19].

Use of surfactant therapy for PPHN

A number of previous studies have demonstrated that sur-
factant improves oxygenation and decreases the need for 
ECMO in term and late preterm infants with hypoxic respi-
ratory failure and PPHN [20]. Findlay and coworkers dem-
onstrated in a pilot RCT in 40 term infants with meconium 
aspiration syndrome that surfactant improves oxygenation 
and decreases the need for ECMO [21]. Neonates treated 
with surfactant in this study also had decreased length of 
stay on the ventilator, oxygen therapy, and hospital stay. 
A subsequent multicenter trial by Lotze et al. randomly 
assigned 328 term infants (gestational age >36 weeks) 
with respiratory failure to either surfactant therapy or pla-
cebo [22]. The infants treated with surfactant had decreased 
need for ECMO. The best responses were observed for 
infants with meconium aspiration syndrome or sepsis/
pneumonia and no response was seen for infants with a 
diagnosis of primary PPHN. Best responses were also seen 
when surfactant was given early in respiratory failure, at an 
oxygenation index (OI) of 15–23. Surfactant was less effec-
tive when given at an OI of 23–30 and ineffective when 
given at an OI >30, suggesting the need for early treatment 
with surfactant for these infants. These two studies were 
done before the wide availability of iNO therapy, which 
was not used in the study patients. The RCT of early iNO 
study done by Konduri et al. reported that infants treated 
with surfactant at an OI of 15–25 had a twofold reduc-
tion in the risk of mortality/need for ECMO, compared to 
infants that did not receive surfactant [23]. No improve-
ment in outcome was observed with surfactant therapy for 
primary PPHN in this study also. However, infants with 
any parenchymal lung disease showed a highly significant 
(P < 0.001), threefold reduction in the risk of mortality/
need for ECMO. Additionally, surfactant-treated infants 
were also significantly more likely to be discharged home 
at 30 and 60 days, compared to untreated infants. Surfac-
tant-treated babies in this study also had a decreased length 
of stay on the ventilator. These data suggest that surfactant 
therapy given early in respiratory failure for parenchymal 
lung disease improves the outcomes for the affected infants. 
Based on the strength of these data, we recommend that 
any late preterm or term neonate requiring intubation and 
mechanical ventilation for respiratory failure secondary to 
parenchymal lung disease should be given surfactant, early 
in the course of illness. A consistent need for FiO2 >40% 

on positive pressure support should trigger an evaluation 
of underlying lung disease and lung expansion to assess the 
need for surfactant therapy.

High frequency ventilation

Although high frequency ventilation (HFV) has been exten-
sively studied in the management of RDS in preterm infants, 
few studies were done in term and late preterm infants with 
respiratory failure and PPHN. Clark et al. conducted a res-
cue study of HFV versus CMV in a group of 79 neonates 
with respiratory failure who met ECMO criteria [24]. They 
randomized 40 infants to CMV and 39 to HFV. The treat-
ment failure criteria were met more often by the infants ran-
domized to CMV, although the difference between the two 
groups was not significant. The study included a crossover 
design for infants who met treatment failure criteria; 16/24 
infants who failed CMV and crossed over to HFV improved 
their oxygenation, compared to 4/17 who failed HFV and 
crossed over to CMV; the difference between the two groups 
was significant. An RCT of prophylactic use of HFO early 
in respiratory failure did not show a difference in mortal-
ity risk or incidence of air leak, compared to CMV group 
[25]. Kinsella et al. randomly assigned neonates with respi-
ratory failure and PPHN to conventional ventilation with 
iNO or HFV alone [26]. Infants who failed to respond to 
either therapy crossed over to HFV + iNO. They reported 
greater oxygenation response to iNO with HFV for infants 
with meconium aspiration syndrome or RDS. Infants with 
primary PPHN responded to iNO equally whether it was 
given with CMV or HFV. These data suggest that a lung 
recruitment strategy with the application of HFV, with its 
higher mean airway pressure, led to better responses to 
iNO, when PPHN is secondary to parenchymal lung dis-
ease. These studies with surfactant and HFV demonstrate 
broadly the importance of lung recruitment for optimizing 
the outcomes for infants with PPHN. Based on these data, 
HFO should be considered for infants with parenchymal 
lung disease who fail to improve their oxygenation despite a 
trial of surfactant replacement and iNO or other pulmonary 
vasodilator therapy. HFO merits consideration when the OI 
is >15 despite these measures, since it provides a safe way 
to use higher distending pressure, to distribute the vasodila-
tor more uniformly and reduce V/Q mismatch in the lung.

Inhaled nitric oxide therapy

The introduction of iNO therapy had a dramatic impact 
on the outcome of babies with PPHN [27]. Hageman et al. 
reported 30% mortality risk for infants with PPHN in a 
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study published in 1984 [28]. The mortality risk decreased 
to <10% in the most recent RCT of iNO therapy, when this 
therapy was given early in respiratory failure [29]. Develop-
ment of this approach for PPHN is a remarkable example of 
the bench-to-bedside translational biology research done 
by several investigators. Shortly after the discovery of NO 
as the endothelium-derived relaxing factor was reported in 
1987, inhalation of NO as a therapy for pulmonary hyper-
tension was tested in animal models. Inhaled NO was 
shown to cause selective pulmonary vasodilation at doses 
<100 parts per million (ppm) in a sheep model of pulmo-
nary hypertension [30]. Inhaled NO gas reaches alveolar 
space quickly and diffuses to the vascular smooth muscle 
of the adjacent pulmonary artery from the abluminal side 
(Fig. 21.4). In the smooth muscle cell, NO causes relax-
ation by increasing the intracellular cGMP levels. As NO 
continues to diffuse into the lumen of pulmonary artery, it 
is rapidly bound and inactivated by Hb, limiting its effect 
to the pulmonary circulation. Inhaled NO is also prefer-
entially distributed to the ventilated segments of the lung, 

resulting in increased perfusion of the ventilated segments, 
thereby optimizing the VQ match (Fig. 21.4). The effect of 
iNO on pulmonary circulation is also not limited by the 
presence of extra-pulmonary right–left shunts, which often 
lead to hypotension with intravenous vasodilators. These 
properties make iNO the ideal pulmonary vasodilator in 
neonatal respiratory failure. Recent studies demonstrated 
that NO levels in the nasal cavity of premature infants can 
reach 50–100 parts per billion [31,32]. Significant exhaled 
NO concentrations are measured in these infants, suggest-
ing that inhalation of NO occurs physiologically during 
tidal respiration [32] in neonates. Pilot studies in neonates 
with PPHN reported a rapid and sustained improvement 
in oxygenation with iNO [33,34]. The improvement in 
oxygenation is usually evident within a few minutes of 
starting iNO, which facilitates the rapid stabilization of a 
severely hypoxic and compromised neonate. Several large 
randomized clinical trials demonstrated that iNO therapy 
decreases the need for ECMO/risk of mortality in full term 
and late preterm (≥34 weeks gestation) infants with severe 

Fig. 21.4 Mechanism of Pulmonary Vasodilation in Response to Inhaled Nitric Oxide (NO) Therapy. NO gas enters 
alveolar space and diffuses freely across the alveolar epithelium to come in contact with the adjacent pulmonary arteries. Here, NO 
initiates vasodilation by increasing cGMP levels in the smooth muscle cells. As NO continues to diffuse into the blood, it binds and 
gets inactivated by Hb, restricting the vasodilator effect to pulmonary circulation. Additionally, NO enters only ventilated segments 
of the lung and dilates blood vessels only in the ventilated segments, improving VQ match. These properties make it the ideal 
pulmonary vasodilator. Copyright: Satyan Lakshminrusimha.
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hypoxic respiratory failure and pulmonary hypertension 
[32,35–38]. Inhaled NO improves oxygenation in ≥70% 
of the infants with PPHN, with the best responses observed 
in idiopathic PPHN [36,37]. Based on the results of these 
trials, iNO therapy has been approved for clinical use in 
term/late preterm newborn infants (≥34 weeks gestation) 
with hypoxic respiratory failure since 2000 by FDA [1]. 
Randomized clinical trials suggested that the ideal starting 
dose for iNO is 20 ppm with the effective doses between 
5 and 20 ppm [29]. Doses >20 ppm did not increase the 
efficacy and were associated with more adverse effects in 
these infants [37,39].

The timing of initiation of iNO therapy is an important 
consideration in the management of PPHN. The RCT of 
early iNO for hypoxic respiratory failure has randomized 
neonates with moderate respiratory failure (OI 15–25) to 
iNO therapy at this OI or to a placebo group that received 
standard iNO therapy at OI >25. The group randomized to 
early iNO had decreased progression of respiratory failure 
to OI >30 or OI >40. On a subgroup analysis of the study 
results [23], neonates who received iNO at an OI of 15–20 
had a 2.5-fold reduction in the need for ECMO/mortality 
risk, which was significant, compared to treatment at OI of 
20–25 (P = 0.015). Early iNO also decreased the composite 
outcome of progression to OI >30 and/or need for ECMO/
mortality risk [23]. Treatment of neonates with iNO at an 
OI of 15–20 also decreased the time to discharge from the 
hospital, with an overall decrease in the cost of hospital 
care for infants treated at OI of 15–20 compared to those 

treated at an OI of 20–25 [40]. Additionally, a review of the 
previous clinical trials of iNO therapy shows that decrease 
in ECMO/mortality risk parallels the OI at the time of initi-
ation of iNO therapy (Fig. 21.5). The ECMO rates observed 
for iNO-treated infants in these trials correlate well with the 
OI at the time of initiation of iNO and range from 40% to 
11% (Fig. 21.5). The optimum time for initiation of iNO 
is before the infant develops severe respiratory failure sec-
ondary to progression of lung disease and/or lung injury. 
Taking these data together, we recommend the initiation 
of iNO therapy when respiratory failure progresses and OI 
reaches 15–20 on at least two blood gases. The randomized 
controlled studies of iNO also demonstrated both short- 
and long-term safety of this therapy in infants with PPHN. 
Inhaled NO therapy can be associated with three potential 
adverse events: methemoglobinemia generated by oxida-
tion of Hb by NO, exposure to NO2 generated by reaction of 
NO and O2, and inhibition of platelet aggregation by NO. 
Previous iNO trials reported low methemoglobin levels 
and no significant exposure to NO2 when doses ≤20 ppm 
are used. Davidson et al. reported that at doses of 80 ppm, 
the average methemoglobin levels peak at >5% with up 
to one-third of babies having levels >7% [39]. Significant 
levels of NO2 were also measured at the 80 ppm dose. 
Generally, methemoglobin levels <5% are well-tolerated 
by neonates and levels ≥5% should trigger a weaning of 
iNO dose and frequent checks of repeat metHb levels until 
these levels return to safer range. Abrupt discontinuation 
of iNO dose should be avoided. Levels ≥10% lead to tissue 

Fig. 21.5 Relationship of Severity of Respiratory Failure, Indicated by Oxygenation Index (OI) at the Time of Initiation 
of iNO Therapy and the Requirement for ECMO and/or Mortality Risk. The outcome of ECMO/mortality incidence is shown 
for the iNO arm of the published randomized trials of iNO therapy in term and late preterm infants with respiratory failure. The 
rate of ECMO/mortality risk for the treated infants correlates directly with the OI at the time of initiation of iNO therapy.
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hypoxia from inability to adequately saturate the Hb and 
lead to lowering of pulse oximeter-measured O2 saturation 
despite having a normal or near normal PaO2. This dispar-
ity between PaO2 and pulse oximetry measured-O2 satura-
tion should lead to suspicion of altered Hb affinity for O2 
and metHb is a leading cause of decreased O2 affinity of Hb. 
In view of the risk of metHb in the babies on iNO therapy, 
the level of metHb should be checked 12–24 h after start-
ing this therapy and periodically while the infant remains 
on this therapy. In our practice, if the first two checks show 
low metHb values, we will monitor them once a week for 
the duration of iNO therapy. NO2 levels should be ≤1 ppm 
while receiving iNO therapy. Although a spike in NO2 lev-
els in the circuit can be transiently observed, these levels 
should quickly return to ≤1 ppm. Persistence of higher lev-
els should lead to rapid weaning of iNO and checking of 
the equipment and tanks of NO gas for potential leak with 
mixing of ambient air with NO. Although altered platelet 
function is a potential complication, Christou et al. found 
no difference in platelet activation by ADP in babies receiv-
ing 40 ppm of iNO and placebo group [35]. Inhaled NO 
therapy is contraindicated in neonates with congenital 
heart disease with ductal-dependent systemic blood flow 
and in total anomalous pulmonary venous return. In con-
genital heart defects where the systemic blood flow is only 
maintained by right ventricular blood flow coming across 
the PDA (hypoplastic left heart syndrome, interrupted aor-
tic arch, and severe coarctation), pulmonary vasodilation 
can rapidly decompensate the infant. In total anomalous 
pulmonary venous return with obstruction of pulmonary 
veins, pulmonary vasodilation can worsen the pulmonary 
edema and rapidly worsen the respiratory failure. It is 
important to use echocardiography to rule out these defects 
in a setting where iNO therapy is being used for hypoxic 
respiratory failure.

Once an infant’s oxygenation is stabilized, FiO2 and ven-
tilator settings can be weaned before weaning the iNO dose. 
Weaning of iNO can commence once FiO2 is decreased to 
60% or less. A concern about weaning of the iNO dose after 
obtaining oxygenation response is a decrease in PaO2. The 
NINOS study used the approach of weaning the dose in 
20–10–5–4–3–2–1–0 ppm algorithm. A secondary analy-
sis of arterial blood gas data from the NINOS study by 
Sokol et al. reported that weaning from 20 to 10 ppm and 
to 5 ppm led to only modest decreases in PaO2 [41]. They 
also reported that weaning below 5 ppm in 1 ppm decre-
ments led to small decreases in PaO2, while weaning from 
5 to 0 ppm was associated with significant drop in PaO2. 
Based on this analysis, iNO should be weaned by 1 ppm 
decrements at doses below 5 ppm until the dose is finally 
weaned from 1 to 0.5 ppm and then off [41]. Increasing the 
FiO2 by 20% at the time of discontinuation can also moder-
ate the decrease in PaO2. Generally, the endogenous eNOS 
activity is restored after 30 min to 1 h.

Exposure to iNO even for a brief period can sensitize the 
pulmonary circulation to rebound vasoconstriction dur-
ing discontinuation of iNO therapy, even in the absence 
of oxygenation response. A significant drop in PaO2 dur-
ing withdrawal of iNO can be avoided by weaning the dose 
gradually in steps from 20 ppm to the lowest dose possible 
(0.5–1 ppm) for a period of time before its discontinuation 
[41]. Even in babies that show no response to iNO, sudden 
discontinuation can precipitate pulmonary vasoconstric-
tion and rapid deterioration [1]. When iNO therapy is used 
in non-ECMO centers, it should be continued during trans-
port of the infant to ECMO center [1]. Non-ECMO centers 
should establish treatment failure criteria for iNO in col-
laboration with the nearest ECMO center so that transfer 
of an ill infant is not delayed while waiting for a response 
to iNO [1].

Based on the efficacy and safety of iNO from controlled 
clinical trials, we recommend using this therapy early, 
before prolonged exposure to high FiO2 or maximal ven-
tilator support (Fig. 21.6). Exposure to 100% O2 even for a 
brief period can induce vascular dysfunction, increase oxi-
dative stress, and impair subsequent response to iNO [18]. 
Inhaled NO facilitates rapid weaning of FiO2 and decreases 
oxidative stress from O2 in an animal model of PPHN [42]. 
The recommended starting dose for iNO is 20 ppm. The 
dose can be weaned once the infant’s oxygenation is stabi-
lized. Monitoring the metHb levels and NO2 levels to avoid 
side effects is important during iNO therapy. Discontinua-
tion of iNO therapy should be done carefully while moni-
toring the oxygenation of the infant.

Use of iNO therapy in premature 
infants for hypoxic respiratory 
failure and prevention of BPD
Since iNO improves oxygenation in neonates with paren-
chymal lung disease and VQ mismatch, a number of stud-
ies have been done to investigate its use in premature 
infants in RDS. These studies have shown that up to 60% 
of extremely preterm infants with RDS show improved 
oxygenation with iNO therapy [43]. However, iNO therapy 
did not improve either survival rate or survival free of BPD 
[43]. Several multicenter RCTs investigated the use of iNO 
administered in early prophylaxis approach [44,45] or for 
prevention of BPD in infants at higher risk for this compli-
cation [46,47]. Ballard et al. conducted a multicenter RCT 
in premature infants still requiring mechanical ventilation 
at 1–3 weeks of postnatal age, which indicates an increased 
risk of BPD [48]. They observed a 7% improvement in sur-
vival free of BPD for infants who received iNO compared to 
placebo. On subgroup analysis, most of the improvement 
occurred in infants who were given iNO therapy starting at 
1–2 weeks of postnatal age [46]. A subsequent multicenter 
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study has attempted to verify the potential benefit of iNO 
therapy suggested in this subgroup analysis, with a larger 
sample size [49]. The trial has randomized premature 
infants requiring mechanical ventilation at 1–2 weeks of 
postnatal age to iNO or placebo. This recent study did not 
observe a difference in rates of survival, free of BPD in the 
two study groups [49]. Based on these large RCTs, iNO 
therapy cannot be recommended for prevention of BPD in 
premature infants with respiratory distress. However, some 
premature infants present with severe hypoxemia second-
ary to PPHN physiology, despite adequate lung recruitment 
with surfactant therapy [50–53]. These infants typically 
have pulmonary hypoplasia secondary to premature pro-
longed rupture of membranes, oligohydramnios, and/or 
intrauterine growth restriction [50–53]. Limited observa-
tional studies suggest that the use of iNO therapy in these 
high-risk infants can be of benefit in relieving hypoxemia 
and in lowering mortality risk [50].

Use of vasodilators in BPD 
pulmonary hypertension
Pulmonary hypertension has also been recognized as a late 
complication of bronchopulmonary dysplasia. The risk of 
this complication is higher in infants with IUGR, prenatal 
infection, postnatal sepsis or necrotizing enterocolitis, and 
prolonged patency of ductus arteriosus [54]. The preva-
lence of pulmonary hypertension in BPD has been esti-
mated to be from 14% to 18% [55–57] in prospective or 

retrospective screening studies where PH was identified by 
echocardiography done at 32–36 weeks of postmenstrual 
age. PH increases the risk of morbidity and mortality in 
BPD infants. The current vasodilator management of PH 
in BPD is largely based on experience extrapolated from 
term PPHN infants. There are currently no RCTs that tested 
the efficacy of vasodilator therapy in BPD-PH. The agents 
currently used target NO-cGMP system or PGI2-cAMP sys-
tem and ET-receptor antagonists [54]. Since BPD-PH is a 
chronic condition in contrast to PPHN in term infants, 
therapies that can be used in ambulatory setting are gener-
ally preferred for management of these infants. The com-
monly used agents include enteric sildenafil and bosentan 
and subcutaneous treprostinil, a PGI2 analog [54]. Among 
these available agents, the largest clinical experience is with 
the use of sildenafil. There are no RCTs that tested the effi-
cacy of sildenafil in improving outcomes for BPD infants 
with PH. There are four observational cohort studies that 
described the outcomes for BPD-PH after sildenafil therapy 
[58–61]. These studies had small cohorts ranging from 21 to 
25 patients per series. Sildenafil was started at 3–6 months 
postnatal age in these reports and the duration of therapy 
ranged from 2 to 8 months. Some of the infants were on 
other vasodilator medications, including iNO, bosentan, 
or milrinone, which makes it hard to assess the response 
to sildenafil. Response was evaluated by echocardiography 
parameters for pulmonary hypertension, including TR jet 
velocity when present, septal flattening, and RV hypertro-
phy. The studies were consistent in reporting improved 

Fig. 21.6 Suggested Timing of Interventions for the Management of Respiratory Failure in Relation to the OI. Early 
administration of surfactant, before the infant reaches moderate degree of respiratory failure facilitates optimum lung recruitment. 
Early inhaled NO therapy in moderate degree of respiratory failure (OI 15–25) will alleviate pulmonary hypertension early and 
shorten the exposure to hyperoxia and barotrauma. If the respiratory failure progresses despite the use of these therapies, 
additional lung recruitment measures, such as high frequency ventilation and alternate vasodilators should be considered.
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hemodynamic parameters in two-thirds of infants after 
initiation of sildenafil therapy. However, whether the 
improvement occurred from the natural evolution of PH 
or as a result of sildenafil therapy remains undetermined 
until a prospective RCT is done. The evidence for the use 
of bosentan and treprostinil is even more limited with a 
few case reports and small case series describing the dose 
and route of administration of these agents. PH remains 
a long-term complication of BPD and is accelerated by 
hypoxia and hypercarbia spells that these infants undergo. 
PH appears to be a marker for and contributor to worse 
outcomes in BPD and its overall management requires 
identification of other BPD complications related to airway 
disease, GE reflux, and parenchymal lung disease. Address-
ing these comorbidities can often improve the trajectory of 
PH in BPD and should be attempted first before vasodilator 
therapy is considered. Additionally, presence of significant 
contributors to PH, such as systemic to pulmonary col-
laterals and pulmonary vein stenosis should be carefully 
evaluated. Since vasodilator agents can have significant side 
effects, initiation of these therapies should be done only 
in a setting where multidisciplinary care and follow-up for 
infants with BPD and PH are available. Recently, guidelines 
for the identification and care of infants with PH secondary 
to BPD have been published by investigators from pediatric 
pulmonary hypertension network [62].

Phosphodiesterase-5 inhibitors

The PDE-5 inhibitors, sildenafil and tadalafil, have been 
investigated widely in adult pulmonary hypertension. 
Sildenafil has been investigated to a more limited extent 
in neonatal respiratory failure [63,64] and PPHN [65]. 
Enteric sildenafil was successfully used in an infant with 
PPHN with improved oxygenation by the Chief Editor 
(RP) in 2002 (BMJ 2002;325:181). Subsequent random-
ized trials have demonstrated its efficacy in improving oxy-
genation and decreasing mortality. A pilot RCT of enteric 
sildenafil done in Colombia in a setting where ECMO 
was not available showed that it improves oxygenation in 
neonates with severe PPHN compared to placebo-treated 
infants [65]. The trial was halted early after five out of six 
infants in the placebo group died compared to one out of 
seven infants in the sildenafil group [65]. Improvement 
in oxygenation occurred in the sildenafil-treated infants 
6–12 h after the first dose. An RCT of sildenafil given by 
enteric route was also done in 51 neonates with PPHN 
with 20 infants assigned to placebo group and 31 to oral 
sildenafil in a dose of 3 mg/kg/dose in Mexico [66]. This 
study reported that sildenafil decreased the mortality risk 
significantly from 40% in the placebo group to 6% in the 
sildenafil-treated neonates. Improvement in oxygenation 

was observed 7 h after the first oral dose of sildenafil. Sys-
temic hypotension was not observed in these studies with 
oral/enteric sildenafil. These RCTs show that sildenafil, 
used as the primary therapy for PPHN, is effective and 
safe in a resource constrained setting where iNO therapy 
is not available. A clinical trial of open label IV sildenafil 
therapy was done in 36 neonates with PPHN; 29 of the 
infants were already receiving iNO therapy [67]. Sildenafil 
administration was associated with a significant decrease in 
OI, starting 4 h after beginning the infusion. In seven neo-
nates who received sildenafil infusion without iNO, oxy-
genation improved with a decrease in OI from a mean of 
24.6–14.7. Overall, one neonate needed ECMO therapy in 
this trial. The results of this study suggest that IV sildenafil 
can be an alternative or useful adjunct to iNO, when oral/
enteric therapy cannot be given due to the critical nature of 
the infant’s illness or side effects from oral sildenafil. Since 
hypotension occurred more frequently with IV sildenafil, 
we recommend oral/enteric therapy first and attempt IV 
infusion when administration by enteric route is not prac-
tical. Initial bolus dose of IV sildenafil also should be given 
over 3 h to decrease the risk of hypotension, as shown in 
Table 21.1. Tadalafil is a long acting PDE-5 inhibitor that 
can be given once a day. An RCT was reported recently 
comparing oral sildenafil 1 mg/kg 3 times/day and oral 
tadalafil 1 mg/kg once a day; both agents showed similar 
efficacy [47]. The dose was chosen based on a recent study 
[68]. Once-a-day administration offers better compliance 
and ease of administration in practice, when these agents 
are used in an ambulatory setting for chronic pulmonary 
hypertension. The wide availability and low cost of PDE-5 
inhibitors make them ideal alternatives to iNO therapy and 
their synergistic effects on NO-cGMP pathway make them 
useful adjuncts for infants not responding to iNO therapy 
(Fig. 21.6). A suggested algorithm for the application of the 
available therapies in neonates with hypoxic respiratory 
failure and PPHN is shown in Fig. 21.6.

Prostaglandins in PPHN

Prostacyclin (PGI2) and its analogs relax pulmonary artery 
by increasing intracellular cAMP in the smooth muscle 
cells [82]. These agents were used as the primary treatment 
modality in adults with pulmonary arterial hypertension 
for over 3 decades. Most of the experience with prostaglan-
dins in adult patients comes from IV administration of 
epoprostenol through a central venous catheter by continu-
ous infusion. However, their use in neonates with PPHN 
was more limited since parenteral administration of these 
agents can lead to systemic hypotension in the presence of 
right to left shunts across PFO or PDA. Additionally, in the 
presence of parenchymal lung disease, a global increase in 
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Table 21.1  Vasodilators in PPHN management

Drugs Administration route/dose Mechanism of action Use in PPHN

General treatment

Oxygen To achieve PaO2 60–90 mmHg 
or SpO2 90%–97%

Generates ATP in circulation, 
enhances NO formation from 
endothelium

The first line of treatment

Tolazoline 
[69,70]

IV: 0.5–2 mg/kg hr after 1 mg/kg 
loading over 10 minutes;  
Neb: 1–2.5 mg/kg

Nonspecific endothelium-
independent vasodilation and 
α-adrenergic inhibitor

Currently not recommended 
due to high risk of systemic 
hypotension

Adenosine 
[71]

IV: 25–50 µg/kg/min Stimulates A2 adenosine receptor 
to induce NO release from 
endothelium

•	 Extremely	short	half-life
•	 Needs	to	be	given	continuously	

through a venous line

Calcium channel blockers
MgSO4 [72] IV: 200 mg/kg bolus over 30 min 

then 20–150 mg/kg/h
Nonspecific smooth muscle 
relaxant

•	 Slow	onset	of	response
•	 Muscle	relaxation	[73] and 

sedative effect

Diltiazem [74] IV: 1–2 mg/kg q 12–6 h Block calcium channel Not recommended in neonates 
due to adverse cardiac effects

Nitric oxide and nitric oxide donor
Nitric oxide Inhalation: 5–20 ppm Produced in the vascular 

endothelium; causes vasodilation 
through increase in intracellular 
cGMP in the smooth muscle cells

•	 The	standard	treatment	for	PPHN
•	 Selective	pulmonary	vasodilator
•	 Needs	to	monitor	

methemoglobin and NO2 
during use [75]

Nitroglycerine 
[76]

IV: 2–10 µg/kg/min NO donor Not recommended; high risk of 
hypotension

Nitroprusside 
[77]

IV: 0.2–6.0 µg/kg/min NO donor Monitoring thiocyanate level is 
recommended

Prostaglandins
PGI2 [78] IV: 2–5 ng/kg/min; increments of  

2–5 ng/kg/min q 15 min; aerosol 
inhalation of 50 ng/kg/min 
continuous [57,69,79,86]:
iloprost 0.5–2 µg/kg/dose q 2–4 h 
as inhalation

Produced from arachidonic 
acid; causes vasodilatation by 
increasing intracellular cAMP in 
lung smooth muscle

•	 Vasodilatation	through	
alternative and complementary 
pathway

•	 May	enhance	NO	action
•	 A	nonspecific	pulmonary	

vasodilator
•	 May	have	systemic	effects

PGE1 [80] IV: 0.01–0.1 µg/kg/min Similar to PGI2 Similar to PGI2
PGE1 Aerosol inhalation: 100–300  

ng/kg/min
Similar to PGI2 Similar to PGI2

Treprostinil 
[96]

IV or SC: Start 1-2ng/kg/min; 
increase 1-2ng/kg/min Q12 h 
based on tolerance until target 
dose 20ng/kg/min

Similar to PGI2 Similar to PPHN

Phosphodiesterase inhibitors
Sildenafil IV: loading 0.14 mg/kg/h for 3 h 

followed by 0.07 mg/kg/h;  
PO/NG: 0.5–2 mg/kg/dose q 6 h

Inhibitor of phosphodiesterase 
enzyme type V (responsible for 
cGMP degradation)

•	 It	may	potentiate	nitric	oxide
•	 Safe	and	easy	to	administer
•	 May	worsen	oxygenation	due	to	

vasodilation of unventilated areas

(Continued)
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pulmonary blood flow can worsen the VQ match and oxy-
genation. Aerosolized PG given into the lungs can overcome 
these limitations; however, their penetration to alveolar and 
vascular compartments is uneven due to the deposition of 
droplets in ET tube or upper airway, resulting in variable 
responses. For these reasons, they are not currently used as 
the primary agents in PPHN, but can be important alternate 
agents when PPHN infants fail to respond to the combina-
tion of mechanical ventilation, surfactant, and iNO. In our 
experience, prostaglandins have been more effective in neo-
nates with PPHN secondary to CDH or alveolar capillary 
dysplasia. There are three different prostacyclin analogs that 
are currently available and their use and route of adminis-
tration in neonates is discussed in following sections, with 
the manufacturer given names in the parentheses.

Epoprostenol (Flolan, Veletri)
Epoprostenol can be given either through IV or aerosol route. 
It is one of the most commonly prescribed vasodilators for 
pulmonary hypertension. The effects of epoprostenol last 
only a few minutes; consequently, it requires continuous IV 
infusion or continuous aerosol administration. In one retro-
spective study in neonatal PPHN, it was initiated at 1–2 ng/
kg/min and subsequently titrated up by 0.5–2 ng/kg/min, 
intravenously [78,83]. Eronen et al. reported starting it at a 
higher dose of 20 ng/kg/min IV, which was later increased 
stepwise to a mean dose of 60 ng/kg/min (30–120 ng/
kg/min) [84]. Systemic hypotension was noted in some 
patients, which required volume expansion and inotropic 
support. There are currently no RCTs to determine its effi-
cacy, optimum dose, or frequency of side effects in neonates 

with PPHN. Aerosol administration of epoprostenol has 
been shown to improve oxygenation in pilot studies and 
in case reports [85–87]. Bindl et al. reported that a dose of 
20–30 ng/kg/min of continuous aerosolized PGI2 adminis-
tration has improved oxygenation in one term infant with 
PPHN but was less effective in another infant [88]. Kelly 
et al. reported that continuous epoprostenol aerosol admin-
istration has improved oxygenation in four infants with 
PPHN unresponsive to iNO [86]. They administered the 
drug by continuous nebulization at a dose of 50 ng/kg/min, 
diluted into a volume of 8 mL/h. One concern with inhaled 
epoprostenol treatment is that the diluent buffer has an 
alkaline pH of 10. Kelly et al. reported no adverse effects in 
their pilot study; however, no data on the potential impact 
of high pH on the neonatal lungs are available.

Iloprost (Ventavis)
Iloprost is a synthetic PGI2 analog with a half-life of 20–30 
min and can be given by inhaled route up to 6–9 times 
a day through a nebulizer or can be also given intrave-
nously. A retrospective study compared inhaled iloprost 
with oral sildenafil in term infants with PPHN in a setting 
where iNO, ECMO, and HFV were not available. This study 
observed better responses in the Iloprost treatment group 
[89]. The dose for inhaled Iloprost was 1–2.5 µg/kg every 
2–4 h through the endotracheal tube via a nebulizer [88]. In 
another retrospective study, 15 premature infants who were 
treated with surfactant and ventilator support continued to 
have OI above 25 with suspected PPHN. Inhaled Iloprost 
was given at a dose of 0.5–1.0 µg/kg/day. The mean maxi-
mal OI decreased from 38 to 8 by the end of the treatment. 

Drugs Administration route/dose Mechanism of action Use in PPHN

Tadalafil [68] PO/NG: 1 mg/kg/day once daily Similar to sildenafil Similar to sildenafil

Milrinone Term:
IV: loading: 50 µg/kg over 60 min; 

maintenance: 0.25–0.75 µg/kg/
min or continuous infusion only 
at 0.25-0.75 µg/kg/min [100]

GA <30 weeks:
IV: loading: 50 µg/kg over 3 h; 
maintenance: 0.2 µg/kg/min

Inhibitor of the 
phosphodiesterase enzyme type 
III (responsible for degradation of 
cAMP)

•	 May	potentiate	the	action	of	
prostaglandins

•	 Improves	right	cardiac	output	
by reducing afterload

Dipyridamole 
[46,81]

IV: 0.3–0.6 mg/kg Nonspecific PDE inhibition Use together with iNO to prevent 
rebound vasoconstriction

Endothelin receptor inhibitor
Bosentan Oral: 1–2 mg/kg twice daily Nonspecific antagonist A and B 

endothelin receptors
Seldom used in newborns due to 
the potential for damage to liver 
function

Table 21.1  Vasodilators in PPHN management (cont.)
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No cessation of treatment was needed for side effects in 
this report [90]. There were a few other case reports using 
Iloprost nebulization at doses 2 µg/kg in extremely prema-
ture infants with PPHN [91] or a total dose of 20 µg/kg/
day in term infants [92]. For intravenous administration, 
a starting dose of 0.5–3.0 ng/kg/min with maintenance 
doses of 1–10 ng/kg/min of Iloprost was reported in severe 
PPHN [93]. The dosage was then titrated up by the clinical 
response and was adjusted by 0.5–1 ng/kg/min increments 
in this study [93]. We prefer to use agents, such as Iloprost 
by aerosol route, to take advantage of the preferential pul-
monary vascular effects and avoidance of hypotension 
(Fig. 21.7). Inhaled PG also overcomes the presence of right 
to left extra-pulmonary shunts, which interfere with the 
delivery of IV agents to pulmonary circulation (Fig. 21.7).

Treprostinil (Tyvaso, Remodulin and 
Orenitram)
Treprostinil, a stable prostacyclin analog, was initially 
approved by the FDA for subcutaneous use and subse-
quently approved for intravenous and inhaled use. Com-
pared to epoprostenol, treprostinil is [54] stable at room 
temperature, [94] has longer half-life, [42] fewer side effects, 
and [46] a smaller pump size as an option for continuous 

infusion. Subcutaneous treprostinil offers the advantage of 
not requiring a central venous catheter [95]. In our limited 
experience and published case series, SC administration of 
treprostinil is well tolerated by neonates with very few of 
the local complications previously reported in older chil-
dren and adults. This route makes ambulatory administra-
tion feasible with appropriate training of the parents [96]. 
Our longest experience with SC treprostinil administration 
in an ambulatory setting is 9 months in a premature infant 
with BPD who had persistent elevation of PVR, despite oral 
sildenafil therapy.

Prostaglandin E1 (Alprostadil)
Prostaglandin E1 (PGE1) has been used in infants with duc-
tus arteriosus–dependent congenital heart disease at doses 
of 0.01–0.1 µg/kg/min as IV continuous infusion [97]. Once 
ductal patency is established, the infusion can be titrated 
down to the lowest effective dose (generally at 0.01 µg/kg/
min). PGE1 also can cause pulmonary vasodilation and has 
been used for this indication in PPHN. PGE1 can improve 
right ventricular function in CDH patients by providing pat-
ent ductus arteriosus as an outlet to decompress the stressed 
right ventricle and to assist the systemic blood flow in the 
presence of LV dysfunction. PGE1 can be also aerosolized 

Fig. 21.7 Benefits of Inhaled Vasodilators in Neonates with PPHN Secondary to Parenchymal Lung Disease. Inhaled 
vasodilators, iNO, and prostacyclin are preferentially distributed to ventilated segments of the lung, where they dilate the 
adjacent pulmonary vessels. They do not reach the atelectatic segments of the lung where pulmonary vessels remain constricted. 
This property improves the matching of ventilation with perfusion. In case of inhaled NO, inactivation of NO by Hb limits the 
vasodilation to pulmonary circulation, leading to highly selective effect on the lung. Inhaled vasodilators also are not affected by 
presence of right to left extra-pulmonary shunts at PFO and PDA, which reduce the delivery of IV agents to pulmonary circulation. 
Copyright: Satyan Lakshminrusimha.
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and administered into the lung, similar to epoprostenol. 
Sood et al. reported that a safe and effective dose of inhaled 
PGE1 is 150–300 ng/kg/min in their phase I/II open label 
clinical trial [98]. However, a planned RCT of PGE1 for 
PPHN was terminated early due to low enrollment.

Phosphodiesterase-3 inhibitors

Milrinone (Primacor)
Milrinone is the only available PDE-3 inhibitor which has 
been used in PPHN treatment. Milrinone increases the 
bioavailability of cAMP and may indirectly also increase 
cGMP levels through some inhibitory effect on PDE-5 [99]. 
McNamara et al. reported an open label trial of milrinone 
in 11 term neonates with PPHN. Milrinone was given in a 
loading dose of 50 µg/kg over 30–60 min, followed by a 
maintenance infusion at 0.33–0.99 µg/kg/min for 24–72 h 
[100]. They observed improvement in PaO2 and sustained 
reductions in FiO2, OI, mean airway pressure, and iNO 
dose. They also demonstrated decreases in PA pressure and 
right to left shunts and improvement in LV and RV output 
by echocardiography. Although hypotension was observed, 
they noted an improvement in base deficit and reduction 
in blood lactate levels. Bassler et al. reported their experi-
ence with milrinone in four neonates with severe PPHN 
unresponsive to iNO, with mean OI of 40 ± 12. They 
observed an improvement in oxygenation, with a reduc-
tion in OI to 28 ± 16 followed by extubation and survival 
of all four infants. However, two infants developed severe 
IVH and one other infant had a small IVH. Since this is 
not an RCT, it is unclear whether the IVH was secondary 
to severe underlying illness or to milrinone administration 
[79]. We currently use milrinone in neonates with CDH, 
where its combination of pulmonary vasodilator and ino-
tropic effects are beneficial in some infants with PPHN and 
poor LV function. However, RCTs are needed to define its 
indications, efficacy, and potential side effects. We advise 
against using both sildenafil and milrinone simultaneously 
in the same infant due to the potential for severe hypo-
tension associated with blocking both PDE isoforms in the 
vascular smooth muscle.

Endothelin receptor antagonist

There are three oral medications (bosentan, ambrisentan, 
and macitentan) in the endothelin receptor antagonist 
(ERA) class. These medications block the endothelin recep-
tors, thereby reducing the vasoconstrictor effects of endo-
thelin. Bosentan is the first ERA available to treat PPHN, 

and it blocks both type A and type B receptors. Ambrisen-
tan is another oral ERA that preferentially blocks the ETA 
receptor, and is a pill which is taken once daily. Macitentan 
is the most recently approved once daily pill that blocks 
both the type A and the type B ET receptors. Bosentan is the 
only one studied in neonates with PPHN. It is a competi-
tive antagonist of ET-1 at both ETA and ETB receptors with 
slightly higher affinity for ETA than ETB [101]. Nakwan 
et al. have previously reported the benefits of bosentan in 
neonates with PPHN [102]. An RCT in PPHN infants less 
than 7 days of age, in a setting where iNO and ECMO were 
not available, showed an 88% response rate with improved 
oxygenation in the treatment group, compared to 20% 
response rate in the placebo group [103]. The dose used in 
that study was 1–2 mg/kg twice daily, via nasogastric tube. 
No detectable side effect was observed in this report, but 
liver injury has been reported in adult patients with pul-
monary arterial hypertension. A recent randomized trial of 
Bosentan in a group of neonates already on iNO therapy 
for respiratory failure [104] was stopped early due to slow 
recruitment. Bosentan was found to be safe, but no signifi-
cant improvement in oxygenation, time to wean from iNO, 
or ventilator support was noted in the Bosentan-treated 
group compared to placebo. Although systemic blood pres-
sure and hepatic transaminases were not different between 
the groups, more infants treated with Bosentan had anemia 
and peripheral edema. The study also found low serum lev-
els of the drug for the first 5 days after beginning nasogas-
tric administration, possibly due to poor absorption from 
the gut in these ill neonates. Based on this limited evidence 
and the availability of agents that are more widely stud-
ied, bosentan is not recommended as first or second line 
therapy and should be reserved for occasions where iNO, 
PDE inhibitors, and prostacyclin analogs failed to provide 
improvement or are unavailable in PPHN.

Other vasodilators tested in PPHN

Magnesium sulfate
Magnesium sulfate was previously used to treat PPHN in 
settings where inhaled NO and PDE-5 inhibitors were not 
available [72,94,105]. The reported doses of MgSO4 were 
20–100 mg/kg/h, following a loading dose of 200 mg/
kg over 30 min. Magnesium is believed to inhibit NMDA 
receptors in the central nervous system [106] to offer pro-
tection to the brain and to induce muscle relaxation by 
blocking the neuromuscular junction [73]. Magnesium 
antagonizes calcium in the smooth muscle cells, which 
leads to muscle relaxation. However, only observational 
studies are available in newborn infants. Magnesium sul-
fate should be only rarely used in PPHN since it can be 
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associated with systemic hypotension. Owing to the lack 
of adequate RCTs and the availability of more effective pul-
monary vasodilators, we currently do not recommend the 
use of MgSO4 in this setting.

Adenosine
Adenosine is a purine nucleoside and vasodilator of sys-
temic and pulmonary vasculature in both fetal and neo-
natal vessels [107,108]. Adenosine causes vasodilatation 
by activation of endothelial A2a adenosine receptors and 
subsequent release of NO [78]. From a randomized, pla-
cebo-controlled trial of 18 infants, Konduri et al. showed 
an improvement in oxygenation in 45% of term infants 
with PPHN [109]. The dosage used was 25–50 µg/kg/min 
given as continuous infusion. This study did not report any 
systemic side effects, presumably due to the rapid metabo-
lism of adenosine at these doses by pulmonary vascular 
endothelial cells, as previously shown in the lamb model 
of neonatal pulmonary hypertension [108]. However, the 
improvement in oxygenation was not sustained and it did 
not decrease the need for ECMO or mortality in neonatal 
PPHN [109]. In a single-center prospective observation 
study, nine infants on mechanical ventilation and receiv-
ing iNO at 20 ppm were given continuous intravenous 
infusion of adenosine at 50 µg/kg/min; six of these infants 
responded favorably with improved oxygenation [110]. 
Owing to its extremely short half-life, adenosine should be 
given through continuous infusion, preferably in the upper 
part of the body, since SVC flow is less likely to be shunted 
across the PFO.

Steroids
A randomized controlled study showed benefit to the use of 
glucocorticoids in managing PPHN caused by meconium 
aspiration [111]. Improved oxygenation was also shown 
with antenatal betamethasone or postnatal hydrocortisone 
in a sheep model of PPHN [112–114]. The possible mecha-
nisms include increase in eNOS expression and function in 

the endothelial cells or normalization of PDE-5 activity in 
pulmonary artery smooth muscle cells [114]. Although ste-
roids are commonly used in neonatal intensive care unit to 
manage systemic hypotension, its efficacy in relaxing pul-
monary arteries in PPHN remains to be determined. There 
are currently no RCTs of this therapy in PPHN. Based on 
the studies in premature infants, there is a concern of pos-
sible neurodevelopmental effects when they are adminis-
tered early in life.

Conclusions

PPHN occurs in 2/1000 live births and the affected infants 
are often the sickest in the neonatal intensive care units. 
The introduction of iNO therapy led to dramatic improve-
ments in the outcomes for the neonates with PPHN [115]. 
However, about 20%–30% of these infants do not improve 
their oxygenation sufficiently with iNO, creating a need for 
alternate agents to manage refractory PPHN. The incidence 
of PPHN remains high and the survival rate for affected 
infants remains low in the resource-constrained areas of the 
world where surfactant, HFV, and iNO therapy are not read-
ily available. The use of alternate agents like oral sildenafil 
or inhaled prostaglandins may offer benefit in these areas 
(Table 21.1). However, many of these alternate vasodila-
tors lack high quality RCTs to establish their efficacy. Some 
newer agents showed promising effects in animal studies, 
but no human experience is available [16]. In future, con-
ducting these trials specifically in the settings where iNO 
is not available, may provide important evidence to define 
their indications, appropriate dose, and weaning strategies. 
Adaptive trial designs with crossover component need to 
be developed as alternatives to 1:1 randomization tradi-
tionally used in RCTs to allow the benefit of potentially 
useful therapies in the affected infants with PPHN in these 
settings. Finally, future studies need to explore the genetic 
factors that contribute to the development of PPHN and 
variability in the response to different vasodilators.
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CHAPTER POINTS

•	 Extracorporeal membrane oxygenation (ECMO) is an 
invaluable tool and means of providing short-term 
cardiopulmonary support.

Introduction

Extracorporeal membrane oxygenation (ECMO) has 
been used to support 30,000 neonates with severe refrac-
tory respiratory failure over the past 40 years. According 
to the Extracorporeal Life Support Organization (ELSO) 
database registry, neonates with respiratory failure have 
the highest survival across all patient indications of 
ECMO [1]. It is considered as the standard of care for 
the newborn with respiratory failure or shock and has 
failed to respond to less invasive therapies [2]. Neona-
tal respiratory diseases that result in respiratory failure 
and require ECMO therapy after failed ventilation and 
vasodilator therapies include congenital diaphragmatic 
hernia (CDH), meconium aspiration syndrome (MAS), 
persistent pulmonary hypertension of the newborn 

•	 ECMO is appropriate, only if underlying pathology is 
reversible.

•	 ECMO can be categorized according to the circuit 
used Veno-Venous and Veno- Arterial

•	 Oxygenation index and alveolar–arterial oxygen 
gradient are well standardized indicators for initiating 
ECMO, after the failure of optimal non-ECMO 
support.

•	 Strict Monitoring of antithrombotic therapy is 
essential and can be challenging.

•	 Complications and outcomes of ECMO support varies 
by gestational age, type of support, indications, and 
underlying diagnosis.
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(PPHN), neonatal pneumonia, sepsis with respiratory 
compromise, hyaline membrane disease accompanied 
by PPHN, and other congenital lung disorders. The use 
of ECMO to treat these disease states is usually limited 
to the neonate within the first 10–14 days of life, who 
is greater than 34 weeks gestation and/or greater than 2 
kg birth weight, without a major bleeding complication, 
including a significant intraventricular or intracranial 
hemorrhage (ICH) [3].

Indications

ECMO therapy should be considered in term and late 
preterm infants with hypoxic respiratory failure and have 
failed to improve with other medical interventions. Under-
standing of optimal medical management in newborns 
with respiratory failure has changed tremendously over 
the years. Inhaled nitric oxide (iNO), surfactant, and high-
frequency ventilation (HFV) are now used routinely, while 
hyperventilation, hyperoxia, and several other therapies 
have become obsolete. The most commonly used quanti-
fier of disease severity for neonatal hypoxic respiratory fail-
ure remains the oxygenation index (OI). Calculation of OI 
is as follows:

OI
MAP FiO

PaO
1002

2

=
×

×

where MAP = mean airway pressure in cm H2O and PaO2 is 
measured in mmHg.

Indications for ECMO enrollment
Severe hypoxemic respiratory failure: The initial trials used 
an OI greater than 40 as enrollment criteria for ECMO. 
Many centers still use an OI range of 40–45 as the primary 
indication for ECMO support. Grist et al. reviewed neo-
natal patients to determine whether cannulation timing 
correlated to increased mortality. Elevated CO2 gradient 
[P(v–a)CO2], anion gap corrected for BUN and albumin 
level (AGc), and viability index (AGc + P(v–a)CO2) cor-
related with a higher mortality in patients on ECMO [4]. 
The authors concluded that starting ECMO too late may 
cause reperfusion injury that reduces survival. Thus, it is 
recommended that any neonate with respiratory failure 
and an OI of greater than 25 be cared for in an ECMO 
center, where timely initiation can occur if the patient’s 
condition warrants ECMO. Therapeutic options includ-
ing surfactant and iNO have decreased the need for 
ECMO in neonates with respiratory failure [5]. While 
patients should be given the opportunity to respond to 
less invasive therapies, delaying ECMO cannulation is 

unacceptable. Regional ECMO centers should work with 
the non-ECMO centers in their area to establish a stan-
dard protocol regarding transfer criteria in order to pre-
vent untimely delays.

Contraindications

Certain patients with complicating pathologies should not 
be considered for ECMO. This includes patients with lethal 
chromosomal disorders (such as trisomy 13 or trisomy 18), 
severe preexisting brain damage, or significant ICH (grade 
III or IV). Neonates with irreversible, extrapulmonary organ 
injury are ineligible for ECMO unless they are being con-
sidered for transplantation. Even with technical progress, 
ECMO remains a high-risk and resource-intense interven-
tion; it should only be utilized in those patients with a high 
likelihood of a meaningful survival.

Weight less than 2 kg
For the past 4 decades, weight less than 2 kg has been a 
relative contraindication to ECMO. In 2004, Rozmierek 
et al. hypothesized that ECMO was effective and safe in 
babies less than 2 kg and sought to examine outcome. 
Neonatal patients (less than 30 days old) in the ELSO reg-
istry (n = 14,305) were divided into those less than 2 kg 
(n = 663) and those greater than 2 kg (n = 13,642). Over-
all, survival rate reached 76% but was lower in infants 
less than 2 kg. Regression analysis determined that the 
lowest weight at which a survival rate of 40% could be 
achieved was 1.6 kg. A 40% survival compares to that 
seen in patients with congenital heart disease receiving 
ECMO [6].

Gestational age less than 34 weeks
Some centers feel comfortable providing ECMO to 
infants less than 34 weeks if they are otherwise deemed 
good candidates, but this degree of prematurity remains 
a relative contraindication. A review of 21,218 neonatal 
ECMO cases in the ELSO registry from 1986 to 2006 
evaluated the gestational age and outcome. Infants were 
divided into three groups: late preterm (34 0/7 to 36 
6/7), early term (37 0/7 to 38 6/7), and full term (39 
0/7 to 42 6/7). Neonates with CDH and other major 
congenital disorders including cardiac defects, chromo-
somal, and genetic abnormalities, were excluded. Late 
preterm infants experienced the highest mortality on 
ECMO (late preterm 26.2%, early term 18%, full term 
11.2%, P < 0.001) and had longer ECMO runs; they also 
had higher rates of ICH (late preterm 12.3%, early term 

OI=MAP×FiO2PaO2×100
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7.6%, full term 3.6%, P < 0.0001) and other neurological 
complications on ECMO. Furthermore, they experienced 
increased mechanical, metabolic, and infectious compli-
cations on ECMO [7].

Intracranial hemorrhage
Grade III or IV ICH can be detected by head ultrasound 
(HUS) and this degree of hemorrhage is associated to 
poor long-term prognosis [8]. Thus, ECMO should not be 
offered in this population. Patients with pre-ECMO grade 
I or II ICH have been successfully managed on ECMO 
without extension of hemorrhage. Even in this less severe 
situation, diligent monitoring of hemodynamics, clot-
ting factors, platelets, bleeding times, anticoagulation, 
and imaging is required. In cases where there is strong 
evidence of hypoxic injury on MRI, abnormal EEG find-
ings, significant metabolic acidosis, and low Apgar scores, 
strong consideration for withholding ECMO should 
occur.

ECMO cannulation: venovenous or 
venoarterial? (Fig. 22.1)

Once it has been decided that a baby needs ECMO sup-
port, the next decision is whether it should be venovenous 
(VV) or venoarterial (VA) support. In neonates, VV ECMO 
is almost always via a dual lumen cannula (VVDL). Dual 
lumen cannulas provide VV ECMO support via a single jug-
ular venous access site. Blood is removed from the patient 
via one lumen and then returned to the patient via a smaller 
lumen. Although VV ECMO does not provide direct cardiac 
support, the delivery of well-oxygenated blood to the right 
atrium invariably improves cardiac output even in unstable 
neonates requiring high-dose inotropic support [9].

Many experienced ECMO centers now prefer to support 
all neonates with VV ECMO where possible. Each center will 
need to determine their comfort with initiating VV ECMO in 
such patients. However, VV ECMO patients can be converted 

Fig. 22.1 Comparison of (A) venoarterial (VA) ECMO and (B) venovenous (VV) ECMO. (Copyright: Satyan Lakshminrusimha; 
modified from Workbook in Practical Neonatology.)
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to VA ECMO support, if VV support proves inadequate. 
Occasions where VA support is required include infants less 
than 2.5 kg where the right internal jugular vein is unlikely 
to accommodate the smallest VVDL cannula (presently the 
13 F OriGen cannula). Low cardiac output state as the result 
of sepsis or a cardiac anomaly usually requires VA support. 
Traditionally, neonates with CDH have received VA ECMO 
support, partly because they are often unstable at the time 
of cannulation, but also because the neck veins in CDH 
tend to be smaller than equivalent weight of neonates and 
are displaced from their normal anatomical position, par-
ticularly in right-sided CDH [10]. However, VV ECMO can 
and should be considered in selected cases [11].

Congenital diaphragmatic hernia

The use of ECMO in CDH was first reported in 1977 by 
German et al. [12]. In the late 1980s, the role of pulmo-
nary hypertension in CDH was recognized and clinicians 
transitioned to a delayed surgical strategy, waiting until 
the infant was hemodynamically stable and/or pulmonary 
hypertension had stabilized. ECMO is commonly reserved 
for patients who are failing optimal medical management. 
When incorporated with a strategy of relatively gentle pres-
sure-limited ventilation and permissive hypercapnia, early 
use of ECMO may help minimize ventilator-associated 
lung injury (VALI). Unfortunately, entry criteria that accu-
rately predict high mortality prior to the initiation of ECMO 
in infants with CDH have not been published. Multiple 
parameters have been used to predict those who may ben-
efit from ECMO [13]. However, none of these criteria have 
been validated in multicenter studies. ECMO use in CDH 
varies according to the location of providers; for example, 
ECMO is utilized more frequently in the United States com-
pared to the United Kingdom [14]. ECMO survival for CDH 
infants was 46% in the United States and 53% in the United 
Kingdom. Currently, ECMO is predominantly used to pro-
vide a period of preoperative stabilization [15].

Efficacy of ECMO for CDH
Reversibility of the underlying pulmonary derangement in 
CDH is a key criterion when considering ECMO therapy. 
However, this criterion presents a challenging dilemma as 
the degree of respiratory failure in CDH depends on the 
severity of the existing pulmonary hypertension, pulmo-
nary hypoplasia, and the degree of VALI. The intrinsic prob-
lems related to CDH have led to poor outcomes compared 
to other neonatal indications for ECMO. The overall sur-
vival of infants with CDH reported to the ELSO is approxi-
mately 50%, the lowest among all etiologies of neonatal 
respiratory failure requiring ECMO [1].

Considering the above observations, the evaluation of 
pulmonary development may improve patient selection, 
optimizing morbidity and mortality associated with ECMO 
in infants with CDH. Pulmonary hypoplasia, an important 
factor that affects outcome of CDH, represents a challenging 
condition to accurately assess prenatally. Surrogate indica-
tors of lung development include the observed-to-expected 
lung:head ratio, measured with repeated fetal ultrasound 
during pregnancy and total fetal lung volume assessed by 
maternal magnetic resonance imaging in the second and 
third trimesters of pregnancy. Postnatally, the use of alveo-
lar arterial oxygen gradient, pre-ductal hemoglobin satura-
tions, post-ductal arterial PaO2, OI, and hypercarbia have 
been utilized by some centers to create algorithms for iden-
tification of children with the best chance of survival and 
who would benefit most from ECMO therapy [16,17].

A recent CDH Study Group report identified predictors 
of survival in infants with CDH who received ECMO. In 
ECMO-treated patients, survivors were born at a greater esti-
mated gestational age, had greater birth weights, were less 
likely to be diagnosed with CDH prenatally, and were on 
ECMO for a shorter length of time [18]. Others have also 
tried to identify factors that predict progression to ECMO 
and survival in CDH infants. One group found that lung area 
to head circumference ratio (LHR < 1.0) and gestational age 
at delivery predicted the use of ECMO and survival [19]. 
While a recent report identified pre-ECMO PaCO2 as a pre-
dictor of survival, another group described difficulty identi-
fying pre-ECMO predictors of survival [20,21].

CDH surgery on ECMO
The optimal timing of repair of CDH on ECMO remains 
unclear due to inadequate study and variability among 
centers. Operations performed on ECMO are high risk 
because of the potential for bleeding complications. A 
recent update from the CDH Study Group found that sur-
gical repair of CDH while on ECMO was associated with 
decreased survival relative to repair after ECMO therapy 
[22]. This was found to be significant even after controlling 
for factors associated with severity of CDH, but meaningful 
comparisons without confounding are impossible. Quite 
clearly, patients who can be liberated from ECMO have a 
far better prognosis, while those who cannot and have not 
undergone an early repair are relegated to a late repair or 
remain unrepaired and do not survive.

ECMO circuit and components

A standard ECMO circuit consists of a mechanical blood 
pump, gas exchange device, and a heat exchanger, all con-
nected together with circuit tubing between the venous 
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access cannula and either the venous (VV) or arterial (VA) 
infusion cannula (Fig. 22.1) [23]. Individual centers cus-
tomize their ECMO circuits to suit their patient population 
and program needs. A pump is an essential component of 
the ECMO circuit. Semiocclusive roller pumps have been 
the standard for decades but have mainly been replaced 
by novel centrifugal pumps. ECMO circuits have a gas 
exchange device called a membrane oxygenator to add O2 
and remove CO2 from blood. ECMO circuits usually have 
a variety of monitors including an integrated blood pump 
flow monitor that measures total circuit blood flow, as well 
as separate ultrasonic flow detectors that can be placed on 
venous drainage and arterial infusion limbs of the circuit 
(Fig. 22.2).

A survey of neonatal ECMO centers revealed a shift from 
roller head to centrifugal pumps in the past decade [24]. 
Prior to this time, roller pumps were used in almost all 
neonatal ECMO programs. Centrifugal pumping systems 
have the benefit of smaller circuit size, less blood-prosthetic 
surface area, and inherent protection against cavitation 
and over-pressurization of the circuit. They do not require 
gravity drainage and can be placed closer to the patient. 
In contrast, roller pumps are less expensive and simpler in 
design, but have the potential complication of tubing rup-
ture. Hemolysis occurs commonly with centrifugal pumps, 
especially with small cannula, due to the shearing force on 
blood components created by the vortex in the pump head. 

Newer generation centrifugal pumps have been designed 
to have less stagnation in the pump head with decreased 
hemolysis. Despite design improvements there remain 
recent reports of patients supported on centrifugal pumps 
exhibiting hemolysis during ECMO [25].

Patients supported with centrifugal pumps should have 
routine screening of plasma free hemoglobin (pfHb). 
If the pfHb level exceeds 50 mg/dL, the cause should be 
investigated [26]. Barrett et al. compared outcomes of neo-
nates supported with centrifugal or roller pumps [27]. The 
centrifugal pump group had higher rates of hemolysis, 
hyperbilirubinemia, hypertension, and acute renal failure 
than the roller pump group. They separated the centrifu-
gal group into older versus newer generation pumps and 
found the same morbidities, but at a lower rate with the 
newer pumps [28].

For neonatal ECMO, the circuit is primed with packed 
red blood cells (PRBCs) and fresh frozen plasma (FFP) 
to a hematocrit of 35%–45% [26]. The blood prime 
is heparinized, and then calcium added to correct the 
hypocalcemia caused by citrate anticoagulation. Acidosis 
is corrected by adding sodium bicarbonate as a buffer. 
The blood prime is warmed to 37°C, unless the infant is 
undergoing hypothermia therapy. In that case, the blood 
should be warmed to a temperature of 34°C. Once ECMO 
is initiated, pump flow should be increased over a period 
of several minutes in order to determine the maximal 

Fig. 22.2 ECMO Circuit. (Copyright: Satyan Lakshminrusimha.)
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flow that can be achieved. When initiating VV ECMO, it is 
important to increase pump flow slowly, as prime blood 
may have elevated potassium levels that can cause myo-
cardial dysfunction and even asystole. On VV ECMO, sup-
port is adequate if arterial saturation is in an acceptable 
range on low ventilator settings and any hypotension or 
acidosis resolves. Pump flow can range from 80–150 mL/
kg/min. Once cannula position is optimized, suboptimal 
ECMO support can be addressed with a second cephalad 
cannula in the jugular vein to augment venous drainage. 
An 8 or 10 F arterial cannula is used for this technique. 
The use of a cephalad jugular drain in the setting of VV 
ECMO has several theoretical advantages including aug-
mented venous return, reduced recirculation, and cerebral 
venous decompression (Fig. 22.1).

The medical gas flow from the blender to the oxygen-
ator (sweep gas flow) is initiated in a 1:1 ratio of blood 
flow to gas flow. If pump flow is 300 mL/min then sweep 
flow is 0.3 L/min (Fig. 22.2). Sweep flow is adjusted to 
target an arterial PCO2 of 40–50 mmHg unless there is 
significant pre-cannulation hypercarbia. When initiat-
ing ECMO support, it is critical to correct hypercapnia 
slowly. Hypocapnia in the newborn is associated with 
cerebral vasoconstriction and an increased incidence 
of periventricular leukomalacia, intraventricular hem-
orrhage, cerebral palsy, and poor neurodevelopmental 
outcome.

Neurologic system

Neonatal ECMO patients have high risk of brain injury 
with resulting adverse neurodevelopmental outcome 
(Fig. 22.3). Potential injury can be attributed to the 
underlying disease process leading to ECMO as well as 
to accompanying hypoxia, hypotension, and hypocarbia 
[29]. Cannulation produces further alterations in cerebral 
blood flow related to ligation of the right jugular vein and 
the right carotid artery that can result in cerebral ischemia, 
reperfusion injury, and loss of cerebral autoregulation. 
Neonatal ECMO survivors have a significant incidence of 
neuroimaging abnormalities and neurodevelopmental dis-
ability. Thus, regular assessment of the neurologic exam, 
daily HUS, and consideration of other diagnostic modali-
ties are advisable. Prompt recognition of potentially treat-
able conditions is important to optimize outcome.

Neuromonitoring on ECMO

Current techniques for neuromonitoring of the neona-
tal ECMO patient include neurologic exam, HUS, EEG, 
amplitude-integrated EEG (aEEG), and near-infrared spec-
troscopy (NIRS). Close and frequent monitoring of the 

Fig. 22.3 Complications of ECMO. (Copyright: Satyan Lakshminrusimha.)
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neurologic exam is warranted on ECMO. ICH, the most 
significant complication in neonates on ECMO, occurs in 
7.5% of patients, and the incidence of cerebral infarction 
is also noteworthy at 6.9% [1]. In an analysis of the ELSO 
registry, gestational age was the strongest predictor of ICH 
in neonates on ECMO, but pre-ECMO factors included 
acidosis, primary diagnosis of sepsis, coagulopathy, and 
treatment with epinephrine [30]. The strongest predictor 
of disability in ECMO survivors is the extent and severity 
of abnormality on post-ECMO neuroimaging [31]. HUS 
studies should be performed prior to the initiation of 
ECMO, with serial daily HUS commencing 12–24 h after 
cannulation. Khan et al. have reported that over 90% of 
ICHs occur in the first 5 days of ECMO therapy [32]. Some 
ECMO centers perform HUS less frequently after day 5 or 
perform daily HUS only in high-risk infants or infants with 
abnormal HUS pre-ECMO or immediately following can-
nulation [33].

Earlier detection of neurologic injury permits therapeu-
tic intervention and potentially can improve outcomes. 
Conventional EEG is not routinely used in the neonatal 
ECMO population unless seizure activity is suspected. The 
ELSO registry reports clinical seizures in 8.8% of neonates 
[1]. The aEEG is being used with increasing frequency in 
the NICU; abnormal aEEG predicted death or moderate to 
severe intracranial injury [34]. Interestingly, infants with 
adverse outcome had abnormal tracings before or within 
the first 24 h on ECMO. NIRS has emerged as an effective, 
noninvasive technique for neuromonitoring in a variety of 
intensive care settings. NIRS monitoring on ECMO may 
help to identify poor cerebral oxygen delivery and infants 
at highest risk of adverse developmental outcome.

Therapeutic hypothermia has been shown, in large ran-
domized controlled trials and meta-analyses, to result in a 
statistically significant and clinically important reduction 
in the combined outcome of mortality or major neuro-
developmental disability for term newborns greater than 
36 weeks gestation, with moderate to severe encephalop-
athy. Cooling on ECMO is easily performed using a tem-
perature probe in the blood path proximal to the arterial 
cannula, adjusting the ECMO heater/cooling device to 
reach and maintain a core patient temperature of 33–34°C 
[35]. The Neonatal ECMO Study of Temperature (NEST) 
determined that mild hypothermia to 34°C did not 
improve the outcome at 2 years of age in newborns requir-
ing ECMO when compared to normothermia [36].

Sedation and analgesia

Infants with severe respiratory failure are frequently heav-
ily sedated, given analgesics, and paralyzed prior to ECMO. 
However, after cannulation, paralysis is not required and 

should be discontinued. Similarly, excessive sedation limits 
the ability to interpret the neurologic status and may inap-
propriately add to concerns regarding neurologic injury. 
Prolonged high cumulative doses of opioids and benzo-
diazepines have been associated with tolerance, physical 
dependency, and subsequent withdrawal. Commonly used 
drugs for analgesia and sedation include morphine and 
midazolam. The pharmacokinetics of midazolam, loraz-
epam, and fentanyl are altered on ECMO due to seques-
tration of the drug by ECMO circuit components [37]. 
Morphine may be a good choice for patients on ECMO as 
drug levels are unaffected.

Respiratory support

While on ECMO, the lungs are allowed to rest and recover 
from the underlying lung disease and from barotrauma 
caused by pre-ECMO management. Rest settings on VV 
ECMO are usually higher than those used on VA. Typical 
VA settings are PIP (cm H20) 15–20, PEEP 5, rate 15–20, 
and FiO2 0.21 and typical VV settings are PIP 15–25, PEEP 
5–10, rate 20–30, and FiO2 0.30–0.50 [38]. Some advo-
cate for higher PEEP to prevent alveolar collapse without 
compromising venous return. An older multicenter study 
found that high PEEP of 12–14 cm H2O versus low PEEP 
of 3–5 cm H2O facilitated lung recovery and resulted in 
shorter ECMO runs [39]. Continued use of surfactant while 
on ECMO in the setting of neonatal respiratory failure 
has demonstrated benefit. One small single-center study 
administered surfactant or placebo at 2, 8, 20, and 32 h, 
and found significantly decreased duration of ECMO, 
improved pulmonary mechanics, and reduced complica-
tions when compared with a placebo group [40].

Patient arterial blood gases, along with circuit pre- and 
post-oxygenator blood gases, are obtained every 6–12 h. 
Daily chest radiographs are obtained to confirm ECMO 
catheter and tube position; assess lung volume changes fol-
lowing significant atelectasis or collapse; and to diagnose 
air leak syndromes. Air leaks can be managed with lower 
ventilator settings including low CPAP settings, decreas-
ing until no further air leaks are present, with gentle re-
expanding of lung over longer period of time. A large or 
tension pneumothorax, particularly if obstructing venous 
return, requires placement of a thoracostomy tube. Radio-
graph findings combined with frequent or continuous tidal 
volume measurements and blood gases provide the ECMO 
practitioner with the data needed to formulate a weaning 
plan.

Routine pulmonary clearance is essential while on 
ECMO. Endotracheal suctioning is recommended every 
4–6 h. Changes in secretions should be noted, includ-
ing watching for blood-tinged secretions. Pulmonary 
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hemorrhage was reported in 4.5% of neonatal patients 
undergoing ECMO [1]. Studies in the pediatric popula-
tion on ECMO have illustrated the usefulness of bron-
choscopy in patients with persistent atelectasis including 
removal of secretions and identifying infectious etiology 
[41]. Overall, the procedure was well tolerated with only 
minimal complications of bleeding, similar to other stud-
ies. Treatment of pulmonary hemorrhage varies with the 
severity of the event and includes limitation of suctioning, 
increasing PEEP, decreasing anticoagulation parameters, 
increasing platelet count target, and instillation of dilute 
epinephrine. Prone positioning should be considered 
in patients on prolonged ECMO support, with benefits 
including reducing the risk of development of pressure 
ulcers as well as improving aeration to posterior por-
tions of the lungs and in alveolar ventilation–perfusion 
matching.

Cardiovascular supports

Neonates with respiratory failure being considered for 
ECMO often require inotropic or vasopressor support. 
Patients with decreased cardiac function may still be 
considered for VV ECMO. Studies have found that use 
of inotropes substantially decrease both in patients 
with VV ECMO and VA ECMO [42,43]. One institution 
evaluated cardiac function in 15 infants on VV ECMO 
and found borderline or normal cardiac indices prior to 
ECMO, with normalization of function on ECMO [44]. 
The authors concluded that VV ECMO did not worsen 
cardiac function, potentially due to avoidance of an 
increase in LV afterload as seen with VA ECMO, as well as 
increased oxygen content provided to coronary arteries 
with VV ECMO.

Hypertension occurs commonly on ECMO; 12% of 
neonatal ECMO patients, reported to the ELSO registry 
database, had systolic hypertension requiring vasodila-
tors [1]. One institution noted systemic hypertension in 
93% of their neonatal ECMO population, with an associ-
ated increase in ICH and plasma renin activity [45]. Prior 
to a protocol that medically managed systemic hyperten-
sion on ECMO, 50% of neonates at the institution had 
clinically significant intracranial bleeds, compared with 
9% after initiation of the protocol. The authors found 
captopril to be the most effective in lowering blood 
pressure.

Echocardiography may be a useful tool throughout the 
ECMO course. Prior to cannulation, echocardiography 
may unmask underlying cardiac pathology, including total 
anomalous pulmonary venous return. It has been utilized 
during or after cannulation to evaluate cannula position 
[46].

Fluids, electrolytes, and nutrition

Initial daily fluid intake on ECMO is usually limited to 
60–100 mL/kg/day as the typical neonatal ECMO patient 
is edematous due to substantial fluid overload prior to 
cannulation. Transient renal dysfunction with oliguria is 
common but usually spontaneously resolves over the first 
48–72 h. A natural diuresis phase occurs as cardiac output 
improves, capillary leak resolves, and fluid mobilization 
takes place.

Renal function and fluid balance in newborns with 
severe cardiorespiratory failure managed with VV ECMO 
was compared to neonates managed without ECMO [47]. 
VV ECMO was associated with positive fluid balance, 
lower urine output, and higher BUN and creatinine val-
ues in the first 96 h of bypass without any differences in 
blood pressure or diuretic use. Diuretics are commonly 
used following ECMO initiation. If urine output does not 
improve, continuous renal replacement therapy (CRRT) 
may be utilized to accomplish solute clearance and fluid 
removal.

Historically, neonates on ECMO were not fed enter-
ally due to concerns regarding intestinal perfusion prior 
to ECMO, intestinal ischemia, and the risk of necrotiz-
ing enterocolitis. Gut barrier function and intestinal 
distension due to obstruction are other concerns. A 
single-center study over a 5-year period demonstrated 
that neonates on ECMO tolerated enteral feedings well 
without any serious adverse effects; a notable finding is 
that 80% of newborns fed enterally were receiving ino-
tropic support [48]. Over the duration of the study the 
use of enteral feedings increased from 71% to 94% and 
the time to initiation of feeds dropped from 67 to 37 h. 
Serum electrolytes are monitored at least daily and glu-
cose every 12 h. Calcium and magnesium requirements 
may also be higher than usual. Metabolic alkalosis may 
become evident due to exposure to large amounts of 
blood products containing the anticoagulant citrate-
phosphate-dextran.

Infection

Infections acquired during ECMO are not uncommon and 
can significantly increase ECMO duration and decrease 
survival. A review of ELSO data from 1998 to 2008 found 
that the overall infection rate for neonates was 7.6% with 
the incidence increasing with longer runs and in VA ECMO 
patients [49]. Coagulase negative Staphylococci were the 
most common organisms, followed by Candida. The com-
monly identified organisms had associations with invasive 
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support including central lines, endotracheal tubes, and 
urinary catheters. Thus, continuing strategies to prevent 
catheter-associated and ventilator-associated infections 
should decrease the nosocomial infection rate of these neo-
nates. Although reducing nosocomial infections on ECMO 
is important, there is no benefit to the administration of 
prophylactic antibiotics [50].

Anticoagulation

Anticoagulation of the neonate on ECMO is challeng-
ing due to immaturity of the coagulation system and the 
propensity for ICH in the neonate. Historically, unfrac-
tionated heparin (UNFH) has been the anticoagulant of 
choice for the vast majority of ECMO indications. UNFH 
undergoes hepatic metabolism, renal excretion, and has 
a plasma half-life of 30–60 min [51]. A bolus dose of 
UNFH ranging from 50 to 100 units/kg is given after the 
exposure of the vessels and before insertion of the can-
nulas for ECMO. Subsequently, UNFH is administered 
as a continuous intravenous infusion. The activated clot-
ting time (ACT) provides a measure of clotting of whole 
blood, and has long been the standard measure of antico-
agulant activity of UNFH for ECMO. Advantages of ACT 
are that it can be done at the bedside, requires a drop of 
blood, and results are available within a few minutes. 
The UNFH infusion is typically started once ACT reaches 
300 s or less. Some ECMO centers have a minimum and 
maximum UNFH infusion rate that typically ranges from 
a minimum of 10 units/kg/h, to a maximum of 60 units/
kg/h. The standard, initial ACT range is 160–200 s, with 
the UNFH infusion dose and goal ACT range adjusted 
based on factors including patient bleeding and circuit 
clotting. The anti-factor Xa assay has become an impor-
tant supplementary means of titrating UNFH for ECMO 
[52]. The anti-Xa assay is not a measure of UNFH concen-
tration, but rather a measure of UNFH effect, based on the 
ability of UNFH to catalyze antithrombin inhibition of 
factor-Xa. In contrast to the ACT, the anti-Xa assay is spe-
cific to the anticoagulant effect of UNFH and is not influ-
enced by coagulopathy, thrombocytopenia, or dilution. 
Administration of anticoagulants place patients at risk of 
bleeding and therefore it can be a challenge to provide 
enough anticoagulant effect while minimizing bleeding 
and thrombotic complications.

Hematologic issues

Whenever possible, factor depletion, thrombocytopenia, 
and hypofibrinogenemia should be corrected. It is also 

important to verify that the infant received vitamin K at 
birth. Daily monitoring of coagulation factors, platelet 
count, and hematocrit are done every 8–12 h and deficien-
cies corrected. ECMO goals include maintaining a platelet 
count greater than 80,000, hematocrit greater than 35%–
40%, fibrinogen greater than 150 mg/dL, and normal PT 
and INR.

Weaning ECMO

Weaning from VV and VA ECMO support is indicated with 
improvement of chest radiograph, tidal volumes, patient 
venous saturation, and patient arterial blood gases. ECMO 
pump flow is decreased by 5–10 mL/kg/h every 2–4 h as 
long as arterial saturation is >90%, until approximately 
50 mL/kg/min flows are reached. Sweep FiO2 can also 
be weaned and the mechanical ventilator rate may be 
increased. Further weaning from VV ECMO is made to a 
minimum of approximately 30 mL/kg/min, the sweep flow 
can be weaned until off, ventilator FiO2 should be increased. 
On VA ECMO pump flow can be weaned until a flow rate of 
20 mL/kg/min is reached, where the patient is considered 
to be “idling” on ECMO. For both VV and VA weaning, if 
blood gases are adequate, decannulation should be sched-
uled. In patients who have had a long ECMO run, or have 
serious complications, such as ICH, it may be necessary to 
use HFV, surfactant replacement, inotropes or steroids, or 
iNO to wean off.

Neonatal ECMO survival

Almost 30,000 neonates have been treated with ECMO 
for neonatal respiratory failure with an overall survival to 
discharge or transfer of 74% as reported to the ELSO reg-
istry [1]. The survival outcome of neonates supported on 
ECLS for acute hypoxemic respiratory failure varies with 
the primary diagnosis, and can be as high as 95% in neo-
nates with MAS and as low as 50% in those with CDH. In 
a retrospective study of neonates with PPHN supported 
on ECMO between 2000 and 2010, Lazar and cowork-
ers identified that prematurity, acidosis, and profound 
hypoxemia were independently associated with increased 
mortality [53]. Similarly, a UK study of 718 neonates over 
a 13-year period identified that lower birth weight, lower 
gestational age, older age at ECMO, and higher OI were 
associated with increased risk of death in non-CDH neo-
nates; whereas, in neonates with CDH, lower birth weight 
and younger age at ECMO were significant risk factors for 
death [54].
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Long-term neurodevelopmental 
outcomes

The excellent survival outcomes from neonatal ECMO 
have produced a growing population of childhood survi-
vors; however, the long-term medical and neurodevelop-
mental outcomes remain of some concern, particularly 
in certain diagnostic groups, such as CDH [55,56]. In the 
latest ELSO registry report, cerebral infarction and hem-
orrhage, diagnosed by ultrasound or computed tomog-
raphy scan, was seen in 6.9 and 6.5% of neonates with 
corresponding survival rates of 53 and 43%, respectively 
[1]. Although these short-term complications are not an 
accurate representation of long-term problems, they iden-
tify a cohort of patients with higher risk. Neurodevelop-
mental consequences are commonly described in ECMO 
follow-up studies [57]. The mental development scores 
of neonatal ECMO survivors when tested at the preschool 
age are generally favorable, with several reporting normal 
development both with respect to overall cognition and 
language development [58]. Studies of children tested 
at 5 years of age, report intelligence in the normal range 
with one reporting language development above average 
population norms [59]. Neonatal ECMO survivors with-
out severe neurologic impairment usually have a neuro-
psychological profile characterized by average intelligence, 
with significantly lower scores on attention, concentration, 
and memory tasks [60].

CDH

Infants with CDH who received ECMO support appear 
to have a higher risk and greater severity of neurological 
morbidity compared to those who did not receive ECMO 
and those who received ECMO for other non-CDH diag-
noses. McGahren et al. reported survival of 75%, with 
67% of the survivors exhibiting neurologic compromise 
[61]. A recent study from the Netherlands considered the 
motor and cognitive status at 5 years of patients who 
had received ECMO. The CDH cohort demonstrated the 
lowest survival and lowest rate of functionally normal 
children compared to patient children with meconium 
aspiration [62]. The lower overall survival and higher 
rates of morbidities affirm that neonates with CDH 
requiring ECMO therapy are a very challenging category 
of patients.

Recommendations for long-term 
follow-up

Routine standardized follow-up programs are offered by 
very few ECMO programs. Longitudinal studies from the 
Netherlands have demonstrated unequivocally the value 
and benefit of early identification and intervention to 
the children and the families [63]. Children with neuro-
logic complications are usually recognized to be at risk for 
adverse outcome at an early stage and are referred appro-
priately for post-discharge care. However, for neonatal 
ECMO survivors without evident acute neurologic events, 
it is important to receive adequate long-term aftercare. 
Neonatal ECMO survivors without overt neurologic com-
plications usually have favorable outcomes in the first years 
of life, but they are at risk for academic, behavioral, and 
motor function problems at later age for which they need 
to be monitored [64]. Long-term follow-up should focus 
on early recognition and providing timely interventions. 
Arranging for consistent, multidisciplinary follow-up of 
patients who have received ECMO support is important to 
engage families, community health, and educational psy-
chology services. The availability of a structured, longitudi-
nal follow-up for all neonates receiving complex invasive 
therapies, such as ECMO, from hospital discharge to ado-
lescence, will allow for interventions tailored to the needs 
of the child and family. A neonate with an identified risk 
factor or who has developed a neurological complication 
on ECMO should receive a more targeted follow-up after 
discharge so that all issues are identified appropriately and 
managed promptly.

Summary

Therapies, such as iNO, surfactant, gentle ventilation strate-
gies, and HFOV have led to a decrease in the utilization 
of ECMO for certain neonatal disease states. This trend 
has resulted in fewer, more complicated patients receiving 
ECMO treatment, resulting in longer, more complicated 
courses. Decades of clinical experience and innovation 
have resulted in the provision of ECMO as a standard of 
care for neonates with severe refractory respiratory failure 
in qualified centers. Novel equipment and protocols have 
allowed the deployment of ECMO safely and efficiently 
with very good survival and overall outcome for the major-
ity of patients.
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Principles of Mechanical Ventilation 
and Strategies of Ventilatory Support 
in Neonatal Lung Disease
Manimaran Ramani, MD, Namasivayam Ambalavanan, MD

•	 PaCO2 targets vary based on the phase and nature of 
respiratory pathology. A target in the 40s to low 50s 
is appropriate for neonates with acute respiratory 
disease such as RDS but higher targets (permissive 
hypercapnia) to minimize lung injury are beneficial in 
conditions such as severe BPD and CDH.

Introduction

Development of new ventilator technologies, improved 
understanding of neonatal lung mechanics, and the increas-
ing use of antenatal steroids and of postnatal surfactant have 
significantly reduced the mortality of premature infants over 
the past 4 decades. However, with the increasing survival of 
very preterm infants, respiratory sequelae such as broncho-
pulmonary dysplasia (BPD) continue to lead to significant 
morbidity and late mortality. Similarly, with improvements 
in obstetric care and reductions in the incidence of meco-
nium aspiration syndrome (MAS), the use of high-frequency 
ventilation, and the introduction of inhaled nitric oxide and 
extracorporeal membrane oxygenation (ECMO), the mor-
bidity and mortality of term and near-term infants due to 
respiratory failure have been markedly reduced. However, 
the mortality and longer-term morbidity due to some con-
ditions such as congenital diaphragmatic hernia (CDH), 
lung hypoplasia associated with severe oligohydramnios, 
and developmental disorders of the lung continue to remain 
high. Despite several advances in ventilator technology, 

CHAPTER CONTENTS HD

Introduction 365
Basics of conventional positive pressure  
ventilation 366
Ventilator management of common  
respiratory conditions in the neonate 369
Conclusion 373
References 374

CHAPTER POINTS

•	 General strategies to reduce lung injury include 
avoiding invasive mechanical ventilation using non-
invasive techniques, and if intubation is inevitable to 
limit the duration of invasive ventilation as much as 
possible.

•	 During conventional mechanical ventilation, 
oxygenation is influenced by mean airway pressure 
(PEEP being the primary factor along with PIP and 
inspiratory time) and inspired oxygen concentration.

•	 Removal of CO2 during conventional ventilation is 
proportional to alveolar minute ventilation ([tidal 
volume-dead space] x rate). However, inadequate 
expiratory time at high rates may lead to gas trapping 
and CO2 retention.

•	 Among infants on supplemental oxygen, targeting 
oxygen saturations in the low-90s in preterm infants 
and mid-90s in term infants appears to be a prudent 
approach.
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it is still not clear in many clinical scenarios which mode 
of ventilation is the optimal approach and has the best 
chance of reducing ventilator-associated lung injury that 
may potentially contribute to long-term respiratory morbid-
ity. In neonates, the risk of acute and chronic lung injury 
increases with longer duration of assisted ventilation. The 
smallest and more extremely premature infants are at high-
est risk of developing long-term complications of prolonged 
assisted ventilation. It is likely that an individualized venti-
latory approach based on the underlying lung pathophysi-
ology may significantly improve the long-term pulmonary 
outcome.

Positive pressure ventilation involves movement of a gas 
mixture (usually air enriched with oxygen) into the lungs 
using an external source of pressure to create a pressure 
gradient, with exhalation being usually passive (except in 
high-frequency oscillatory ventilation). Ventilation can be 
achieved by either invasive (conventional and high fre-
quency) or noninvasive modes of ventilation. This chapter 
will discuss the principles of conventional assisted ventila-
tion (invasive and noninvasive) and provide the potential 
ventilator strategies in neonates with respiratory distress 
syndrome (RDS) and respiratory disorders other than RDS.

The basic principles of ventilator strategies can be sum-
marized as follows:
1. Avoid initiation of mechanical ventilation as much 

as possible—use noninvasive strategies first, and 
intubation only when absolutely necessary.

2. Use the ventilation settings that would damage the 
lungs the least (lowest pressures required for adequate 

functional residual capacity [FRC] and tidal volume), 
and lead to adequate but not excessive gas exchange.

3. Minimize the duration of mechanical ventilation and 
attempt extubation as early as possible.

4. Careful monitoring of physiologic status and gas 
exchange is essential, with initiation and adjustment 
of settings based on disease pathophysiology and 
responses to changes in therapy.

5. Excellent nursing and respiratory care.

Basics of conventional positive 
pressure ventilation

Regardless of the mode (volume cycled, pressure cycled, 
or dual ventilation) and method of support (continuous 
mandatory ventilation, assist/control ventilation, inter-
mittent mandatory ventilation, synchronous intermit-
tent mandatory ventilation, pressure support ventilation, 
and noninvasive ventilation), the basic concepts of con-
ventional positive pressure ventilation remain the same. 
The basic parameters of conventional positive pressure 
ventilation are peak inspiratory pressure (PIP), positive 
end-expiratory pressure (PEEP), ventilator rate, inspira-
tory–expiratory ratio (I:E), inspiratory fractional oxygen 
concentration (FiO2), and the flow rate. Below are the brief 
discussions about each components and their impact on 
ventilation and oxygenation, and an illustration of their 
relationships on oxygenation is shown in Fig. 23.1.

Fig. 23.1 Relationship of Mechanical Ventilation Parameters to Oxygenation.



367

ChapterPrinciples of Mechanical Ventilation and Strategies of Ventilatory Support | 23 |

Peak inspiratory pressure
PIP is the highest proximal airway pressure delivered dur-
ing inhalation. PIP directly affects the delta pressure (differ-
ence between PIP and PEEP) and thereby it determines the 
tidal volume delivered to the neonate. As carbon dioxide 
elimination is directly proportional to the amount of tidal 
volume delivered, increasing the PIP will increase the car-
bon dioxide elimination. Changes in PIP also affect the 
oxygenation by altering the mean airway pressure (MAP). 
Suboptimal levels of PIP lead to inadequate tidal volume 
and result in hypercapnia and hypoxemia. On the other 
hand, higher levels of PIP will cause overdistension of 
the alveoli, volutrauma, air leak, hypocapnia, lower lung 
and cardiac perfusion, and acute and chronic lung injury. 
In addition, delivering higher levels of PIP when the air-
way resistance is high and time constant is prolonged also 
results in significant volutrauma and gas trapping. Most 
neonates may not need a tidal volume more than 4–6 mL/
kg for ventilation and oxygenation. The amount of PIP 
required to deliver the optimal tidal volume depends 
on the compliance of the lungs. The degree of chest wall 
expansion during inspiration can fairly correlate with the 
compliance of the lungs [1]. A useful clinical indicator of 
adequate PIP is gentle rise in the chest wall with every venti-
lator-delivered breath that is similar to the chest expansion 
seen in a comfortable spontaneously breathing neonate. It 
is advisable to use the lowest effective PIP that maintains 
adequate gas exchange but minimizes volutrauma and 
reduces the risk of air leak. Physiological impact of changes 
in PIP is included in Table 23.1.

Positive end-expiratory pressure
PEEP is pressure in the airway above ambient pressure 
at the end of passive expiration. PEEP is the distending 
pressure which helps lungs maintain their FRC by keep-
ing alveoli inflated. By reducing surface tension, surfac-
tant prevents the alveoli from collapsing during each 

exhalation and maintains FRC. During conditions of sur-
factant deficiency (e.g., RDS), adequate PEEP is required 
to overcome the increase in surface tension and main-
tain FRC. Providing PEEP during ventilation reduces the 
workload of respiratory muscle by keeping the alveoli 
at the optimal distension after exhalation and reducing 
airway resistance. Although increasing PEEP increases 
FRC, a very high PEEP results in poor lung compliance 
and reduces tidal volume and leads to accumulation of 
carbon dioxide. On the other hand, suboptimal PEEP 
causes alveolar collapse and requires higher PIP during 
each inspiration to open atelectatic alveoli. Both alveo-
lar atelectasis and overdistension cause alveolar capillary 
constriction, thereby leading to pulmonary shunting and 
causing decreased oxygen transport (Fig. 23.2). For many 
premature infants with RDS, PEEP levels between 4 and 
5 cmH2O are well tolerated and adequate to improve 
oxygenation. Physiological impact of changes in PEEP is 
included in Table 23.2.

Table 23.1 Effects of changes in PIP

Changes in PIP Physiological impact

Optimal PIP Adequate tidal volume
PaCO2 in target range
Minimal lung injury

Higher PIP Increases tidal volume
Decreases PaCO2

Volutrauma
Air leaks

Lower PIP Decreases tidal volume
Increases PaCO2

Fig. 23.2 Relationship of PEEP to Alveolar Inflation and 
Oxygen Transport.

Table 23.2 Effects of changes in PEEP

Changes in PEEP Physiological impact

Optimal PEEP Maintains FRC
Increases oxygenation
Prevents atelectasis

Low PEEP Atelectasis
Pulmonary shunting

High PEEP Over distention
Air leak
Pulmonary shunting
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Ventilator rate
The ventilator rate is the number of breaths delivered by 
the ventilator per minute. The minute ventilation is the 
product of tidal volume and rate, whereas alveolar min-
ute ventilation is the product of (tidal volume minus dead 
space) and rate. Lower ventilator rates decrease minute ven-
tilation. Higher ventilator rates (with inspiratory time kept 
constant) reduces the duration of exhalation which in turn 
results in gas trapping and carbon dioxide accumulation. 
The threshold at which the tidal volume decreases with 
increase in rate depends on the time constant of the respira-
tory system. A single time constant is defined as the amount 
of time taken for the alveolar pressure or volume to reach 
63% of peak alveolar pressure or volume [2]. Lung compli-
ance and resistance determine the time constant as follows:

= ×Time constant Compliance Resistance

Infants with immature lungs have surfactant deficiency, 
resulting in poor lung compliance and thereby have shorter 
time constants. Infants with RDS, wherein pulmonary time 
constant is short, can tolerate higher ventilator rates without 
compromising the minute ventilation. Rates higher than 
60/min are usually well tolerated in infants with RDS [3,4]. 
However, even in disease states with short time constants, 
very rapid rate may lead to inadvertent PEEP and gas trap-
ping resulting from inadequate time for exhalation. Careful 
attention should be paid to the changes in the chest wall 
movement while increasing the ventilator rate to prevent 
gas trapping and carbon dioxide retention. The absence of 
brief pause in the chest wall movement at the end-expira-
tion may indicate inadequate expiratory time. Physiological 
impact of changes in rate is included in Table 23.3.

Inspiratory–expiratory ratio
The time constant of the respiratory system determines 
the inspiratory time Ti and expiratory time Te. Time con-
stant for exhalation is longer than the inhalation. Usually 
once the ventilator rate and the Ti are set, Te and the I:E 

are automatically determined. The usual I:E ratio is 1:3. 
Increasing the ventilator rate without decreasing the Ti will 
compromise the exhalation time and leads to gas trap-
ping. Ti of 0.3–0.5 s is sufficient for most of the neonates. 
Extreme Ti (less than 0.2 s or greater than 0.7 s) can lead 
to poor tidal volume and gas trapping. Reversed I:E ratios 
(with inspiration longer than expiration) may improve 
oxygenation, but at the expense of impaired venous return, 
gas trapping and air leaks are no longer recommended.

Inspiratory fractional oxygen 
concentration
As may be anticipated, changes in the inspiratory fractional 
oxygen concentration (FiO2) have a direct proportional effect 
on alveolar oxygen content. In the absence of right to left 
shunting, increases in FiO2 would also increase systemic oxy-
genation. It is important to remember that as both changes 
in FiO2 and MAP increase oxygenation (Fig. 23.1), the clini-
cian must evaluate their relative contribution to oxygenation 
and adjust the correct parameter. In general, if the MAP is 
inadequate (lung volumes below FRC), a higher FiO2 is 
required. One may attempt to identify optimal lung expan-
sion, which is the FRC when the FiO2 is the lowest required. 
In preterm infants during the acute phase of RDS, FiO2 is 
usually adjusted to keep target oxygen saturation between 
91% and 95%. In infants with established BPD, if there is 
evidence of pulmonary hypertension, the target saturation is 
often increased slightly to 92%–97%. In preterm infants, it is 
important to avoid very high oxygen saturations (>95%) in 
order to reduce the risk of retinopathy of prematurity (ROP), 
and hence frequent changes in FiO2 are often required. In 
term infants, FiO2 higher than that required to maintain PaO2 
70–100 mmHg should be avoided. It is necessary to use pulse 
oximetry (less commonly, transcutaneous oxygen oximetry, 
or near-infrared oximetry) to adjust oxygen delivery, rather 
than infrequent arterial blood gases. Both increased pressures, 
volumes (barotrauma and volutrauma), and a high FiO2 are 
capable of inducing lung injury, and their exact contributions 
to chronic lung disease in an infant may vary depending 
upon multiple variables. However, it is generally believed that 
at FiO2 < 0.6 or 0.7, the risk of oxygen toxicity is less than 
that of volutrauma. During episodes of oxygen desaturation 
procedures such as repositioning, suctioning, and so on, the 
FiO2 may need to be transiently increased. Recent advances in 
ventilator care to include closed loop systems that automati-
cally adjust FiO2 based on SpO2 may potentially minimize 
periods of oxygen desaturation and hyperoxemia.

Flow rate
In most modern ventilators, changes in the flow rate mini-
mally affect gas exchange, as long as sufficient flow is used 
to generate the ventilator pressures and rate.

Time   constant=Compliance×Resistance

Table 23.3  Effects of changes in Ventilator Rate

Changes in 
ventilator rate Physiological impact

Optimal rate Adequate minute ventilation
PaCO2 in target range

Low rate Decrease minute ventilation
CO2 retention

Higher rate Inadvertent PEEP
Gas trapping
CO2 retention
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Effect of dead space
Dead space reduces the tidal volume that reaches the alve-
oli. While physiological dead space may be countered by 
efforts to improve lung inflation and reduce unventilated 
areas, anatomical dead space can be reduced by shorten-
ing endotracheal tubes and removing other contributors 
to dead space. For example, some ventilators use a pneu-
motachograph with a dead space of 0.8 mL, which is per-
ceived as a small volume. However, for a 0.5 kg infant with 
a tidal volume of 4 mL/kg (anatomic dead space of 1.5 mL/
kg), the usual tidal volume of 2 mL (0.5 × 4 = 2 mL, with 

anatomic dead space of 0.75 mL) needs to be increased by 
a substantial amount (to 2.8 mL, or by 40%) to overcome 
this additional dead space, which may increase volutrauma.

Ventilator management of common 
respiratory conditions in the neonate

Ventilator management of common respiratory condi-
tions in the neonate is listed below, and is summarized in 
Table 23.4.

Table 23.4  Mechanical ventilation strategies used in common neonatal respiratory diseases (management must 
be individualized as many infants require strategies outside common ranges)

Disorder Goals
Rate  
(/min) FiO2 PIP (cmH2O)

PEEP 
(cmH2O) Ti (s)

Preterm infants

Respiratory distress 
syndrome (RDS)—
early

pH 7.25–7.30, PaO2 50–70 mmHg 
(SpO2 91%–95%), and PaCO2 
45–55 mmHg

50–70 0.4–0.7 
(minimum 
needed)

10–20 
(minimum 
needed)

4–5 0.25–0.4

RDS—pre-
extubation

pH 7.20–7.30, SpO2 91%–95%, 
and PaCO2 <60 in first week, 
<70 in week 2

≤20 <0.4 <15 <6 0.25–0.4

Apnea of 
prematurity (AoP)

pH 7.25–7.4, SpO2 91%–95%, 
and PaCO2 50–70 mmHg

10–20 0.21–0.3; 
as low as 
needed

10–15 
(minimum 
needed)

3–5 0.3–0.5

Bronchopulmonary 
dysplasia (BPD)—
early

pH 7.20–7.25, SpO2 91%–95%, 
and PaCO2 50–60 mmHg

20–40 0.3–0.8 
(minimum 
needed)

15–25 
(minimum 
needed)

4–6 0.35–0.5

BPD—severe pH 7.20–7.25, SpO2 91%–95%, 
and PaCO2 50–65 mmHg

20–30 0.3–0.8 
(minimum 
needed)

May be as high 
as 30–40; use 
minimum needed

5–8 0.4–0.7

Term infants

Normal lungs 
(e.g., mechanical 
ventilation during 
surgery)

pH 7.3–7.40, PaO2 70–100 mmHg 
(SpO2 93%–98%), and PaCO2 
40–55 mmHg (35–45 mmHg in 
infants with hypoxic-ischemic 
encephalopathy)

30–50 0.21–
minimum 
needed

10–15 3–5 0.35–0.45

Persistent 
pulmonary 
hypertension of 
newborn (PPHN)

pH 7.35–7.45, PaO2 
60–100 mmHg, SpO2 93%–98%, 
and PaCO2 35–45 mmHg

50–70 0.3–0.8 15–25 3–5 0.3–0.4

Meconium 
aspiration 
syndrome (MAS)

pH 7.35–7.45, PaO2 
60–120 mmHg, SpO2 93%–98%, 
and PaCO2 40–60 mmHg

30–50 0.3–0.8 15–25 2–4 0.4–0.5

Congenital 
diaphragmatic 
hernia (CDH)

pH >7.25, preductal SpO2 85%–
95%, and PaCO2 50–70 mmHg

40–80 0.5–0.9 15–25 3–4 0.25–0.35
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Ventilator management of 
respiratory distress syndrome
RDS due to surfactant deficiency and inactivation is rela-
tively common in preterm infants. The surfactant defi-
ciency leads to microatelectasis of alveoli, a reduction in 
lung compliance, and lower lung volume. The reduced 
lung compliance is associated with very short time con-
stants (0.05–0.1 s) during the acute phase of RDS. Attempts 
to expand atelectatic areas of the lung using higher peak 
pressures may result in volutrauma to both airways and dis-
tal lung parenchyma.

Respiratory support of preterm infants with RDS usu-
ally consists of escalation from either supplemental oxygen 
without pressure (oxyhood, oxygen environment, etc.) or 
CPAP to mechanical ventilation.

The indications for mechanical ventilation consist of 
clinical criteria and blood gas criteria.

Clinical criteria
•	 Respiratory distress with tachypnea (respiratory rate in 

excess of 60–70/min) or severe retractions (intercostal, 
subcostal, and suprasternal).

•	 Inadequate oxygenation (SpO2 <91% with oxygen 
hood or CPAP with FiO2 >0.4 to 0.7).

•	 Apnea unresponsive to medical management (CPAP, 
and methylxanthines such as aminophylline or 
caffeine).

Blood gas criteria
•	 Severe hypercapnia with PaCO2 >55 to 60 mmHg and 

arterial pH <7.2.
•	 Severe hypoxemia with PaO2 <40 mmHg at FiO2 >0.4 

to 0.7.
The clinical course of RDS in individual infants is vari-

able. Some infants, especially those who are depressed at 
birth, are intubated and receive surfactant soon after birth. 
Other infants who are placed on CPAP in the delivery room 
may be unable to maintain oxygenation on CPAP and are 
intubated rapidly, while other infants require gradually 
escalating CPAP/FiO2 or develop severe apnea and are 
intubated at a later time point. Decisions to intubate are 
frequently made on clinical criteria soon after birth, and 
upon blood gas criteria after initial stabilization. The ini-
tial mechanical ventilator settings and strategy have to be 
individualized, based upon the severity of lung disease, 
magnitude of spontaneous ventilation, and other variables 
(e.g., clinical course until then, presence of air leaks). The 
presence of retractions per se is generally not sufficient as 
an indicator of the need for mechanical ventilation.

Recent clinical trials indicate that a conservative 
approach to intubation and mechanical ventilation is bet-
ter. Prophylactic nasal CPAP when compared to mechani-
cal ventilation in very preterm infants reduces the need for 
mechanical ventilation and surfactant, and also reduces 

the incidence of BPD and death or BPD [5]. Recent large 
trials in which antenatal steroid use is common and there 
is routine postdelivery stabilization on CPAP demon-
strate less risk of BPD or death when using early stabiliza-
tion on CPAP with selective surfactant administration to 
infants requiring intubation [6]. Hence, most clinicians 
use prophylactic nasal CPAP in extremely preterm infants, 
and early initiation of CPAP in larger preterm infants, 
with resort to intubation, surfactant administration, and 
mechanical ventilation only in infants who cannot be 
supported on CPAP. As mentioned in the criteria earlier, 
inadequate oxygenation (clinically or on blood gas criteria) 
or apnea is generally considered failure of CPAP. The FiO2 
threshold for “CPAP failure” is variable, depending upon 
clinician preference and clinical characteristics (gestational 
age, postnatal age, severity of RDS), but in general, a lower 
threshold (FiO2 >0.3 to 0.4) is used for smaller sicker pre-
term infants (<28-week GA, <1 kg) soon after birth (<24 h 
of age) and a higher threshold (FiO2 >0.6 to 0.7) for larger 
preterm infants (>32-week GA, >1.5 to 2 kg) and at later 
time points (beyond 48–72 h of postnatal age).

Initial settings for conventional pressure-limited, time-
cycled ventilation for neonates with RDS are a respiratory 
rate of 50–70 breaths/min, with PIP enough to achieve 
chest inspiratory excursions similar to a normal spontane-
ous breath (usually 10–20 cmH2O) and moderate PEEP 
(4–5 cmH2O). The inspiratory time usually ranges from 
0.25 to 0.4 s, and the FiO2 from 0.4 to 0.7 (depending 
upon FiO2 on CPAP at time of transition). These settings 
are not dependent upon factors such as the birth weight or 
gestational age or postnatal age of the infant, but upon lung 
pathophysiology, gas exchange, and lung mechanics. The 
blood gas targets for the initial phase of RDS are usually a 
pH 7.25–7.30, PaO2 50–70 mmHg (SpO2 91%–95%), and 
PaCO2 45–55 mmHg.

Following administration of surfactant, pulmonary 
mechanics may change rapidly, and it may be necessary 
to make ventilator settings adjustments frequently, based 
upon chest excursions, change in oxygen saturation, trans-
cutaneous O2/CO2 measurements, end-tidal CO2 (ETCO2), 
and blood gas measurements. Initial ventilator settings usu-
ally consist of rapid rates and shorter inspiratory times due 
to the short time constants. The combination of rapid rates 
and short inspiratory times, as opposed to shorter rates and 
longer inspiratory times, has been shown to reduce air leaks 
in human infants, and to reduce lung injury in animal mod-
els. The required tidal volume for infants with RDS is often 
in the range of 4–6 mL/kg. It is often preferable to lower 
PaCO2 by increasing minute ventilation, through increases  
in ventilator rate rather than by increasing PIP (unless PIP 
is low to begin with), in order to reduce volutrauma. Simi-
larly, if an infant has a low PaCO2, it is advisable to first 
reduce PIP to lowest required pressure for adequate chest 
movement (and tidal volume), and then reduce rate.
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The initial PIP required (between 10 and 20 cmH2O) 
is usually determined at the time of initiating mechanical 
ventilation by observing the pressures required to produce 
adequate chest movement. If excessive chest movement is 
observed, PIP should be reduced quickly for lung dam-
age can happen rapidly. If inadequate chest movement 
is noted, PIP should be increased rapidly for hypoxemia 
is also detrimental. If PIP increases do not increase chest 
movement or tidal volume, evaluation of potential etiol-
ogies is needed (e.g., tube occlusion by mucus plugging, 
tube dislodgement, pneumothorax) before increasing PIP 
to much higher levels. If tidal volume can be measured, 
the PIP can be adjusted subsequently to use the lowest 
PIP required that produces adequate tidal volume (usually 
4–6 mL/kg) to provide sufficient gas exchange.

Unless an infant has very severe RDS, the duration of 
mechanical ventilation is usually brief (1–3 days). Once 
the infant has been stabilized with appropriate ranges of 
pH, PaO2, and PaCO2, weaning from mechanical ventila-
tion should be aggressively performed. Many clinicians 
find it beneficial to restrict fluid intake (maintaining serum 
sodium in 140–150 mEq/L range, and with 10%–15% 
weight loss in the first few days after birth, which usually 
can be attained by a total fluid intake of 70 mL/kg/day 
in a well-humidified environment such as an incubator) 
[7], and provide methylxanthines (caffeine or aminophyl-
line) for infants with RDS in the initial postnatal days to 
assist with extubation [8,9]. Weaning of the ventilator can 
be performed relatively rapidly (every few hours), if close 
monitoring such as with transcutaneous CO2 monitoring 
or frequent blood gases is provided. During weaning, once 
the PIP has been brought down to relatively low levels (e.g., 
10–12 cmH2O), the FiO2 can be decreased. Maintenance of 
an adequate lung volume (FRC) by use of sufficient MAP 
will ensure ventilation/perfusion (V/Q) matching, enabling 
reductions in FiO2. If reductions in MAP are not possible, 
it is likely that V/Q matching is not adequate and the cause 
may need investigation—it is possible that additional 
doses of surfactant are required, or there are complications 
such as atelectasis. After the first few days, when the risk 
of intraventricular hemorrhage (IVH) is lower, many clini-
cians choose to tolerate a higher PaCO2 (permissive hyper-
capnia), as long as pH is more than 7.2, and the PaCO2 is 
not too high (generally <60 mmHg in the first week, and 
<70 in the second week). It is important to reduce extremes 
of PaCO2 (hypocapnia or hypercapnia), as both extremes 
are associated with neurologic injury [10,11], and hypocap-
nia associated with excessive ventilation may be associated 
with volutrauma and sensorineural deafness.

Infants can generally be extubated from mechanical 
ventilation to CPAP, once they are on sufficiently low set-
tings (rate of less than 20/min, PIP <15 cmH2O, PEEP 
<6 cmH2O, and FiO2 usually <0.40), and have good 
spontaneous respiratory effort. Infants who accidentally 

extubate at settings higher than (but close to) these set-
tings can also be placed on CPAP to evaluate their abil-
ity to stay off the ventilator. In the acute phase of RDS, 
PEEP levels of 5–6 cmH2O may be needed to maintain 
lung inflation and prevent end-expiratory atelectasis. As 
RDS resolves, the PEEP can be reduced slowly to 4-5 cm 
H2O before extubation to CPAP. Reduction of PEEP below 
3 is not recommended while intubated, in order to prevent 
reduction of FRC. During the process of weaning, once the 
PIP has been reduced, and the rate is being reduced slowly, 
the magnitude of spontaneous respiratory effort needs to 
be observed. Infants with good spontaneous effort can 
be weaned faster, while those with inadequate effort may 
need to be evaluated further (excessive PEEP will sup-
press spontaneous ventilator efforts; lack or inadequate 
dosage of methylxanthines; CNS injury; overventilation 
with low PaCO2 that suppresses spontaneous breathing). 
Techniques such as patient-triggered ventilation (PTV), 
pressure support (PS), and synchronized IMV (SIMV) may 
facilitate weaning. Extubation is generally done to NCPAP, 
although extubation to NCPAP in combination with non-
invasive positive pressure ventilation (NIPPV), which may 
be synchronized (SNIPPV), may reduce extubation failure 
(need for reintubation soon after extubation) as well [12]. 
Larger preterm infants with less respiratory distress can 
sometimes be extubated directly to oxygen hood or nasal 
cannula.

There are various alternative techniques of ventilation, 
in addition to conventional pressure-limited, time-cycled 
ventilation, including various methods of volume-targeted 
ventilation (e.g., volume guarantee), high-frequency ven-
tilation (e.g., jet ventilation, oscillatory ventilation), but 
these methods probably offer no advantage and have some 
limitations for the average infant with RDS. For example, 
measurement of tidal volume is rather imprecise and inac-
curate at very low volumes (<5 mL), and hence the infants 
who may benefit the most (ELBW infants at highest risk 
of BPD) may not benefit as much as hoped for by the cli-
nician. High-frequency ventilation is usually attempted as 
a rescue therapy in case of hypoxemic respiratory failure 
despite maximal conventional ventilation, or in cases of air 
leak syndrome (pulmonary interstitial emphysema—PIE or 
pneumothorax).

Management of refractory apnea 
of prematurity
Preterm infants are at high risk of apnea of prematurity 
(AoP), and are usually managed with methylxanthines 
(caffeine or aminophylline) or CPAP, or a combination of 
CPAP with methylxanthines. However, some infants (espe-
cially extremely preterm infants or those with CNS injury) 
have severe apneic episodes that may require resuscitative 
efforts despite CPAP and methylxanthine therapy, and may 
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require a trial of NIPPV, and subsequently may require 
intubation and mechanical ventilation if noninvasive ven-
tilation is not sufficient. As such infants being ventilated 
primarily for apnea have relatively less lung disease, they 
may be ventilated using lower pressures (10–15 cmH2O; 
sufficient for normal chest excursions) and low rates (10–
20/min) and low FiO2 to keep SpO2 91%–95%.

Management of established 
bronchopulmonary dysplasia
While BPD is generally defined at the age of 28 postnatal 
days or 36 weeks’ postmenstrual age, clinicians are gener-
ally aware that an infant is not improving rapidly and is at 
high risk of BPD by 1 or 2 weeks after birth. Most infants 
who have RDS improve rapidly and are extubated before 
the end of the first postnatal week with appropriate care. 
Infants who do not show such rapid improvement and still 
require high IMV settings are at high risk of developing 
BPD. The main objective of ventilator management in BPD 
is to maintain adequate gas exchange while minimizing 
ventilator-associated lung injury. The exact ventilator set-
tings will depend upon the lung mechanics and the status 
of gas exchange. Infants with BPD may have varying injury 
and remodeling to lung parenchyma, vasculature, and air-
ways. Infants with relatively homogeneous lung disease 
may require settings similar to that for RDS, with relatively 
faster rates and lower pressures, while those with patchy 
atelectasis and areas of hyperinflation may do better with 
a strategy of lower rates and higher pressures (and result-
ing higher tidal volumes), with longer inspiratory times (Ti 
0.35–0.5 s; due to longer time constants) as compared to 
infants with RDS. Some infants with severe chronic BPD 
may benefit from volume-targeted ventilation, and with 
tolerance of a higher PaCO2, as long as pH is maintained 
>7.2. Infants with BPD often have better V/Q matching 
with higher levels of PEEP (5–8 cmH2O) as compared 
to infants with RDS. Infants with severe BPD sometimes 
require very high peak pressures (e.g., 30–40 cmH2O) and 
high tidal volumes (e.g., 10 mL/kg) despite relatively lower 
rates (e.g., 20/min) to maintain oxygenation due to severe 
V/Q mismatch, but clinicians should try to reduce these 
settings whenever possible.

It is important to emphasize to the entire clinical team 
the need to wean ventilator support whenever possible, 
despite frequent swings in clinical status. The default tech-
nique is usually to increase ventilator settings rapidly dur-
ing episodes of deterioration, but wean settings very slowly 
in between such episodes, which leads to a progressive 
increase in ventilator settings over time that aggravates 
ventilator-induced lung injury. Infants with severe BPD can 
often be extubated to CPAP/noninvasive PPV at reasonably 
high MAPs (7–10 cmH2O), rates (10–20/min), and high 
FiO2 (>0.4). A key determinant for whether extubation 

will be successful or not in such infants is the magnitude 
of spontaneous respiratory effort (which often generates 
pressures and tidal volumes exceeding those provided by 
the ventilator).

Infants with BPD are at high risk for pulmonary hyper-
tension, and it is recommended that preterm infants be 
screened regularly (probably starting at about a month of 
age, and then monthly, if still on substantial respiratory 
support) by echocardiography for the development of this 
complication. Infants diagnosed with pulmonary hyperten-
sion in the setting of BPD may need additional specialized 
investigation (e.g., CT angiography, cardiac catheterization) 
and therapy (e.g., inhaled nitric oxide, sildenafil, higher 
oxygen saturation targets). In a few patients with severe 
BPD, who remain mechanically ventilated for months, 
tracheostomy may benefit in maintenance of an airway, 
assisting pulmonary toilet, and reducing dead space. Some 
infants may also benefit from neutrally adjusted ventilatory 
assist (NAVA) in which ventilator assistance is provided in 
proportion to and in synchrony with the patient’s respira-
tory efforts as indicated by electrodes that pick up the elec-
trical activity of the diaphragm.

Alternative modes of ventilation such as high-frequency 
ventilation are generally not superior to conventional 
ventilation in severe chronic BPD, due to higher airway 
resistance that reduces the efficacy of gas exchange during 
high-frequency ventilation.

Term infants requiring mechanical 
ventilation
1. Term infants with normal lungs (e.g., infants requiring 

mechanical ventilation due to need for general 
anesthesia or due to neurologic issues)

 Term infants who have normal lungs but need 
mechanical ventilation either briefly (e.g., during 
surgical procedures) or for a prolonged duration (e.g., 
for neuromuscular conditions) need to be ventilated 
using low pressures (10–15 cmH2O; just sufficient for 
normal chest excursions) and moderate rates (30–50/
min) and low FiO2 (if lungs are normal, and there 
is no major systemic illness, the required FiO2 is 
usually <0.25). It is important to monitor for apnea 
and desaturation after extubation, even after brief 
ventilation.

 Infant with hypoxic-ischemic encephalopathy (HIE) 
may occasionally have lung pathology, but more 
often have impaired control of breathing. They may 
be apneic due to severe brain injury, or tachypneic 
due to metabolic acidosis. Infants with HIE are often 
treated with therapeutic hypothermia, and in such 
cases, it is important to remember that hypothermia 
shifts the oxyhemoglobin dissociation curve to the 
left (increases oxygen saturation for a given PaO2). To 
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avoid disruptions in cerebral blood flow, it is necessary 
to maintain PaCO2 in the 35–45 mmHg range as much 
as possible. To avoid additional brain injury due to 
either hypoxia or hyperoxemia, it is also necessary 
to maintain oxygenation in the normal range (PaO2 
70–100 mmHg). The ventilator settings required in 
such infants is usually that required for infants with 
normal lungs (low pressures, moderate rates, and low 
FiO2, as indicated in the previous paragraph), unless 
the infant develops fluid overload, ARDS, pulmonary 
hemorrhage, or other morbidity associated with HIE.

2. Term infants with abnormal lungs or pulmonary 
circulation (e.g., infants with persistent pulmonary 
hypertension of the newborn (PPHN), MAS, CDH, or 
other disorders)

 Term infants with PPHN usually have severe 
hypoxemia out of proportion to clinically or 
radiographically lung disease, due to extrapulmonary 
shunting (usually at ductal level, and sometimes 
at the atrial level). As hypoxemia and acidosis are 
known to increase pulmonary vascular resistance 
and increase right to left shunting, the strategy is 
to avoid hypoxemia and acidosis. The usual goal is 
to maintain PaO2 60–100 mmHg, and a pH in the 
7.35–7.45 range. Initially, infants may be provided 
oxygen by hood or CPAP to prevent hypoxemia, but 
if hypoxemia is persistent (e.g., SpO2 <90%, PaO2 
<50 mmHg) or respiratory acidosis is present (e.g., pH 
<7.2 with PaCO2 >55 mmHg), infants may need to 
be intubated and mechanically ventilated. Mechanical 
ventilation with faster rates (50–70/min) and relatively 
short inspiratory times (Ti 0.3–0.4 s) may help reduce 
PaCO2, preventing respiratory acidosis. In infants 
with persistent hypoxemia or hypercapnia, it is better 
to start inhaled nitric oxide (induces pulmonary 
vasodilation, improves V/Q matching) early (e.g., at 
Oxygenation Index of 15–20), rather than increase 
ventilator pressures and rates very high before 
initiating nitric oxide. This is because use of very high 
ventilator pressures or rates in the setting of PPHN may 
lead to excessive MAP and further reduce pulmonary 
circulation.

 Infants with MAS may have areas of atelectasis, 
gas trapping, and areas of chemical pneumonitis. 
Many of the infants with MAS also have pulmonary 
hypertension, and the general goals of therapy are the 
same. However, if gas trapping is noted, the expiratory 
time should be increased (>0.5 s, perhaps as much 

as 0.7–1 s), and PEEP decreased (to 2–4 cmH2O). 
If oxygenation is borderline but adequate (e.g., 
SpO2 88–92, PaO2 45–60 mmHg) and there is no 
pulmonary hypertension, it may be preferable to 
conservatively manage such infants without further 
increases in ventilator settings (in order to reduce 
the risk of air leaks). Adjunct therapies such as iNO 
and surfactant therapy should be considered early, 
rather than later. Infants with MAS and pulmonary 
hypertension should have higher oxygen saturations 
(e.g., SpO2 93%–98%) and PaO2 (e.g., PaO2 
70–120 mmHg) targeted, in order to reduce hypoxemic 
episodes that may exacerbate pulmonary hypertension. 
In general, most clinicians prefer to increase FiO2 
before increasing ventilator pressures (as long as tidal 
volume and chest excursions are adequate), in the 
setting of MAS, in order to reduce the risk of air leaks.

 Infants with CDH require specialized management in 
collaboration with pediatric surgeons. Most centers 
now use a strategy of “gentle ventilation” with initial 
cardiopulmonary stabilization followed by delayed 
surgical repair (sometimes while on ECMO). The 
general goals of therapy are often to maintain sufficient 
preductal oxygenation (preductal SpO2 >90% 
preferably, or at least 85%) while tolerating higher 
PaCO2 (up to 60–65 mmHg) as long as pH is adequate 
(>7.25). The initial settings are usually rapid rates 
(40–80/min), adequate PIP for tidal volume delivery/
chest movement (usually 15–25 cmH2O), short 
inspiratory times (Ti 0.25–0.35 s), with FiO2 as needed 
to maintain adequate oxygenation (often >0.70).

Conclusion

The principles of ventilation for neonates vary with lung 
pathology, size of the infant, and associated morbidities 
(such as cardiac dysfunction and pulmonary hyperten-
sion). Close monitoring using noninvasive (SpO2, ETCO2, 
transcutaneous monitoring) and invasive techniques 
(blood gases) with frequent adjustment of ventilator set-
tings will reduce morbidity and mortality. Lung protective 
strategies include optimizing ventilator support with gentle 
ventilator techniques to limit barotrauma, volutrauma, and 
atelectotrauma. Reducing the duration of invasive mechan-
ical ventilation, especially in extremely preterm infants, is 
likely to decrease the extent of lung injury and BPD.
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CHAPTER POINTS

•	 Respiratory distress syndrome is the most common 
pulmonary problem in premature infants secondary 
to inadequate surfactant synthesis. Diagnosis is 
based on classic clinical picture with radiographic 
evidence supporting uniform opacification of 
lungs. Mangement strategies include prenatal 
corticosteroids, non invasive ventilation in the 
delivery room, early selective surfactant therapy 
and minimizing exposure to mechanical ventilation. 
Complications can be prevented by early caffeine 
therapy, permissive hypercapnia, postnatal steroids in 
selected patients and optmizing nutrition.
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Introduction

Respiratory distress syndrome (RDS), also known as hyaline 
membrane disease (HMD) due to surfactant deficiency, is the 
principal cause of respiratory distress in preterm infants who 
require immediate intervention during fetal to neonatal tran-
sition at birth. Surfactant is produced by type II pneumocytes, 
lining the alveoli. Type II pneumocytes cover approximately 
10% of alveolar surface area and play an important role in 
surfactant metabolism and secretion. Surfactant is composed 
of phosphatidylcholine (PC), surfactant associated proteins, 
plasmalogens, phosphatidylglycerol, and other acidic phos-
pholipids [1] (Fig. 24.1). Most important component of 
surfactant is dipalmitoyl PC or DPPC. Four surfactant-asso-
ciated proteins, namely, SP-A, SP-B, SP-C, and SP-D, have 
been identified to date [2]. SP-A and SP-A belong to a group 
of proteins, called lectins, and work like endogenous anti-
biotics. SP-A and SP-D are hydrophilic proteins and help 
to maintain “sterility” of the lung due to their role in host 
defense. SP-B and SP-B are extremely lipophilic and help to 
maintain “stability” of the lungs by lowering the surface ten-
sion in the lung and help to maintain functional residual 

capacity. Homozygous SP-B deficiency results in severe respi-
ratory failure and needs lung transplantation for survival. 
DPPC requires SP-B, SP-C, and antioxidant phospholipid 
plasmalogen to spread and adsorb onto the entire surface 
area of the lung to lower the surface tension [3].

Surfactant metabolism

1. Synthesis: Synthesized in the microsomes and 
transported as lamellar bodies. Surfactant proteins are 
made in the endoplasmic reticulum and glycosylated 
in the Golgi bodies before storage. Lamellar bodies 
containing SP-A, SP-B, and SP-C are the intracellular 
storage form of surfactant [4] (Fig. 24.2).

2. Transport: Transporter proteins, such as ATP-binding 
cassette protein-A3 (ABCA3), are responsible for 
lamellar body formation and secretion. Patients with 
ABCA3 splicing mutation have smaller and denser 
lamellar bodies and develop severe RDS. By a process 
of exocytosis, lamellar bodies are secreted into the 
alveolar subphase and in the presence of SP-A form 
tubular myelin. Tubular myelin unravels to form 

Fig. 24.1 Surfactant Composition. DPPC, dipalmitoylphosphatidylcholine; PC, phospphatidyl choline; PE, phosphatidyl 
ethanolamine; PG, phosphatidyl glycerol; PI, phosphatidyl inositol; PL, phospholipid; surf, surfactant; unsat, unsaturated.  
Modified from Hamm H, Fabel H, Bartsch W. The surfactant system of the adult lung: physiology and clinical perspectives. Clin 
Invest 1992;70:637–657 [1].
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mono- or multilayers at the air–liquid interface, thus 
lowering surface tension.

3. Recycling: Residual surfactant is effectively recycled 
by endocytosis into type II pneumocytes, repackaged, 
and secreted again. Recycling decreases the need for de 
novo synthesis. Nearly 95% of the secreted surfactant 
is recycled. Exogenously administered surfactant is also 
recycled.

4. Clearance: Alveolar macrophages catabolize surfactant 
remnants, and some of the surfactant is lost in the 
exhaled gas.

5. Highest amount of surfactant is present at birth in term 
babies with 100 mg/kg, whereas estimated pool size in 
preterm neonates with RDS is about 3–5 mg/kg.

6. A number of conditions or hormones influence the 
surfactant metabolism. Factors that accelerate lung 
maturation are chronic maternal hypertension, 
intrauterine growth restriction, pregnancy-
induced hypertension, chorioamnionitis, 
corticosteroids, thyroid hormones, beta-agonists, and 
methylxanthines. Similarly, a number of factors also 
delay lung maturation or surfactant production. These 
include uncontrolled or poorly controlled maternal 
diabetes, Rh isoimmunization, second-born twin, 
male sex, cesarean delivery, insulin, and androgens.

Surfactant functions
1. Reduction of surface tension
2. Increase in lung compliance
3. Decreased work of breathing
4. Prevention of alveolar collapse at end-expiration
5. Enhanced fluid clearance

6. Decreased opening pressure
7. Decreased precapillary tone
8. Host defense

Surfactant lowers the surface tension at the air–liquid 
interface dynamically. Surface tension is high when the 
alveolar diameter becomes smaller at the end of expiration. 
Infants with surfactant deficiency develop end-expiratory 
atelectasis. Relationship between collapsing pressure and 
surface tension is well described by LaPlace equation: 
Pressure = 2 × Surface tension/radius.

Pathophysiology of RDS

Inadequate surfactant synthesis in the premature infants 
leads to decreased lung compliance and lower end-expira-
tory volumes. Resulting atelectasis causes ventilation per-
fusion mismatch. This consequently leads to hypoxia and 
hypoventilation. Lung injury initiated by positive pressure 
ventilation and/or supplemental oxygen causes inflamma-
tion, mediated through cytokine release. Pulmonary edema 
is the end result of inflammation, with decreased pulmo-
nary fluid clearance, and low urine output (Fig. 24.3). Sur-
factant inactivation also contributes toward development 
of RDS. Inactivation can occur secondary to the presence 
of blood or meconium in alveoli as well as mechanical 
ventilation (MV) causing mechanical stress and oxidation 
injury. Because of the developmental regulation of surfac-
tant production and release, premature delivery is the most 
common cause of surfactant deficiency. In addition, muta-
tions in the genes encoding surfactant proteins SP-B and 

Fig. 24.2 Surfactant Metabolism. AM, alveolar macrophage; art; artery; LB, lamellar bodies; SA, small aggregate surfactant. 
Modified from Ramanathan R. Surfactants in the management of respiratory distress syndrome in extremely premature infants. 
J Pediatr Pharmacol Ther 2006;11:132–144 [4].
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SP-C [5,6] and ABCA3 [7–10] may also cause surfactant 
deficiency with dysfunction, and respiratory failure espe-
cially in infants born late preterm or at term (Table 24.1).

Epidemiology of RDS

More than half of the infants born before 28 weeks of ges-
tation develop RDS compared to about a third in infants 

born between 28 and 34 weeks of gestation (Fig. 24.4). RDS 
is the primary cause of death as well as disability in pre-
term infants. Extremely premature infants pose the highest 
risk for development of RDS occurring in more than 95% 
for infants born less than 26 weeks of gestation [11]. The 
incidence lowers with advancing gestational age manifest-
ing in about 5%–10% of infants ≥34 weeks of gestation 
[12]. Additionally, up to 1% of the early term infants at 37 
and 38 weeks of gestation also develop RDS (Fig. 24.4). 
Caucasian race and male sex pose additional risks at 
34–39 weeks of gestation. Gestation age less than 39 weeks, 
operative delivery maternal diabetes, and maternal chorio-
amnionitis are also other risk factors in this cohort [13].

Prenatal diagnosis of RDS

RDS can be diagnosed prenatally using various tests done 
on amniotic fluid such as lecithin sphingomyelin ratio, 
phosphatidyl glycerol levels, and lamellar body counts 
[14] (Table 24.2). Although fetal lung maturity testing 
may help identify fetuses at risk of RDS, mature fetal pul-
monary test results may not reliably predict other adverse 
outcomes and should not justify a delivery without other 
indications [15].

Clinical features

Symptoms can occur in most of the affected infants within 
minutes of birth in the delivery room as lung function is inad-
equate necessitating positive pressure support. Some infants 
in whom the surfactant inactivation occurs may not manifest 
at birth but slowly deteriorate over first few hours of life.

Presenting features

•	 Tachypnea
•	 Nasal flaring
•	 Grunting
•	 Intercostal and subcostal retractions
•	 Severe cases—apnea and cyanosis
•	 Physical examination—bilaterally decreased breath 

sounds on auscultation

Clinical course
Natural course of RDS includes deterioration for first 
48–72 h followed by improvement due to synthesis of 
endogenous surfactant. With advent of exogenous surfac-
tant, recovery could be faster with return of lung function 
within hours of its administration.

Fig. 24.3 Pathophysiology of RDS.
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Laboratory findings and diagnosis

Diagnosis is clinical with classic presentation of deterio-
rating lung function after birth supported by radiological 

findings of homogenous reticulogranular or ground glass 
pattern in lung parenchyma with air bronchogram and 
low lung volume (Figs. 24.5 and 24.6). Blood gas findings 
include hypoxemia and hypercarbia. Lung ultrasound is 
also increasingly being used to make the diagnosis of RDS.

Table 24.1  Characteristics of European- and African-descent single ABCA3 mutations for neonatal RDS

Characteristic European descent P African descent P

RDS (n = 112) Non-RDS (n = 161) RDS (n = 44) Non-RDS (n = 196)

Gender 0.51 <0.001

 Female 47 (0.42) 74 (0.46) 10 (0.23) 101 (0.52)

 Male 65 (0.58) 87 (0.54) 34 (0.77) 95 (0.48)

Gestational age, 
mean ± SD (weeks)

37.0 ± 1.7 38.2 ± 1.6 <0.001 37.6 ± 2.7 38.9 ± 1.7 0.003

Birth weight, 
mean ± SD (kg)

3.1 ± 0.6 3.1 ± 0.7 0.37 2.9 ± 1.0 3.1 ± 0.4 0.08

Route of delivery 0.54 <0.001

 Vaginal 55 (0.49) 73 (0.45) 15 (0.34) 133 (0.68)

 Cesarean 57 (0.51) 88 (0.55) 29 (0.66) 63 (0.32)

Source: Modified from Wambach JA, Wegner DJ, Depass K, Heins H, Druley TE, Mitra RD, et al. Single ABCA3 mutations increase risk for neonatal 
respiratory distress syndrome. Pediatrics 2012;130:e1575–e1582 [10].

Fig. 24.4 Incidence of RDS.
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Differential diagnosis

Several conditions mimic RDS clinically but can be differ-
entiated by radiologic as well as laboratory tests. Transient 
tachypnea of newborn usually occurs in more mature 
infants. It presents with milder symptoms and recov-
ers early without needing much mechanical ventilator 
support. Pneumothorax is a complication of RDS second-
ary to rupture of alveoli and can be diagnosed radiologi-
cally with the presence of extrapulmonary air leak. Bacterial 
pneumonia with or without sepsis may have similar presen-
tation and is generally difficult to distinguish, as both clini-
cal and radiologic findings could be similar in both these 
conditions. Identification of bacteria in tracheal aspirate or 
blood culture may help point the correct diagnosis. Other 
rare pulmonary diseases such as congenital surfactant pro-
tein deficiency, pulmonary hypoplasia, and other anoma-
lies sometimes mimic RDS presentation (Table 24.3).

Management of RDS

The aim of managing RDS is to enhance survival and 
minimize long-term adverse outcomes such as broncho-
pulmonary dysplasia (BPD). Many treatment strategies 

Fig. 24.5 Chest Radiograph Demonstrating Mild RDS.

Fig. 24.6 Chest Radiograph Demonstrating Moderate-to-
Severe RDS.

Table 24.3  Differential diagnosis of RDS

Condition How to differentiate

Transient 
tachypnea of 
newborn

Mature infants
Milder symptoms
Quicker recovery

Pneumothorax Unequal breath sounds
Glow on transillumination
Air leak on x-ray

Bacterial 
pneumonia

Patchy infiltrates on chest x-ray; isolation 
of bacteria from tracheal aspirate
Other systems affected
Abnormal blood counts, elevated CRP

Pulmonary 
hypoplasia

History of anhydramnios or 
oligohydramnios
Needs very high pressures
Little improvement after surfactant
Presence of PPHN

Lung 
anomalies

Prenatal diagnosis
Radiological findings

CRP, C-reactive protein; PPHN, persistent pulmonary hypertension 
of newborn

Table 24.2  Prenatal tests for fetal lung maturity

Amniotic fluid test
Predictive value 
of RDS (%)

L/S ratio >2.0 <0.5

L/S ratio <1.0 100

Phosphatidylglycerol (PG) present <0.5

L/S ratio >2.0, no PG >80

L/S ratio >2.0, PG+ 0

L/S ratio >2.0 and diabetes or Rh 
isoimmunization

13

Lamellar body counts >50,000 0

L/S, Lecithin/Sphingomyelin
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have evolved over last 4 decades. Several clinical trials are 
still continuing evaluating new therapies both for preven-
tion and treatment. Summary of management is shown in 
Table 24.4.

Prenatal management

Management of RDS begins before birth if preterm deliv-
ery cannot be prevented. For impending preterm deliveries, 
interventions that prolong gestation even by few days may 
prepare the fetus for a better outcome. Diagnostic measures 
such as cervical length measurement and fetal fibronectin 
testing may help identifying imminent delivery and could 
be managed more aggressively [16]. Use of tocolytic 
medications may help delay in delivery allowing transfer 
to a center more equipped with the skilled personnel to 
take care of premature infants or allow time for the prenatal 
corticosteroid to have full effect [17].

Antenatal corticosteroid therapy
In 1969, Liggins found that preterm lambs had air in their 
lungs after pregnant sheep received dexamethasone [18]. 
The first randomized controlled trial was done by Liggins 
in 1972 in humans using betamethasone in 282 preg-
nant women with threatened or planned delivery prior to 
37 weeks of gestation. The study showed sixfold decrease 
in RDS for infants born less than 32 weeks and overall 
mortality decreased by fivefold [19]. Since then, several 
studies have shown the benefits of using antenatal steroids 
in threatened preterm delivery. A recent Cochrane review 
compared the results from 30 studies which showed that 
the administration of corticosteroids decreased risk of 
perinatal death, neonatal death, RDS, and intraventricular 
hemorrhage in preterm infants [20].

Mechanisms of action

•	 Maturational changes in fetal lung architecture
•	 Increased synthesis of surfactant
•	 Increased release of surfactant

Recommendations

•	 All pregnant women between 23 and 34 weeks who 
are at risk of preterm delivery within the next 7 days to 
prevent or decrease the severity of neonatal RDS [21].

•	 A single course for pregnant women between 34 0/7 
and 36 6/7 weeks of gestation at risk of preterm birth 
within 7 days, and who have not received a previous 
course of antenatal corticosteroids [22].

•	 A single repeat course of steroids may be considered if 
preterm birth does not occur within a week after the 
initial course and subsequent assessment demonstrates 
that there is a high risk of preterm birth in the next 
7 days as recommended by WHO [23].
The optimal treatment to delivery interval is more than 

24 hours and less than 7 days after the initiation of ste-
roid treatment. Whether steroids should be repeated in 1 
or 2 weeks after the first course for women with threatened 
preterm labor is debatable. Repeat courses have not shown 
any reduction in neonatal death, but have shown to reduce 
RDS and other short-term health problems at the cost of 
reduction in birth weight and paucity of long-term ben-
eficial effects [24]. Repeat courses given after 32 weeks of 
gestation are unlikely to improve outcome, and have not 
shown any benefit by 5 years of age with regard to reduc-
tion in death or disability [25].

Delivery room management

Infants with RDS have difficulty maintaining oxygen-
ation as well as ventilation after birth. Updated Neonatal 

Table 24.4  Management of RDS

Timing Strategies

Prenatal 
management

Vaginal progesterone in women with 
short cervix to prevent preterm delivery
Antenatal corticosteroids (AS)
Tocolysis to gain time to give AS

Delivery room 
management

Thermoneutral environment
Use of blended gas
CPAP/NIPPV
Sustained inflation

Early 
treatment in 
NICU

Rescue surfactant therapy
INSURE/minimally invasive technique

Treatment 
after 
stabilization

Noninvasive ventilation
Caffeine administration
Volume guarantee mode to decrease 
volutrauma
Permissive hypercapnia
Permissive hypoxemia
Postnatal steroids in select cases

Supportive 
treatment

Maintain temperature 36.5–37.5°C
Restricted fluid intake during the first 
2 weeks
Early optimized nutrition
Exclusive breast milk-based nutrition
Antibiotics only when necessary
Maintain blood pressure and control PDA

INSURE, intubation surfactant extubation; PDA, patent ductus 
arteriosus
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Resuscitation Program Guidelines were published in 2016, 
highlighting recent evidence-based approaches to assess 
and support infants during the immediate postnatal period 
[26]. Resuscitation training courses typically focus on 
infants with apnea secondary to prolonged hypoxia with 
the emphasis on achieving positive pressure ventilation by 
observing adequate chest rise, and identifying a baby to be 
well while monitoring oxygen saturations. Preterm infants 
with RDS may require more time to transition, and there-
fore one must limit exposing them to a minimum number 
of interventions that may cause harm [27].

Blended air and oxygen
Air is better than oxygen for resuscitation of term infants 
for reduced mortality, and 100% oxygen is harmful to the 
preterm infants, due to increased oxidative stress [28]. To 
achieve normal transitional oxygen saturations measured by 
pulse oximetry, extremely low birth weight infants usually 
require oxygen between 30% and 40% [29,30]. One should 
start with lower supplemental oxygen and increase as needed 
rather than starting with high and decreasing to reduce oxi-
dative stress, although starting with 21% may not be possible 
for the most immature infants who may need at least around 
30% oxygen. A recent meta-analysis did not show any dif-
ference in the risk of death or common preterm morbidities 
when comparing lower (30% or less) with higher (60% or 
more) FiO2 in resuscitation of less than 29 weeks of gesta-
tion infants [31]. In our center, we typically start with room 
air (FiO2 of 21%) during resuscitation and increase oxygen as 
needed. Our priority is to establish ventilation and increase 
heart rate to >100/min during resuscitation.

CPAP and NIV
To provide effective CPAP from birth, the T-piece device is 
a better choice than a self-inflating bag [32]. CPAP during 
stabilization can be delivered either by face mask or by a 
short nasal interface [33]. Our study showed use of modi-
fied nasal cannula provided adequate noninvasive support 
to decrease intubation rates in very low birth weight pre-
mature infants with RDS [34]. For spontaneously breathing 
preterm infants, provision of CPAP alone could be optimal, 
and use of positive pressure breaths may risk injury to the 
immature lung [35].

Sustained inflation
Sustained inflation has shown promising results in initial 
studies with improvement in heart rate and oxygen satura-
tions, decreased need for intubation, and decreased dura-
tion MV [36–38]. Currently, use of sustained inflation 
during neonatal resuscitation has been limited to research 
studies. The Sustained Aeration of Infant’s Lungs trial 

involving 600 infants between gestational age of 23 and 
26 weeks is currently underway [39].

Surfactant therapy: type, timing, 
technique for surfactant treatment

Exogenous surfactant therapy acutely improves pulmo-
nary gas exchange until enough endogenous surfactant is 
produced in preterm infants. The use of exogenous sur-
factant to prevent and treat RDS has been the standard of 
care for more than 3 decades [40]. Several commercially 
available surfactants, both synthetic- and animal-derived, 
have been shown to be clinically effective for the treat-
ment of RDS [41,42].

Types of surfactant

Synthetic surfactants

First-generation synthetic surfactants. First two stud-
ies published in the 1960s did not show any benefit when 
nebulized DPPC was administered to treat RDS [43,44]. This 
is because DPPC as a crystalline gel and rigid form at physio-
logic temperatures had difficulty adsorbing at the air–liquid 
interface. In 1987, a 10-center trial of a synthetic surfactant, 
pumactant (artificial lung expanding compound [ALEC]) 
composed of DPPC, and PG in very preterm infants showed 
significant reduction in mortality and respiratory support 
[45]. The development of alternate additives replacing roles 
of SP-B and SP-C, namely, tyloxapol and hexadecanol, led 
to production of first FDA-approved protein-free surfactant, 
colfosceril palmitate (Exosurf, Burroughs Wellcome, Lon-
don, UK) for the treatment of RDS in the United States. Over 
next few years, several randomized clinical trials using Exo-
surf for the prevention and treatment of RDS showed signifi-
cant reduction in neonatal and infant mortality as well as air 
leaks [46]. However, a meta-analysis in 2001 showed that 
treatment with these first-generation synthetic surfactants, 
such as colfosceril palmitate or pumactant, was associated 
with increased mortality and a greater risk of pneumothorax 
when compared to newer animal-derived surfactants [47]. 
The inferiority of first-generation synthetic surfactants was 
thought be related to lack of SP-B and SP-C.

Second-generation synthetic surfactants. Due to 
possibilities of infectious and antigenic complications 
from animal-derived surfactants, suboptimal response to 
first-generation synthetic surfactants, and high cost of their 
production, second-generation synthetic surfactants con-
taining compounds similar to the structure and functions of 
SP-B or SP-C were developed. The main advantages of such 
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preparations were the consistency in the amounts of these 
compounds and the possibility of decreasing risks related 
to transmission of infections. The two synthetic surfactants 
that had undergone clinical trials were lusupultide (Ven-
ticute, Takeda Pharmaceuticals, Zurich, Switzerland) and 
lucinactant (Surfaxin; Discovery Laboratories, Warrington, 
PA). Lusupultide contains recombinant SP-C. It was not 
studied in neonates and was mainly used in clinical trials in 
adults with acute lung injury in which short-term benefits 
were not accompanied by improvements in survival [48]. 
Lucinactant contains two phospholipids, a fatty acid, and 
sinapultide (KL4), a 21-amino acid hydrophobic synthetic 
peptide, which has similar activity to SP-B. The US Food 
and Drug Administration approved use of lucinactant in 
2012 [49]. Lucinactant was available as a gel formulation 
in single-use vials of 8.5 mL. When ready to administer, 
it required warming for 15 min in a dry block heater at 
44°C. Free flowing suspension was formed after vigorous 
shaking and then allowed to cool to body temperature. The 
approved dose was 5.8 mL/kg to be administered intratra-
cheally as frequently as every 6 h for up to 4 doses in the 
first 48 h of life [50].

Studies with synthetic- versus 
animal-derived surfactants
Lucinactant was compared to colfosceril palmitate and 
beractant in a trial enrolling 1294 infants who were 
≤32 weeks of gestation [51]. Prophylactic surfactant was 
administered within the first 30 min of life. Significantly 
decreased rates of RDS at 24 h after birth were noted along 
with a significant reduction in RDS-related mortality in the 
lucinactant group. Lucinactant also reduced BPD rates at 
36 weeks when compared to colfosceril palmitate. There 
was a significant reduction of RDS-related deaths in the 
lucinactant group when compared to beractant, and over-
all mortality was also marginally higher with beractant. 
However, no differences in other morbidities related to 
prematurity were seen between the lucinactant and ber-
actant groups. The Surfaxin Therapy Against RDS (STAR) 
study compared lucinactant with poractant alpha in 
infants with gestational ages ranging from 24 to 28 weeks 
and birth weights 600–1250 g as a noninferiority trial. The 
study was stopped midway due to slow recruitment [52]. 
In these two published randomized trials, lucinactant has 
been shown to be safe and effective to reduce mortality 
associated with RDS [51,52]. These data suggest that this 
second-generation synthetic surfactant was comparable 
with animal-derived preparations in outcomes, and in fact, 
superior to first-generation synthetic surfactant. Difficulties 
with the use of lucinactant were its high viscosity at room 
temperature, the need for warming before its use, and the 
requirement of administering large volume. Lucinactant 
was withdrawn from the market in 2015. Currently, neither 

the first- nor the second-generation synthetic surfactants 
are available for intratracheal administration to treat RDS 
in the United States or elsewhere.

Animal-derived surfactants

Preclinical studies

In 1972, Enhorning and Robertson showed that preterm 
rabbits treated with natural surfactant containing both 
phospholipids and proteins improved the signs of RDS 
[53]. In 1973, they showed that pharyngeal deposition of 
natural surfactant was effective [54]. Adams et al. also dem-
onstrated beneficial effects when natural bovine surfactant 
was instilled into the trachea of lambs in 1978 [55].

Clinical studies with animal-derived 
surfactants

The first successful exogenous surfactant administered 
in newborn infants with RDS was in 1980 in 10 preterm 
infants, with a surfactant prepared from minced bovine 
lungs (surfactant TA) [56]. After this report, several ran-
domized, controlled, clinical trials have been performed 
involving bovine or porcine surfactants in preterm infants. 
Different animal-derived surfactants are available world-
wide. Three major animal-derived surfactants studied have 
unique features, for example, lavage versus solvent extrac-
tion for calf lung surfactant extract (Infasurf, Forest Labs, 
New York, NY) and specific additives in the lipid extract 
of bovine mince, beractant (Survanta, Abbott Laborato-
ries, Columbus, OH). Poractant alpha (Curosurf, Chiesi 
Farmaceutici, Parma, Italy), a porcine surfactant developed 
by Bengt Robertson and Tore Curstedt, was used in a pilot 
clinical trial in 1987 [57]. Poractant alpha undergoes an 
additional step, called liquid gel chromatography, resulting 
in pure form of polar lipids with a phospholipid concentra-
tion of 76 mg/mL. Furthermore, poractant alpha contains 
the highest concentration of DPPC, SP-B, and plasmalogen 
compared to beractant and calfactant [58] (Table 24.5). 
Poractant alpha is also the lowest viscosity surfactant mak-
ing it ideal for less invasive surfactant treatment (LIST) 
techniques, with less reflux of the drug and better tolerance.

Bovine surfactants

Trials comparing beractant and calfactant have not dem-
onstrated any significant differences in clinical outcomes 
or dosing-related complications. However, among infants 
treated for RDS, a subgroup of those who received calfac-
tant had clinical improvement with longer interval between 
doses, a lower inspired oxygen concentration, and a lower 
mean airway pressure in the first 72 h of life compared to 
infants treated with beractant [59–61] (Table 24.6).
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Porcine surfactant

The first multicenter trial of poractant alpha showed reduced 
neonatal mortality as well as incidence of pulmonary intersti-
tial emphysema (PIE) and pneumothorax after comparison 
with control group in preterm infants with severe RDS [62]. 
A second trial by Speer demonstrated efficacy of multiple 
doses of poractant alpha. There was a rapid improvement in 
oxygenation as reflected by a threefold increase in arterial to 
alveolar oxygen tension ratio within 5 min after surfactant 

instillation noted with additional doses. In addition, venti-
latory requirement was reduced in the multiple-dose group 
[63]. Subsequent studies of poractant alpha showed that early 
treatment was favored than later administration [64–66].

Bovine versus porcine surfactant

Six randomized clinical trials comparing poractant alpha 
and beractant have been published to date [67–72] 
(Table 24.7).

Table 24.5  Composition of commonly used surfactants worldwide

Surfactant Preparation
Phospholipids 
(mg/mL)

DPPC  
(mg/mL)

Total 
proteins 
(mg/mL)

SP-B  
(mg/
mL)

PLMGN 
(mol% 
total PL)

Poractant 
alpha 
(Curosurf)

Minced porcine lung 
extract—purified via liquid 
gel chromatography

76 30 1 0.45 3.8 ± 0.1

Beractant 
(Survanta)

Minced bovine lung 
extract/DPPC, palmitic 
acid, tripalmitin

25 11–15.5 <1 Not 
specified

1.5 ± 0.24

Calfactant 
(Infasurf)

Bovine lung lavage/DPPC, 
cholesterol

35 16 0.7 0.26 Not specified

CLSE BLES Bovine lung lavage 27 Not 
Specified

0.176–0.5 Not 
Specified

Not specified

Composition of natural, modified surfactants.

DPPC, Dipalmytoylphosphatidylcholine; PLMGN, plasmalogen.
Source: Modified from Sardesai S, Biniwale M, Wertheimer F, Garingo A, Ramanathan R. Evolution of surfactant therapy for respiratory distress 
syndrome: past, present, and future. Pediatr Res 2017; 81:240–248 [58].

Table 24.6  Comparison of bovine versus bovine surfactant preparation: beractant versus calfactant

Trials (3) N Arm GA BW Results

Bloom 
et al. [59]

374 Prophylaxis ≤29 weeks <1250 g Primary—no difference in need for second dose
Secondary—CA: longer dosing interval after 
second dose

608 Rescue N/A ≤2000 g Primary—no difference in need for third dose
Secondary—CA: lower average FiO2 
requirement and MAP 0–72 h

Attar et al. 
[60]

40 Rescue <37 weeks N/A Primary—no difference in lung compliance

Bloom and 
Clark [61]

749/2000 Prophylaxis 23–29 weeks N/A Primary—no difference in BPD at 36 weeks
Early trial closure*

1361/2080 Rescue N/A 401–2000 g Primary—no difference in BPD at 36 weeks
Early trial closure*

Clinical outcomes in three comparative studies (rescue = 648). Beractant (Survanta) versus Calfactant (Infasurf).

BW, birth weight; GA, gestational age.
*Early trial closure prevents us from either accepting or rejecting our null hypothesis.
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All these studies showed faster weaning of oxygen and 
mean airway pressure, less need for 2 or more doses, less days 
on MV, lower mortality in ≤32 weeks of gestation infants, 
less air leaks and patent ductus arteriosus (PDA), and higher 
rates of survival without BPD with use of poractant alpha 
when compared to beractant treated infants. In a systematic 
review and meta-analysis of five randomized controlled trials, 
529 infants were compared while receiving poractant alpha 
or beractant for rescue treatment. The incidence of oxygen 
dependence at a postmenstrual age of 36 weeks was similar in 
both groups. Infants treated with poractant alpha at 100 mg/

kg (low dose) or 200 mg/kg (high dose) showed statistically 
significant reductions in death, the need for redosing, oxygen 
requirements, duration of oxygen treatment, and duration of 
MV. The test of heterogeneity yielded positive results for the 
duration of oxygenation and ventilation. Deaths remained 
significantly low with poractant alpha compared to berac-
tant. The need for redosing with high-dose poractant alpha 
was significantly less but not when low-dose of poractant 
alpha was used [73]. Many studies have shown that use of a 
higher dose is associated with better clinical outcomes with 
different surfactant preparations [74–77] (Table 24.8). Use of 

Table 24.7  Clinical outcomes between bovine versus porcine surfactant: beractant versus poractant alpha

Trials (6) Surfactant N Type Patients Results

Speer et al. [67] PA versus BE 73 Tx 700–1500 g PA: Lower FiO2 PIP and MAP at 12–24 h

Baroutis et al. [68] PA versus BE 
versus BO

80 Tx <2000 g PA: Fewer days on O2 and PPV; decreased 
LOS

Ramanathan et al. [69] PA versus BE 293 Tx 750–1750 g PA: Lower FiO2, fewer doses, decreased 
mortality <32 weeks

Malloy et al. [70] PA versus BE 58 Tx <37 weeks PA: Lower FiO2 up to 48 h, fewer doses, 
lower volume

Fujii et al. [71] PA versus BE 52 Tx <30 weeks PA: Faster weaning, less air leaks, PDA, and 
MV at 72 h

Dizdar et al. [72] PA versus BE 126 Tx <37 weeks PA: Faster weaning, fewer doses, rapid 
extubation, and higher survival free of BPD

Clinical outcomes in six comparative studies (rescue = 682). Poractant alpha (PA) (Curosurf) versus Beractant (BE) (Survanta).

BO, Bovactant (Alveofact); BPD, bronchopulmonary dysplasia; LOS, length of stay; MAP, mean airway pressure; MV, mechanical ventilation; 
PDA, patent ductus arteriosus; PIP, peak inspiratory pressure; PPV, positive pressure ventilation; Tx, rescue surfactant therapy.

Table 24.8  Better clinical outcomes with higher dose of surfactant preparations

Studies (5) Low versus high dose Surfactant studied Results with high dose

Konishi et al. [74] 60 versus 120 mg/kg Surfactant TA Lower BPD (P = 0.01), IVH (P = 0.047) 
and longer duration of action (P < 0.05)

Dunn et al. [75] (single versus 
multiple doses—up to 4 
doses), 30–36 weeks of GA

Single versus multiple 
doses

BLES 100 mg/kg Multiple dose group: Faster weaning of 
oxygen, improved a/A ratio (70%—2 
doses; 41%—3 doses; 11%—4 doses)

Speer et al. [63] (single vs. 
multiple doses)

Single versus multiple 
doses

Poractant alpha Multiple dose group: Less PTX (18% 
vs. 9%; P < 0.001) and mortality 21% 
versus 13%; P < 0.05)

Halliday et al. [76] (mean 
dose in the low-dose group: 
242 mg/kg)

Up to 300 versus 600 mg/
kg

Poractant alpha Less points on O2 >40%; 48.4% versus 
42.6%, P < 0.01

Gortner et al. [77] 50 versus 100 mg/kg Alveofact Improved oxygenation and less PIE

Higher dose is associated with better outcomes. Based on the evidence, European Consensus Guidelines (2016) recommends initial dose of 200 mg/kg 
of poractant alpha for early, rescue Rx of RDS. Also endorsed by European Association of Perinatal Medicine. “Dose-related response exists.”

BPD, bronchopulmonary dyspasia; IVH, intraventricular hemorrhage; PTX, pneumothorax.
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a higher dose of poractant alpha also results in longer half-
life, lower oxygenation index and less need for redosing [78] 
(Fig. 24.7).

Another meta-analysis concluded that results of random-
ized, controlled trials of different preparations of animal-
derived surfactants where poractant alpha reduced the need 
for repeat dosing, associated with fewer complications of 
administration, led to better short-term oxygenation and 
reduced the risk of mortality compared to beractant [79]. 
In the most recent (2015) Cochrane reviews, significant dif-
ferences in outcomes were noted when trials of beractant 
were compared with poractant alpha including a significant 
increase in the risk of mortality prior to discharge, death, 
or oxygen requirement at 36 weeks of postmenstrual age, 
PDA requiring treatment, and patients receiving more than 
1 dose of surfactant in infants treated with beractant com-
pared with poractant alpha [80]. The difference in these 
outcomes was observed only in the studies using a higher 
initial dose of poractant alpha. Although these studies sug-
gest that the differences observed between poractant alpha 
and beractant are related to the higher phospholipid dos-
age of the former, one cannot exclude that other factors 
such as animal source (porcine vs. bovine) or chemical 
composition may also have contributed to those findings 
(Table 24.9).

In a large retrospective study, Ramanathan et al. compared 
14,173 infants treated with poractant alpha, calfactant, or 
beractant, and reported significantly higher mortality rates 
in infants treated with calfactant or beractant compared to 
poractant alpha-treated infants [81]. Overall mortality was 
lower in infants treated with poractant alpha (3.61%) com-
pared to beractant (4.58%, P = 0.053) or calfactant (5.95%, 
P = 0.043). In infants with birth weights 500–749 g, a 

Fig. 24.7 Higher Dose of Poractant Alpha and Outcomes. DSPC, disaturated phosphatidylcholine; OI, oxygenation index. 
Modified from Cogo PE, Facco M, Simonato M, Verlato G, Rondina C, Baritussio A, et al. Dosing of porcine surfactant: effect on 
kinetics and gas exchange in respiratory distress syndrome. Pediatrics 2009;124:e950–e957 [78].

Table 24.9  Bovine versus porcine surfactants: clinical 
outcomes—Cochrane reviews 2015

RR (95% CI) NNTH

Death before hospital 
discharge (9 studies, 
901 infants)

1.44 (1.04–2.00) 20

Death before hospital 
discharge (with higher 
initial dose of PA)

1.62 (1.11–2.38) 16

Death or O2 at 
36 weeks’ PMA (3 
studies, 448 infants)

1.30 (1.04–1.64) 9

Death or O2 at 
36 weeks’ PMA (with 
higher initial dose 
≥100 mg/kg of PA)

1.39 (1.08–1.79) 7

>1 Dose of surfactant 
(6 studies, 786 
infants)

1.57 (1.29–1.92) 7

PDA needing Rx (3 
studies, 137 infants)

1.86 (1.28–2.70) 4

Beractant versus poractant alpha: Cochrane review 2015.

NNTH, Number needed to harm, with use of beractant; PA, poractant 
alpha; PMA, post menstrual age; PDA; patent ductus arteriosus;  
RR, relative risk.
Source: Modified from Singh N, Halliday HL, Stevens TP, Suresh G, Soll 
R, Rojas-Reyes MX. Comparison of animal-derived surfactants for the 
prevention and treatment of respiratory distress syndrome in preterm 
infants. Cochrane Database Syst Rev 2015;12:CD010249 [80].
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significantly decreased mortality rate was observed for those 
treated with poractant alpha (11.72%) when compared 
with those treated with calfactant (20.67%, P < 0.001), or 
beractant (17.39%, P < 0.011). Another retrospective study 
evaluating comparative effectiveness between these three 
surfactants in 51,282 infants showed no differences in mor-
tality [82]. However, more than 50% of the infants in this 
study were more than 31 weeks of gestation. In addition, all 
known confounders were not accounted for.

Third-generation synthetic surfactant
In animal studies, third-generation synthetic surfactant 
containing DPPC, 1-palmitoyl-2-oleoyl-PG (POPG), and 
SP-B and SP-C analogs has been shown to be superior, 
when compared to calfactant [83]. In a study with pre-
term lambs, a synthetic surfactant containing both SP-B 
and SP-C analogues (CHF 5633) resisted inactivation bet-
ter than poractant alpha [84]. Phase I human clinical trial 
on synthetic surfactant CHF 5633 in RDS involved 40 pre-
term infants between gestational age of 27 and less than 
34 weeks of gestation. The first 20 infants received CHF 
5633 at the dose of 100 mg/kg and next 20 infants received 
the medication at 200 mg/kg. Both doses were well toler-
ated showing promising clinical efficacy [85]. A phase II 
multicenter double-blinded randomized controlled clini-
cal trial comparing CHF 5633 with poractant alpha for RDS 
treatment is currently ongoing in the United States (Clini-
calTrials.gov NCT02452476) [86].

Indications of surfactant 
administration

In 2014, American Academy of Pediatrics (AAP) and 
updated 2016 European Consensus Guidelines (ECG) rec-
ommended to initially provide nCPAP to all patients with 
RDS, and intubate and administer surfactant to those with 
persistent severe respiratory distress or who are apneic  
[87–89] (Table 24.10).

Subsequent surfactant administration may decrease mor-
tality and morbidity in infants less than 30 weeks of gesta-
tion with RDS. Multiple doses using INSURE technique has 

also been successfully used and has not shown to worsen 
outcome [90]. Predicting who is likely to fail INSURE using 
clinical criteria and blood gases may help define a popula-
tion that would be reasonable to maintain on MV [91].

European Consensus Guidelines for 
RDS management (2016 update) [89]

Babies with RDS should be given a natural surfactant:
1. Early rescue surfactant Rx if there is evidence of RDS or 

for ELBW infants whose mothers had not received AS 
or those intubated for stabilization.

2. ≤26 weeks with FiO2 >0.30 and >26 weeks with 
FiO2 >0.40 should be considered for early rescue 
surfactant.

3. Poractant alpha 200 mg/kg is better than 100 mg/kg of 
PA or beractant.

4. Consider INSURE and early extubation to NCPAP/
NIPPV.

5. Less invasive surfactant administration (LISA) or 
minimally invasive surfactant (MIST) may be used as 
alternatives to INSURE for spontaneously breathing 
infants.

6. Caffeine should be considered for all babies <1250 g 
BW, who are on NCPAP/NIPPV.
Type of surfactant: Based on evidence, use of por-

cine surfactant, poractant alpha, at an initial dose of 
200 mg/kg results in better outcomes and cost-effective, 
especially, in resource limited countries, mainly due to 
decreased need for redosing, less number of days on 
oxygen and MV, and less need for PDA treatment. All 
of these benefits contribute to reduce the cost of caring 
premature infant.

Timing of surfactant administration: 
prophylaxis versus rescue

Earlier studies in the 1990s when less than half of moth-
ers received corticosteroids for lung maturity prior to deliv-
ery showed that prophylactic surfactant given within first 
15 min of life in a fluid-filled lung had better distribution 
of surfactant and was associated with better outcomes than 
rescue therapy. With greater use of antenatal steroids and 
routine use of CPAP during the transitional period in the 
delivery room, prophylactic surfactant Rx is associated with 
more risk of death or BPD (risk ratio [RR]: 1.13, 95% CI: 
1.02–1.25) [92]. In this population with a high usage of 
antenatal steroids and routine use of noninvasive ventila-
tion (NIV) in the delivery room, prophylactic surfactant 
therapy is no longer recommended.

Table 24.10  Indications of surfactant treatment

Gestation age FiO2 requirement with CPAP/PPV

≤26 weeks >30%

>26 weeks >40%

Subsequent dose 
in all infants

Persistent requirement for oxygen 
>30%
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Timing of surfactant administration: 
early versus delayed rescue/
selective surfactant Rx

In 1999, Verder in a clinical trial comparing early versus 
late selective surfactant administration in preterm infants 
on nasal CPAP randomized to receive intratracheal surfac-
tant treatment when reaching lower versus higher oxygen 
requirement (FiO2 0.37–0.55 vs. 0.56–0.77 for more than 
30 min) showed that early rescue treatment was associated 
with significantly less need for intubation and/or death 
before 7 days of life or before discharge from the hospital 
[93] (Fig. 24.8A). Ten years later, in 2009, a similar clinical 
trial published from South America demonstrated signifi-
cantly less need for intubation as well as less air leaks with 
early rescue treatment [94] (Fig. 24.8B). Decrease in the 
duration of MV is an important outcome especially when 
medical resources are limited and may result in less BPD in 
both developed and low resource areas.

Exact timing for administering surfactant remains 
unclear, especially in the infants receiving noninvasive ven-
tilation. Less need for supplemental oxygen may not reflect 
the severity of RDS due to use of high pressures during 
NIPPV. We have observed faster weaning of oxygen when 
babies are on NIPPV compared to patients on NCPAP, likely 

due to use of higher mean airway pressure and better recruit-
ment of alveoli (personal observation). Studies evaluating 
the timing based on oxygen requirement while on NIPPV 
are currently being evaluated. Future research should focus 
on optimizing timing for individual patients with not only 
oxygen requirement but also taking into the consideration 
of pressures required to keep alveoli open, adequacy of ven-
tilation as well as oxygenation, and radiologic findings.

Timing of surfactant administration: 
beyond the first week of age

Late surfactant administration after the first week of life 
was recently evaluated in two randomized controlled trials 
[95,96]. Study by Ballard et al. in infants receiving inhaled 
nitric oxide (iNO) did not show any difference in BPD at 
36 or at 40 weeks of corrected gestational age with the use 
of calfactant [95]; however, reduced respiratory morbidity 
prior to 1 year of age was noted in the study by Hascoe et al. 
in which these authors used 200 mg/kg of poractant alpha 
at 14 days of age, raising the possibility for long-term ben-
efits of late surfactant therapy [96]. It appears that higher 
dose of poractant alpha both during the acute phase of RDS 
and evolving phase of BPD is beneficial in reducing chronic 
respiratory morbidity (CRM).

Fig. 24.8 (A–B) Comparison of early versus late surfactant therapy. Part A: Modified from Verder H, Albertsen P, Ebbesen F, 
Greisen G, Robertson B, Bertelsen A, et al. Nasal continuous positive airway pressure and early surfactant therapy for respiratory 
distress syndrome in newborns of less than 30 weeks’ gestation. Pediatrics 1999;103:E24 [93]; part B: Modified from Rojas MA, 
Lozano JM, Rojas MX, Laughon M, Bose CL, Rondon MA, et al. Very early surfactant without mandatory ventilation in premature 
infants treated with early continuous positive airway pressure: a randomized, controlled trial. Pediatrics 2009;123:137–142 [94].
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Techniques of surfactant 
administration: INSURE versus 
modified INSURE

Traditionally, surfactant was given to all preterm infants 
who were on MV due to respiratory failure from RDS. Cur-
rently, most preterm infants are placed on NIV support. 
The infants are intubated only to administer surfactant. At 
present, intubation, surfactant, and extubation (INSURE) 
technique first described more than 24 years ago by Verder 
has been very popular [97]. INSURE procedure involves 
intubation and surfactant administration using an endo-
tracheal tube followed by extubation after a brief period 
of MV. The procedure minimizes the amount of invasive 
ventilation. But often, premedication with opioids is used 
during this procedure. Failure or reluctance to extubate 
following surfactant administration is not unusual. Leone 
et al. showed that INSURE technique led to more sustained 
oxygenation compared to rescue surfactant administration 
during invasive MV. In addition, premature infants treated 
with INSURE developed less respiratory comorbidities, 
including pneumothorax, BPD, and BPD or death [98]. 
A recent meta-analysis included nine clinical trials (1551 
infants) and compared INSURE with CPAP alone. There 
were no statistically significant differences between early 
INSURE and CPAP alone for all outcomes such as com-
bined outcome of BPD and/or death, BPD, death, air leaks, 
severe IVH, neurodevelopmental delay, or death and/or 
neurodevelopmental impairment [99]. Conclusion is that, 
“currently, no evidence suggests that either early INSURE or 
CPAP alone is superior to the other.” There is concern that 
even a brief period of ventilation can induce lung injury in 

the vulnerable preterm lung. Furthermore, surfactant distri-
bution may be suboptimal when surfactant is administered 
via positive pressure ventilation.

In premature infants with RDS, strategies to avoid intu-
bation leading to invasive positive pressure and MV are 
now being sought. Intubation procedure may damage the 
larynx or trachea and requires the use of sedatives as well 
as pain medications risking undesirable side effects. Also, 
positive pressure and MV given even for a short period of 
time can damage the preterm lung and its avoidance alto-
gether may potentially decrease the incidence of BPD.

Surfactant administration via laryngeal mask airway 
(LMA) has been described in several newer but small studies 
demonstrating safety and feasibility in larger preterm infants 
[100]. In a randomized trial of LMA compared to INSURE 
technique, Pinheiro showed decreased need for MV in the 
LMA group in preterm infants >29 weeks and birth weight 
>1000 g with moderate RDS. This technique is a potentially 
very good option in low-income countries with limited 
resources to administer surfactant [101] (Table 24.11).

Modified INSURE technique
Modified insure technique (mINSURE) typically involves 
surfactant administration using a small tube, like a feed-
ing tube, angiocatheter, or a specially made small diameter 
catheter, while the baby is breathing spontaneously on 
NCPAP or NIPPV without premedication/sedation. This 
technique, also known as LISA, is currently being studied 
in many centers around the world. Several alternate names 
are used by various researchers to describe mINSURE 
technique [102] (Table 24.12). For example, MIST, avoid-
ance of mechanical ventilation (AMV), surfactant without 
intubation (SWI), nonintubated surfactant application 

Table 24.11  Comparison of surfactant administered via laryngeal mask airway to INSURE technique

LMA (n = 30) INSURE (n = 30) P

BW, g 2118 (1150–3984) 1945 (1015–3700) NS

GA, ≥33 weeks 63% 40% NS

Antenatal steroids 50% 53% NS

Mean age at randomization (h) 17.3 (3–43) 15.8 (3–42) NS

Mean FiO2 at Rx 0.37 (0.30–0.50) 0.38 (0.30–0.50) 0.003

Failure rate 30% 77%* <0.0001

Surfactant via laryngeal mask airway versus INSURE via ETT (29–36 weeks of GA; BW >1000 g; FiO2 0.30–0.60; n = 60).

BW, birth weight; GA, gestational age; INSURE, intubation surfactant extubation; LMA, laryngeal mask airway; Rx, treatment.
*Atropine + morphine; LMA–atropine only; high failure rate in INUSRE is likely due to sedation; early failure = need for mechanical ventilation or 
use of naloxone (3% vs. 67%).
Source: Modified from Pinheiro JM, Santana-Rivas Q, Pezzano C. Randomized trial of laryngeal mask airway versus endotracheal intubation for 
surfactant delivery. J Perinatol 2016;36:196–201 [101].
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(NINSAPP), Take Care method, Sonda Nasogastrica SUR-
factante Extubacion (SONSURE), Early CPAP and Large 
volume MIST (ECALMIST), and Minimally Invasive SURF 
administration (MISURF) are some of the terms used to 
describe this technique.

In Take Care technique for preterm infants on CPAP, 
Kanmaz compared surfactant administration using a 5F 
sterile flexible nasogastric tube during spontaneous breath-
ing along with NCPAP (Take Care) with the INSURE proce-
dure where brief oral intubation performed for surfactant 
administration. Duration of CPAP and MV were signifi-
cantly shorter in the Take Care group compared to INSURE 
group. With decrease in the need for and duration of MV, 
there was a reduction of BPD rates in the Take Care group 
[111]. Klebermass–Schrehof assessed the results of LISA 
technique in a cohort of 224 between 23 and 27 weeks 
of gestation infants at a single-center. While comparing to 
historical controls, they found significantly higher survival 
rates (75.8% vs. 64.1%), less IVH (28.1% vs. 45.9%), less 
severe IVH (13.1% vs. 23.9%), and cystic periventricular leu-
komalacia (1.2% vs. 5.6%) in the infants treated with LISA 
method [112]. In another similar study by Krajewski, surfac-
tant replacement therapy without intubation while receiv-
ing CPAP in preterm infants done with a thin endotracheal 

catheter was associated with significantly lower need for 
intubation and MV compared to the INSURE method 
(19.2% vs. 65%). In addition, better pulmonary outcomes 
were also noted with this new method of surfactant replace-
ment. BPD in the studied group was significantly lower 
(15.4%) compared to the INSURE group (40%) [113]. In 
a recent multicenter trial from German neonatal network, 
NINSAPP technique in 211 preterm infants 23–26 weeks of 
gestation resulted in significantly higher combined survival 
without severe adverse events compared to surfactant via 
endotracheal tube in infants on MV [114]. In another study, 
MIST technique using an umbilical catheter inserted 2 cm 
below the vocal cords has been shown to result in a rapid 
and homogenous increase in end-expiratory lung volume 
and improved oxygenation [115].

Systematic review and meta-analysis of six randomized 
controlled trials using minimally invasive (mINSURE) or less 
invasive surfactant technique (LIST) to administer poractant 
alpha in premature infants with RDS resulted in decreased 
risks of BPD (RR = 0.71 [0.52–0.99]; NNT = 21), death or BPD 
(RR = 0.74 [0.58–0.94]; NNT = 15), and early CPAP failure 
or invasive ventilation requirements (RR = 0.67 [0.53–0.84]; 
NNT = 8 and RR = 0.69 [0.53–0.88]; NNT = 6). Compared to 
INSURE, LIST decreased the risks of BPD or death (RR = 0.63 

Table 24.12  Techniques studied for minimally or less invasive surfactant therapy in spontaneously breathing 
preterm infants without using an endotracheal tube

Method Tube/Catheter
Dose and mode of surfactant 
delivery

Premedication/
Sedation

Cologne method [103] 4 or 5 Fr feeding tube 100 mg/kg, given over 1–3 min Atropine, sedation and 
analgesia (optional)

SWI [104] 4 Fr Feeding tube 100 mg/kg given over 1–5 min Atropine (optional)

Hobart method [105] 16 G Angiocath 100–200 mg/kg, given over 15–30 s Sucrose

AMV/NINSAPP method [114] Catheter using Magill 
forceps

100 mg/kg, given over 1–3 min Atropine, sedation and 
analgesia (optional)

LISA [112] 1.3 mm diameter feeding 
tube using Magill forceps

200 mg/kg, given over 2–5 min None

Take Care [111] 5 Fr feeding tube 100 mg/kg, given over 30–60 s None

SONSURE [106] 4 Fr feeding tube 100 mg/kg, given over 1–3 min Atropine

Karolinska method [107] 5 Fr × 30 cm catheter Given over 30 s Atropine, fentanyl

ECALMIST study [108] 17 G vascular catheter, 
133 mm long

5 mL/kg, 0.25–0.5 mL bolus over 
20–30 s

None

SAINT trial [107] 300 mm long catheter Not specified Narcotic analgesia

MiSurf trial [109] Feeding tube 4 mL/kg Not specified

Modified MIST procedure [110] 5 Fr orogastric tube 4 mL/kg, over 30–45 s No sedation

Source: Modified from Sardesai S, Biniwale M, Wertheimer F, Garingo A, Ramanathan R. Evolution of surfactant therapy for respiratory distress 
syndrome: past, present, and future. Pediatr Res 2017; 81:240–248 [58].
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[0.44–0.92]; NNT = 11) and of early CPAP failure (RR = 0.71 
[0.53–0.96]; NNT = 11) [111,114,116–120].

In another meta-analysis, the use of LISA technique 
reduced the composite outcome of death or BPD at 
36 weeks (RR = 0.75 [95% CI: 0.59–0.94], P = 0.01), BPD 
at 36 weeks among survivors (RR = 0.72 [0.53–0.97], 
P = 0.03), need for MV within 72 h of birth (RR = 0.71 
[0.53–0.96], P = 0.02), or need for MV anytime during the 
neonatal intensive care unit stay (RR = 0.66 [0.47–0.93], 
P = 0.02). There were no differences noted for the outcome 
of death and other neonatal morbidities. Procedure failure 
rate on the first attempt and the need for additional doses 
of surfactant were not different between the intervention 
groups [121] (Table 24.13).

A large multinational multicenter randomized masked 
controlled trial in preterm infants 25–28 weeks of gestation 
comparing surfactant delivery using semirigid surfactant 
instillation catheter (Horbart method) to sham treatment 
is currently underway [122].

Collaborative Paired Trial 
Investigating MIST (OPTIMIST)
1. Multinational RCT
2. 25–28 weeks of gestational age on NCPAP/NIPPV
3. <6 h of age, on FIO2 >0.30

4. MIST: Curosurf 200 mg/kg initial dose
5. Criteria for intubation: FIO2 >0.45
6. Sample size: 606 (recruitment ongoing)

Further studies are needed to identify the safest instil-
lation techniques, use of sedation or analgesia, choosing 
optimal surfactant dose, and selection of preterm infants 
who would benefit most.

Technique: We recommend mINSURE technique using 
atropine to prevent bradycardia during feeding tube or 
catheter placement, and also use sucrose for pain manage-
ment during mINSURE.

Noninvasive surfactant treatment 
(NIST)

Aerosolized surfactant

Current focus is on identifying even more “gentler” methods 
to deliver surfactant such as via aerosolization, nebuliza-
tion, or atomization. Potential advantages of administer-
ing aerosolized surfactant include ease of administration, 
avoidance of hypoxemia, more homogenous distribution, 
less likelihood of airway complications as well as MV, and 
less volume. Even though the animal studies have dem-
onstrated promising results, there have been only as few 

Table 24.13  Characteristics of studies comparing less invasive ventilation and INSURE technique

Studies (6); 
N = 895

Population/ 
Surfactant Rx

Criteria for  
surfactant Rx LISA group

INSURE  
protocol Premedication

Gopel et al. [116] GA: 26–28 weeks; 
Germany—12 NICUs 
Curosurf/bovine 100 
[80% Curosurf Rx]

NCPAP + FiO2 ≥0.3 
for LISA; variable 
FiO2 for INSURE

N = 108; 2.5–5 Fr 
catheter; Magill 
forceps

N = 112; 
yes

±

Kanmaz 
et al. [111] 

<32 weeks; Turkey—
Curosurf 100

NCPAP + FiO2 ≥0.4 N = 100; 5 Fr 
feeding tube

N = 100; 
yes

None

Mirnia et al. [117] 27–32 weeks; Iran—3 
NICUs; Curosurf 200

NCPAP + FiO2 ≥0.3 N = 66; 5 Fr feeding 
tube

N = 70; yes Atropine

Bao et al. [118] 28–32 weeks; 
China—Curosurf 200

NCPAP + FiO2 ≥0.3 
or ≥0.35

N = 47; 16 g 
catheter

N = 43; yes —

Mohammadizadeh 
et al. [119]

<34 weeks; Iran—2 
NICUs; Curosurf 200

NCPAP + FiO2 ≥0.3 
and Silverman ≥5

N = 19; 4 Fr feeding 
tube; Magill forceps

N = 19; yes Atropine

Kribs et al. [114] 23–27 weeks; 
Germany—13 NICUs; 
Curosurf 100

NCPAP + FiO2 ≥0.3 
and Silverman ≥5

N = 107; 4 Fr 
catheter; Magill 
forceps

N = 104; 
yes

±

LISA versus INSURE using Curosurf/NCPAP: meta-analysis.
LISA: Less need for PPV, reduction in death or BPD and BPD.

Source: Modified from Aldana-Aguirre JC, Pinto M, Featherstone RM, Kumar M. Less invasive surfactant administration versus intubation for 
surfactant delivery in preterm infants with respiratory distress syndrome: a systematic review and meta-analysis. Arch Dis Child Fetal Neonatal Ed 
2017;102:F17–F23 [121].



392

Section Clinical Management| V |

clinical studies demonstrating efficacy using this route. 
Finer et al. published an open-label pilot study of aerosol-
ized lucinactant in preterm neonates on CPAP to prevent 
RDS in 17 infants. They concluded that aerosolized sur-
factant could be safely given via CPAP as an alternative to 
surfactant administration via endotracheal tube [123]. Two 
doses of beractant administered as an aerosol using 100 mg 
phospholipid/kg or 200 mg phospholipid/kg is also cur-
rently being evaluated (NCT02294630) [124].

Combination therapies with 
surfactant

CRM can be caused by a combination of persistent inflam-
mation, triggered by infection, MV, as well as oxygen. 
Resultant release of proinflammatory cytokines may lead to 
aberrant repair of the developing lung in preterm infants. 
Anti-inflammatory therapy in combination with surfactant 
may help decrease BPD, thus reducing CRM.

Surfactant as vehicle

Lung inflammation plays a crucial role in the pathogen-
esis of BPD and inhaled glucocorticoid treatment is one 
potential therapy to prevent BPD. In a pilot study by Yeh, 
early intratracheal instillation of budesonide using surfac-
tant as a vehicle in 116 very low birth weight infants with 
severe radiographic evidence of RDS requiring MV resulted 
in significantly less death or BPD compared with infants 
in the control group who had received surfactant without 
budesonide [125]. Recently, same investigators completed 
a randomized multicenter study of using surfactant with 
budesonide in 265 very low birth weight infants. Death 
or BPD rate of  42% in the intervention group was sig-
nificantly less compared to control group (66%)  while 
number needed to treat to prevent death or BPD in inter-
vention group was 4.1 (95% CI: 2.8–7.8, P ≤ 0.001) 
[126] (Table 24.14). More studies are needed using this 

technique since both these studies had high BPD rates in 
the control population. In the future, intratracheal instilla-
tion of budesonide using surfactant as a vehicle may play a 
role due to anti-inflammatory effects leading to decrease I 
BPD rates in extremely low-birth-weight infants.

Surfactant with nitric oxide

In a trial, 85 extremely low birth weight infants ventilated 
at 7–14 days were randomly assigned to receive up to 5 
doses of pulmonary surfactant protein B (SP-B) containing 
surfactant (calfactant) plus prolonged iNO compared with 
iNO alone. Clinical status and recovery of SP-B from tra-
cheal aspirates were transiently improved. However, these 
effects waned after 1 day and favorable pulmonary effects 
were not maintained [127].

Recombinant club cell protein 
(rhCC-10)

Club cell protein-10 (CC-10) is one of the most abundant 
protein produced endogenously by airway epithelial cells 
and plays a significant role in the regulation of inflamma-
tory responses, protection of structural integrity of pulmo-
nary tissue while preserving pulmonary function during 
various insults by inhibiting NF-kB pathway in the airways. 
Preterm infants with RDS/BPD are deficient in CC-10. A 
phase II trial evaluating intratracheal use of rhCC-10 in 
surfactant treated preterm infants has been completed and 
results are pending (NCT 01941745) [128].

Pneumonia: Surfactant inactivation has also been asso-
ciated with pneumonia [129,130]. In a small randomized 
trial, the subgroup of infants with sepsis showed improve-
ment in oxygenation and decreased need for ECMO. New-
born infants with pneumonia or sepsis receiving surfactant 
also demonstrated improvement in gas exchange compared 
with infants who did not receive surfactant [129].

Table 24.14  Effect of intratracheal budesonide to prevent death or BPD

Surfactant + 
budesonide Rx 
(n = 131)

Surfactant only 
(n = 134) Risk ratio (95% CI) P

Death or BPD 42% 66% 0.58 (0.44–0.77) <0.001 (NNT = 4.1 
[2.8–7.8])

Early intratracheal budesonide [Pulmicort] (0.25 mg/kg) + surfactant (100 mg/kg) to prevent BPD in VLBW infants: RCT (n = 265).
Source: Modified from Yeh TF, Chen CM, Wu SY, Husan Z, Li TC, Hsieh WS, et al. Intratracheal administration of budesonide/surfactant to prevent 
bronchopulmonary dysplasia. Am J Respir Crit Care Med 2016;193:86–95 [126].
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Pulmonary hemorrhage: Surfactant for treating pulmo-
nary hemorrhage has been found to be beneficial in obser-
vational studies as the presence of blood in alveoli may 
inhibit surfactant function [131]. In another study, the sur-
factant therapy was found to be beneficial for severe pulmo-
nary hemorrhage to improve lung function and shorten the 
duration of high oxygen requirement [132] (Table 24.15).

Hypoplastic lungs: Congenital diaphragmatic hernia-
affected hypoplastic lung may have surfactant deficiency 
[133]. Surfactant treatment in a large series of infants with 
congenital diaphragmatic hernia failed to show any improve-
ments in outcomes. On the contrary, the need for ECMO, the 
incidence of chronic lung disease, and mortality rates were 
increased when surfactant was administered [134,135].

Surfactant treatment for acute RDS 
(ARDS)

When to use?
1. Yes: MAS, pneumonia, sepsis-induced ARDS, SP-B 

deficiency, aspiration pneumonias, ECMO points with 
ARDS, pulmonary hemorrhage.

2. No: Congenital diaphragmatic hernia.
3. How to use? Bolus instillation.
4. What to use? Poractant alpha due to smaller volume, 

higher amount of DPPC, SP-B and plasmalogen, and 
lower viscosity.

5. Dose: 50–100 mg/kg/dose q 6–12 h.

Oxygen supplementation beyond 
stabilization during RDS management

There is ongoing debate to determine optimal satura-
tion targets for preterm infants, avoiding negative effects 
of oxygen toxicity such as retinopathy of prematurity 
(ROP) balancing with negative effects of hypoxia lead-
ing to increased mortality or adverse neurodevelopmen-
tal outcome. The NeOProM collaboration analyzed the 
results of five large randomized clinical trials with simi-
lar study design from different parts of the world to give 
greater power to detect small yet important differences 
in outcomes such as mortality [136]. All these trials were 
designed comparing saturation targeting in a lower range 
(85%–89%) to a higher range (91%–95%) with blinded 
oximeters. The SUPPORT trial from the United States 
showed the low saturation group had decreased ROP, 
but a 3.7% increase in mortality [137]. When combined 
these data along with the UK and Australian BOOST-II 
trials confirmed the excess mortality in lower saturation 
group. Hence enrolment was stopped in the UK and Aus-
tralia/New Zealand study [138]. Canadian Oxygen Trial 
neither reported any significant differences in death or 
significant neurodisability, nor any significant difference 
in ROP rates [139]. NeOProM meta-analysis (Neonatal 
Oxygenation Prospective Meta-analysis) confirmed that 
the lower oxygen saturation target range (85%–89%) was 
associated with a significant increased mortality, but there 

Table 24.15  Study with surfactant for pulmonary hemorrhage showing improved oxygenation

With surfactant Rx (n = 4) Without surfactant Rx (n = 8)

AaDO2 OI AaDO2 OI

GA (weeks) 27 (1.4) 27 (1.45) NS

Birth weight (g) 903 (252) 859 (253) NS

0–l h 563 (122) 37.8 (9.3) 525 (71) 28 (21)

1–2 h 465 (131) 29 (17) 489 (115) 27 (15)

2–4 h 335 (144)* 17 (7) 471 (136) 21 (15)

Time to reach FiO2 
<40% (h)

13 (11–16)† 41 (8–108)†

Rx protocol: Intratracheal spraying of epinephrine (1:10,000) 0.5 mL diluted with 1 mL of air; HFOV, correction of DIC; surfactant Rx within 
0.5–1.5 h of Hge.

Surfactant for pulmonary hemorrhage (VLBW; 2006–11; n = 12): improved oxygenation.
*Compared to 0–1 h data; P < 0.05.
†Two group comparison; P = 0.05.
Source: Modified from Yen TA, Wang CC, Hsieh WS, Chou HC, Chen CY, Tsao PN. Short-term outcome of pulmonary hemorrhage in very-low-
birth-weight preterm infants. Pediatr Neonatol 2013;54:330–334 [132].
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was not any difference between both groups with regard 
to death or disability at 18–24 months. Prospectively 
planned meta-analysis of individual participant data from 
the five large randomized clinical trials enrolling infants 
born before 28 weeks of gestation (4965 infants) con-
firmed that there was no significant difference between 
a lower oxygen saturation (85%–89%) target range com-
pared with a higher oxygen saturation (91%–95%) target 
range on the primary composite outcome of death or 
major disability at a corrected age of 18–24 months. The 
lower SpO2 target range was associated with higher risk 
of death and necrotizing enterocolitis (NEC), but a lower 
risk of retinopathy of ROP treatment [140] (Tables 24.16 
and 24.17).

Follow-up meta-analysis at 18–24 months from BOOST 
II, COT, and SUPPORT trials did not show any difference 
in mortality [141].

The ability to maintain saturations within the predefined 
target could pose a problem especially when saturations 
are constantly fluctuating. Many infants spend much time 
outside the target range, with frequent prolonged hypoxic 
and hyperoxic episodes [142]. Automated controlled oxy-
gen delivery show promise in maintaining babies within 
the desired target range for more time compared to manual 
control [143]. We recently reported our results from a large 
retrospective study with using graded SpO2 targeting. We 
used 85%–89% during phase I of ROP and 90%–94% dur-
ing phase II ROP [144] (Table 24.18).

Table 24.16  Death or disability risk at 18–24 months from NeOProM meta-analysis

SpO2 (low vs. high) 85–89 91–95 RR (95% CI) P value

BOOST (Australian trial) [138] 45% 40% 1.11 (0.97–1.27) 0.12

BOOST (UK trial) [138] 52% 47% 1.10 (0.98–1.26) 0.11

BOOST (New Zealand trial) [138] 39% 45% 0.88 (0.69–1.13) 0.31

COT (US and Canada trial) [139] 52% 50% 1.01 (0.91–1.13) 0.80

SUPPORT (US trial) [137] 59% 60% 0.99 (0.90–1.09) 0.89

Overall 51% 49% 1.04 (0.98–1.09) 0.20

RR, Relative risk.
Source: Modified from Askie LM, Darlow BA, Finer N, Schmidt B, Stenson B, Tarnow-Mordi W, et al. Neonatal oxygenation prospective meta-
analysis (NeOProM) collaboration. Association between oxygen saturation targeting and death or disability in extremely preterm infants in the 
neonatal oxygenation prospective meta-analysis collaboration. JAMA 2018;319:2190–2201.

Table 24.17  Significant secondary outcomes from NeOProM meta-analysis

SpO2 (low vs. high) 85–89 91–95 RR (95% CI) P value

Death at corrected 18–24 months 19.9% 17.1% 1.17 (1.04–1.31) 0.01

ROP requiring treatment 10.9% 14.9% 0.74 (0.63–0.86) <0.001

Severe NEC 9.2% 6.9% 1.33 (1.10–1.61) 0.003

Surgically treated PDA 11.4% 9.7% 1.18 (1.00–1.39) 0.046

Supplemental oxygen at PMA of 36 weeks 24.9% 30.2% 0.81 (0.74–0.90 <0.001

NEC, Necrotizing enterocolitis; PMA’, postmenstual age; ROP, retinopathy of prematurity; RR, relative risk.
Source: Modified from Askie LM, Darlow BA, Finer N, Schmidt B, Stenson B, Tarnow-Mordi W, et al. neonatal oxygenation prospective meta-
analysis (NeOProM) collaboration. Association between oxygen saturation targeting and death or disability in extremely preterm infants in the 
neonatal oxygenation prospective meta-analysis collaboration. JAMA 2018;319:2190–2201.
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Our guidelines with graded SpO2 targeting is shown  
in Fig. 24.9.

Caffeine therapy

Caffeine therapy has been the standard practice in many 
centers in the management of premature infants. The 

Caffeine for Apnea of Prematurity (CAP) trial showed 
that caffeine was associated with earlier extubation lead-
ing to reduction in BPD, and follow-up at 18 months 
showed a reduction in neurodisability [145]. Earlier 
rather than later caffeine administration has been sup-
ported by many studies to improve outcomes such as 
BPD [146–148]. The standard dose of caffeine citrate is 
20 mg/kg loading followed by 5–10 mg/kg daily main-
tenance.

Table 24.18  Incidence of retinopathy of prematurity with graded oxygen saturations

Clinical 
outcomes

Group 1, 1995–2001 
static SpO2

Group 2, 2003–10 
graded SpO2 OR* 95% CI* P*

Primary outcomes n = 267 n = 220

Severe ROP (stage 
III or higher)

48.3% 21.3% 0.18 (0.11–0.30) <0.001

Laser treatment† 34.9% 19.7% 0.31 (0.18–0.52) <0.001

Graded SpO2 targeting and ROP.
*Adjusted values by logistic regression.
†One infant was treated with Bevacizumab (Avastin).
Data from Cayabyab R, Arora V, Wertheimer F, Durand M, Ramanathan R. Graded oxygen saturation targets and retinopathy of prematurity in 
extremely preterm infants. Pediatr Res 2016;80:401–406 [144].

Fig. 24.9 Guidelines for Targeting Graded Oxygen Saturations in Newborn Intensive Care Unit. 
Courtesy: Dr Ramanathan.
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Permissive hypercapnia

Tolerating higher partial pressure of carbon dioxide (pCO2) 
in mechanically ventilated, extremely low birth weight 
infants might reduce ventilator-induced lung injury and BPD. 
Post hoc analysis of data from the SUPPORT trial showed an 
association between higher PaCO2 and risk of death, intra-
ventricular hemorrhage, BPD and adverse neurodevelopmen-
tal outcome, highlighting the need for further evaluation of 
ideal PaCO2 targets (SUPPORT trial). The PHELBI trial ran-
domized ventilated preterm babies <29 weeks of gestation 
and <1000 g birth weight to two target PaCO2 levels for the 
first 14 days of ventilation, the higher arm reaching about 
10 kPa and the lower group about 8 kPa [149]. Targeting a 
higher pCO2 did not decrease the rate of BPD or death in ven-
tilated preterm infants. The rates of mortality, intraventricular 
hemorrhage, and retinopathy did not differ between groups.

Postnatal steroids

Strategies to reduce lung inflammation during the acute 
stage of RDS may potentially limit the time on MV. Post-
natal dexamethasone decreased BPD, but its use declined 
dramatically with its association leading to increased risk 
of cerebral palsy [150]. On the contrary, BPD is also associ-
ated with adverse neurological outcome and the higher the 
risk of BPD, the more potential benefit there would come 
from a course of dexamethasone [151]. Low-dose dexa-
methasone (<0.2 mg/kg/day) is currently recommended 
for babies who remain intubated especially after 1–2 weeks 
[152]. Inhaled budesonide could be a viable alternative to 
systemic steroids and recent large RCT confirmed use of 
prophylactic inhaled budesonide reduced both persistent 
ductus arteriosus (PDA) and BPD [153].

Inhaled nitric oxide

Clinical trials have not shown any benefit when iNO was 
administered either as rescue or routine therapy in preterm 
infants with RDS for reducing mortality or the risk of BPD. 
Nitric oxide should not be used to treat preterm infants 
with RDS except in rare cases of pulmonary hypertension 
or hypoplasia [154].

Supportive management

In addition to managing ventilation, the infants with RDS 
also need to receive essential care in regard to metabolic, 

nutritional, and cardiovascular aspects. These measures 
help decrease morbidities by reduction in caloric spend-
ing as well as oxygen needs. Additionally, optimization 
of nutrition remains the key to the success while caring 
infants to provide not only enough energy for metabolic 
needs but also to enhance growth.

Temperature control

Maintaining body temperature 36.5 and 37.5°C during 
delivery room stabilization as well as NICU admission is 
extremely important for infants with RDS. At the time of 
preterm birth, the labor and delivery units are advised to 
have environmental temperature to be above 25°C. Initial 
stabilization of infants less than 32 weeks should be per-
formed using a polyethylene bag under a radiant warmer 
[26]. Warming and humidification of gases required for sta-
bilization have also shown to improve temperature [155]. 
Following admission to NICU, the premature infants 
should be managed in servo-controlled incubators set at 
36.5°C with high relative humidity to reduce insensible 
water losses [156]. For the very premature infants who have 
gelatinous skin, the humidity of 60%–80% is required 
initially and reduced over next 2 weeks as skin integrity 
improves. Infants should be maintained in a thermoneu-
tral environment while maintaining the core temperature 
between 36.5 and 37.5°C throughout the stay in NICU.

Fluid management

Maintaining fluid balance can be challenging as smallest 
infants may loose a very high amount of fluid through 
immature skin. Fluids need to be adjusted to maintain in a 
slightly negative balance. Excessive fluid intake can contrib-
ute toward increase the risk of PDA, NEC, and BPD [157]. 
Routine use of diuretics (particularly furosemide) in pre-
term infants with RDS should be avoided due to lack of 
benefit [158]. Often diuretic use leads to electrolyte abnor-
malities, especially hyponatremia and hypokalemia, due to 
urinary loss of sodium and potassium as well as hypochlo-
remia which may enhance bicarbonate and carbon dioxide 
necessitating use of higher ventilator settings.

Nutrition

Parenteral nutrition should be started immediately after 
admission to NICU. Early initiation of amino acids leads 
to positive nitrogen balance [159], decreases time to regain 
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birth weight leading to enhanced weight gain at discharge 
[160]. Minimal enteral nutrition with breast milk should 
be initiated as soon as possible. Breast milk is the preferred 
option for initiation of feeding; however, if unavailable, 
then donor breast milk has been proven to be better than 
formula feeding as it has been shown to reduce the risk of 
NEC [161].

Use of antibiotics

Traditionally, it had been considered good practice to screen 
infants who present with early respiratory distress for infec-
tion as well as due to the fact that maternal infections may 
lead to premature birth; however, routine prolonged anti-
biotic use without any evidence of infection may be harm-
ful and hence discouraged [162–164]. Antibiotic should 
be discontinued with negative blood culture results within 
36–48 h along with reassuring serial blood counts and 
C-reactive protein measurements. It is not unreasonable 
to avoid routine antibiotics in preterm infants with RDS 
in low-risk situations such as planned delivery by elective 
cesarean section for maternal indications.

Cardiovascular management

In premature infants, blood pressure is lower in the first few 
hours of life and increases gradually over the first 24 h of 
life [165]. Blood pressure varies with gestational age as well 
as chronological age [166] (Table 24.19). Hypotension 
in infants with RDS may be contributed by hypovolemia, 
large left-to-right ductus shunts, or myocardial dysfunction. 
Hypovolemia can be minimized by delaying cord clamp-
ing. Dopamine has been shown to be more effective than 
dobutamine in increasing blood pressure and also can 
improve cerebral blood flow in hypotensive infants [167]. 
Epinephrine and hydrocortisone are generally required in 

refractory hypotension when dopamine and dobutamine 
have failed to optimize blood pressure and systemic perfu-
sion.

PDA in very preterm infants with RDS can cause low 
blood pressure, poor systemic tissue perfusion, pulmonary 
edema, and difficulty weaning from MV. Permissive toler-
ance of PDA not showing hemodynamic instabilty is an 
acceptable strategy as long as the infant is thriving, tolerat-
ing feeds, and requiring minimal respiratory support [168]. 
Cyclooxygenase inhibitors such as indomethacin or ibu-
profen are usually successful in closing the duct. Surgical 
ligation of PDA is associated with worse long-term neuro-
developmental outcome. Surgery should only be consid-
ered after medical therapy has failed [169]. More recently, 
paracetamol has been shown to promote ductal closure, 
although more trials with long-term follow-up are needed 
before it can be routinely recommended [170].

Complications of RDS

With the advancement of therapies including antenatal ste-
roids and surfactant administration, complications of RDS 
(Table 24.20) have largely been decreased. Complications 
may be related to natural progression of disease or due 
to therapeutic interventions such as placement of arterial 
catheters, supplemental oxygen, positive pressure ventila-
tion, and the use of endotracheal tubes.

Endotracheal tube complications
Adverse events related to intubation could be as high as 
40% in NICU [171]. Displacement or misplacement of the 
endotracheal tubes may occur on occasions. Endotracheal 
tube placement into right main stem bronchus is the most 
common complication, resulting in hyperinflation of the 
ventilated lung, whereas atelectasis occurs in the contra-
lateral lung. The hyperinflation may further contribute to 
air leak. Other complications associated with intubation 

Table 24.19  Gestational and postnatal age-dependent nomogram for mean blood pressure values in neonates 
during the first 3 days of life

Gestational age At birth 12 h of age 24 h of age 36 h of age 48 h of age 60 h of age 72 h of age

23–26 23 24 25 26 28 29 30

27–32 29 30 32 33 34 35 36

33–36 35 36 37 38 40 41 43

37–43 43 44 45 46 47 49 50

Source: Adapted from Nuntnarumit P, Yang W, Bada-Ellzey HS. Blood pressure measurements in the newborn. Clin Perinatol 1999;26:981–996 
[166].
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include subglottic stenosis and atelectasis after extuba-
tion [172]. Esophageal and pharyngeal perforations rarely 
occur, especially with inexperienced personnel or extremely 
fragile infants.

Pulmonary air leak
Pulmonary air leaks are common acute complications 
of RDS with a reported incidence of around 6.3% in low 
birth weight infants [173]. Air leaks are due to the rupture 
of overdistended alveoli, and may occur spontaneously or 
from positive pressure received with MV. The air may dis-
sect toward the hilum, resulting in a pneumomediastinum, 
or into the pleural space, resulting in a pneumothorax. 
Less commonly, air may dissect into the pericardial space, 
subcutaneous tissue, or peritoneal space, which can lead 
to pneumopericardium, subcutaneous emphysema, and 
pneumoperitoneum, respectively. In the preterm infant, 
the perivascular connective tissue is more abundant and 
compliant, allowing air trapping in the perivascular space, 
which may result in PIE.

Pneumothorax can occur spontaneously, secondary to 
assisted ventilation with higher pressures especially with 
early gestational age infants or change in compliance after 
administration of surfactant in patients with RDS. Infants 
with developing PIE pose additional risk. Spontaneous 
pneumothorax may occur within first few breaths and may 
present with tachypnea, grunting, and retractions, and is 

very difficult to distinguish from RDS. Pneumothorax 
on patients already receiving ventilatory support is more 
pronounced with acute deterioration in vitals, namely, 
hypoxia, hypercapnia along with sudden increase in heart 
rate and decrease in blood pressure. Pneumothorax should 
be suspected in patients after receiving surfactant if there is 
sudden deterioration instead of improvement in oxygen-
ation.

A bronchopleural fistula is a communication between 
the bronchial tree and pleural space. Clinically, it may be 
formed as a persistent air leak or a failure to reinflate the 
lung despite chest tube drainage for 24 h. The main prob-
lems with a large fistula in a ventilated patient are unable to 
deliver set tidal volume, inability to apply set PEEP, persis-
tent lung atelectasis, and delayed weaning from MV.

Ventilator management of RDS

Noninvasive respiratory support
NIV is considered the preferred method of providing sup-
port to preterm infants with RDS, and includes CPAP, 
nasal intermittent positive pressure ventilation (NIPPV), 
and humidified oxygen delivered by high-flow nasal can-
nulae (HF). Traditionally, noninvasive methods were used 
as a step-down from ventilation through an endotracheal 

Table 24.20  Complications of RDS

Complication Diagnosis Management

Endotracheal tube-related 
complications

Atelectasis and hyperinflation X-ray to confirm tube position Adjust tube

Subglottic stenosis Laryngoscopy Best to avoid by limiting duration of 
intubation

Pulmonary air leak See Air leaks syndrome chapter (Chapter 13b)

Pneumothorax X-ray confirmation Supportive management, needle aspiration or 
chest tube placement

Pneumomediastinum X-ray confirmation Supportive management

Pulmonary interstitial emphysema X-ray confirmation High-frequency ventilation preferred over 
conventional ventilation
Low mean airway pressures

Bronchopleural fistula X-ray confirmation and bubbling of 
intercostal drain

Supportive management (Section, Ventilatory 
Management of Complications of RDS)

Bronchopulmonary dysplasia Oxygen requirement at 36 weeks of 
corrected gestation

See Bonchopulmonary dysplasia chapter 
(Chapter 27)
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tube, and initially CPAP was the only method used. Further 
studies showed that initiation of CPAP from delivery room 
rather than routine intubation for stabilization or prophy-
lactic surfactant administration is better for minimizing 
lung injury [92].

NIPPV is also used as primary respiratory support in 
many centers, with conventional ventilators used to deliver 
peak inspiratory pressures, with or without synchroniza-
tion, but through nasal prongs [174]. NIPPV has shown 
to reduce extubation failure, but has not consistently been 
beneficial in reducing BPD. Studies where NIPPV was most 
successful used synchronization of inspiratory pressure 
delivered through a signal from an abdominal Graseby 
capsule. These ventilators are not widely available, and 
delivering effective synchronization using flow sensors 
is challenging due to large leaks during CPAP, and it is 
unclear whether nonsynchronized NIPPV is effective [175].

The use of heated humidified HF as an alternative to 
CPAP has increased in popularity. A recent meta-analysis of 
15 studies comparing HF with other modes of noninvasive 
respiratory support showed similar rates of efficacy to other 
forms of noninvasive respiratory support in preterm infants 
for preventing treatment failure, death, and CLD. Follow-
ing extubation, HF was associated with less nasal trauma, 
and might be associated with reduced pneumothorax com-
pared with nasal CPAP [176]. A potential mechanism may 
be carbon dioxide washout from the nasopharyngeal space; 
however, with higher flow rates there infant might receive 
additional CPAP. Flow rates of 4–8 L/min have been typi-
cally used, with weaning of flow rate determined clinically 
by FiO2 levels remaining low and work of breathing. HF 
was used as primary mode of respiratory support in the 
delivery room in a small study showing feasibility [177], 
but in a large multicenter clinical trial HF used as primary 
support for preterm infants with respiratory distress, it 
resulted in a significantly higher rate of treatment failure 
than did CPAP (25.5% vs. 13.3%) [178]. Further evidence 

is also required for evaluating the safety and efficacy of HF 
in extremely preterm and mildly preterm subgroups, and 
for comparing different HF devices.

Suggested high-flow cannula, CPAP, and NIPPV settings 
are shown below (Tables 24.21 and 24.22).

Mechanical ventilation strategies

About half of extremely preterm babies with RDS will not 
tolerate NIV and need to be intubated [179]. The goal of 
MV is to provide reasonable blood gas values without risk-
ing lung injury, or hypocarbia. The principle of MV is to 
provide stable airway, recruit lung by inflation and opti-
mize lung volume. Hyperinflation increases the risk of air 
leaks including pneumothorax and PIE. Lower pressure, 
on the other hand, leads to atelectasis during expiration. 
Pressure-limited flow-cycled ventilation and volume-
targeted ventilation are the most common modes used. 
Pressure-limited ventilation does not have any control over 
volume generated and potentially leads to excess of volume 
administration especially when the compliance changes 
after surfactant administration. Excessively high-tidal vol-
umes may injure the lung due to volutrauma and also may 
lead to hypocarbia which can potentially lead to brain 
injury such as periventricular leukomalacia or intraventric-
ular hemorrhage [180,181]. In contrast, low-tidal volumes 
cause uneven distribution, increase work of breathing, agi-
tation of the infant leading to hypoventilation and hyper-
carbia. Volume-targeted mode may enable clinicians to 
ventilate with controlled tidal volumes and weaning of 
pressure as lung compliance improves. When compared to 
pressure-cycled ventilation, the volume targeted ventilation 
may reduce BPD or death and intraventricular hemorrhage, 
and decrease duration of MV [182,183]. Conventional ven-
tilation settings are shown in Table 24.23.

Table 24.21  Continuous positive airway pressure and high-flow nasal cannula settings for RDS

Setting Start Increase Maximum Decrease Minimum

CPAP PEEP 5 cmH2O FiO2 >30% or signs of 
respiratory distress

7 cmH2O FiO2 21% 4 cmH2O

High flow 4–6 L/min FiO2 > 30% or signs of 
respiratory distress

8 L/min FiO2 <21%

FiO2 21% Preductal saturation <85% 40% Preductal 
saturation >90%

21%

Temperature 34–37°C

Humidity 100% Relative humidity

CPAP, Continuous positive airway pressure; FiO2, fraction of inspired oxygen; PaO2, partial pressure of arterial oxygen; PEEP, positive end expiratory 
pressure.
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When high pressures are needed to achieve adequate 
lung inflation, high-frequency oscillatory ventilation 
(HFOV) is a preferred alternative to MV. HFOV allows 
gas exchange at very low-tidal volumes delivered at very 
fast rates while lungs held open at optimal inflation by a 

continuous distending pressure. A recently updated meta-
analysis of RCTs comparing HFOV with conventional ven-
tilation showed use of elective HFOV compared with CV 
resulted in a small reduction in the risk of BPD, but the 
evidence was weakened by the inconsistency of this effect 

Table 24.23  Invasive positive pressure settings for RDS

Setting Start Increase Maximum Decrease Minimum

PEEP (cmH2O) 5 FiO2 >30% or signs of 
respiratory distress

7 FiO2 21% 4

PIP (cmH2O) 16 PCO2 >55 mmHg 24–26 PCO2 <45 mmHg 10

Rate (breaths/min) 30 PCO2 >55 mmHg 40–45 PCO2 <45 mmHg 
only after 
PIP = 10 cmH2O

10–15

iTime (s) 0.3 If needed to increase 
the number of 
supported breaths

0.4 Once stable, before 
weaning rate

0.3

FiO2 21% Preductal saturation 
<85%

50% (temporarily)
Generally should be 
<40%

Preductal saturation 
>90%

21%

Temperature 34–37°C

Humidity 100% Relative humidity

FiO2, Fraction of inspired oxygen; PaO2, partial pressure of arterial oxygen; PCO2, partial pressure of carbon dioxide; ; PEEP, positive end-expiratory 
pressure; PIP, peak inspiratory pressure.

Table 24.22  Nonsynchronized noninvasive positive pressure settings for RDS

Setting Start Increase Maximum Decrease Minimum

PEEP (cmH2O) 5 FiO2 > 30% or signs of 
respiratory distress

7 FiO2 21% 4

PIP (cmH2O) 20 PCO2 >55 mmHg 30–35 PCO2 <45 mmHg 10

Rate (breaths/min) 40 PCO2 >55 mmHg 50 PCO2 <45 mmHg only 
after PIP = 10 cmH2O

0 (CPAP)

iTime (s) 0.5 If needed to increase the 
number of supported 
breaths

1 Once stable, before 
weaning rate

0.5

FiO2 21% Preductal saturation 
<85%

50% 
(temporarily)
Generally should 
be <40%

Preductal saturation 
>90%

21%

Temperature 34–37°C

Humidity 100% Relative humidity

FiO2, Fraction of inspired oxygen; PaO2, partial pressure of arterial oxygen; PCO2, partial pressure of carbon dioxide; PEEP, positive end-expiratory 
pressure; PIP, peak inspiratory pressure; iTime, inspiratory time.
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across trials. In addition, the benefit could be counter-
acted by an increased risk of acute air leak. Adverse effects 
on short-term neurological outcomes had been observed 
in some studies, but these effects did not achieve overall 
significance. Most trials reporting long-term outcome had 
not identified any difference [184].

We found HFOV to be better in more severe cases of RDS 
in which risk of complication rates are high. Settings for 
HFOV can be found below (Table 24.24).

Infants refractory to HFOV or the ones more prone to 
get complications such as air leaks or PIE can be effectively 
managed with high-frequency jet ventilator (HFJV). Jet 
ventilators pose several theoretical advantages, including 
higher expiratory time, additional psi breaths and lower 
frequencies than HFOV. Following table shows settings for 
HFJV for managing infants with RDS (Table 24.25).

During ventilation hypocarbia as well as hypercarbia 
should be avoided because of their association with an 
increased risk of BPD, periventricular leukomalacia, and 
intraventricular hemorrhage, and continuous CO2 assess-
ment can be helpful especially during first few days of 
ventilation. Weaning of ventilation should be started 
immediately upon effective gas exchange and improve-
ment of compliance. The volume-targeted mode is better 
as automatic weaning done by ventilator by a decrease in 
peak inspiratory pressure with improvement in compli-
ance. Infants with RDS improve quickly following surfac-
tant administration and can be extubated to no invasive 
mode. Extubating to a relatively higher level of CPAP pres-
sure may improve the chance of successfully remaining off 
the ventilator [185].

Ventilatory management of 
complications of RDS

Management of pneumothorax is based on the cause and 
severity of illness. Most of the times pneumothorax is self-
resolving and needs to be managed only by adjusting venti-
latory support and careful monitoring. In infants receiving 
noninvasive or conventional ventilatory support, we tend 
to keep PIP as low as possible to keep tidal volumes around 
3.5 mL/kg, decrease inspiratory time (0.3 s), and increase 
ventilator rate while maintaining on the same modality of 
respiratory support. Generally, pH is maintained at 7.25–
7.3 and permissive hypercapnia with PCO2 between 50 and 
60 preferred to minimize further damage to the lungs. Ten-
sion pneumothorax requires needle aspiration followed by 
chest tube placement for reaccumulation of air. Persistent 
pneumothorax or sudden respiratory deterioration leading 
to hypoxia or hypercapnia is best managed by high-fre-
quency ventilation. Absence of high PIP, very short abso-
lute inspiratory time and small tidal volumes generated by 
HFV are key elements aiding the resolution.

Indications for HFOV:
•	 High PIP (>24 in preterm infants and >26 in term 

infants)
•	 MAP >11 to 12 on conventional ventilator
•	 FiO2 >50% and rising with conventional ventilator 

with adequate lung expansion
•	 Persistent or recurrent air leaks
•	 Worsening PIE

Table 24.24  High-frequency oscillator settings for RDS

Setting Start Increase Maximum Decrease Minimum

MAP (P) (cmH2O) 10–12 or 
>2 MAP on 
conventional 
ventilator

Hypoxemia (preductal 
saturation <85% and/or low 
lung volume (<8 ribs expanded)

As needed to 
achieve 10 
ribs expansion

Overexpansion 
(>10 ribs 
expanded) or FiO2 
<30%

9

Amplitude (rP) 
(cmH2O)

25 (adjust to 
obtain chest 
wiggle)

PCO2 >55 mmHg 40–45 PCO2 <45 mmHg 12

Frequency (Hz) 12–15 PCO2 <45 mmHg (after 
adjusting amplitude)

15 PCO2 >55 mmHg 
(after adjusting 
amplitude)

6–8

% Inspiratory 
time

33 Changes are generally not necessary

Bias flow (L/min) 15 If unable to maintain desired 
MAP

20 15

FiO2, Fraction of inspired oxygen; MAP (P), mean airway pressure; PCO2, partial pressure of carbon dioxide; PIP, peak inspiratory pressure.
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Suggested starting HFOV settings are MAP same as 
or slightly lower than conventional ventilator around 
8–9 cmH2O, respiratory rate of 12–15 Hz with amplitude 
enough to give wiggle. Settings are gradually increased for 
lack of improvement. Infants are usually kept on HFOV 
till complete resolution of pneumothorax and quite often 
extubated directly to noninvasive support [186].

Infants with PIE are managed conservatively. The major-
ity of these infants are extremely premature and already 
receiving high-ventilatory support. Most often these infants 
require switching ventilation to HFOV or HFJV. Lower 
peak pressures provided by high-frequency ventilators aide 
in decreasing air leak while healing distal airways [187]. 
Smaller infants may require higher amplitudes for gas 
exchange as distal airways collapse with lower pressures 
exacerbating gas trapping. MAP same as conventional ven-
tilator is preferred but not always possible due to imma-
ture lungs. We tend to manage these infants by frequently 
adjusting amplitude to manage PCO2 while keeping fre-
quency same (12–15 Hz). Occasionally, frequency may 
need to be changed to 8–10 Hz instead of increasing MAP 
if oxygenation is not optimized.

We frequently use high-frequency jet ventilation for 
managing these infants who do not respond to HFOV. 

This mode enhances ventilation at lower peak and mean 
airway pressures while keeping inspiratory time constant 
with more rapid resolution of PIE. Typically, MAP on HFJV 
is kept same as of previous modality and PIP is lowered as 
possible to give just enough delta P (PIP–PEEP) for PCO2 
clearance. Typical starting rates used are 360/min and may 
have to adjusted depending on PCO2 and lung inflation 
while keeping inspiratory time at 0.02 s. One may have to 
decrease frequency further to 240/min for minimizing air 
trapping. Target pH is between 7.25 and 7.3, but rarely we 
tolerate down to 7.20 if infant’s condition is critical. Per-
missive hypercapnia is preferred with PCO2 values main-
tained between 55 and 65. Transiently one may have to 
tolerate increased FiO2 requirements (0.5–0.75) in order 
to heal severe PIE while keeping PIP and PEEP low. Sigh 
breaths are not recommended for managing infants with 
air leaks. Localized PIE are managed by positioning the 
infant with affected side down to minimize lung aeration 
to that side. Severe cases may require selective bronchial 
intubation.

Management strategies for bronchopleural fistula 
include mainly conservative measures such as one 
or more large bore chest. In mechanically ventilated 
patients, the goal is to maintain adequate ventilation and 

Table 24.25  High-frequency jet ventilator settings for RDS

Setting Start Increase Maximum Decrease Minimum

PEEP 
(cmH2O)

7–12 or 
conventional 
ventilator MAP 
or <1–2 HFOV 
MAP

Hypoxemia (preductal 
saturation <85%), 
even if hyperexpanded 
or to maintain MAP 
when weaning PIP

As needed to 
achieve lung 
expansion 
and saturation 
goal

If cardiac output is impaired 
(i.e., small cardiac silhouette, 
decreased cardiac output) or if 
oxygenation is stable with FiO2 
<30%

6

Jet PIP 
(cmH2O)

20 or <1–2 
conventional PIP

PCO2 >55 mmHg 40-45 PCO2 <45 mmHg 16

Jet rate 
(breaths/min)

360 To decrease PCO2 
levels

420 Measured PEEP >2 cmH2O 
over set PEEP or PCO2 
>55 mmHg (after adjusting 
PIP) or airtrapping/PIE changes

240

Jet iTime (s) 0.02 Changes are generally not necessary. May increase to 0.024 if PIP = 40 cmH2O and PCO2 
>55 mmHg

Backup PIP 
(cmH2O)

Adequate for 
chest rise

To prevent atelectasis 1 <Jet PIP Minimize to prevent lung injury

Backup rate 
(breaths/min)

0–2 To prevent atelectasis
No backup rate for 
infants with air leak

5 Once optimal PEEP is reached 0

Backup iTime 
(s)

0.4 Changes are generally not necessary

HFOV, High-frequency oscillatory ventilator; MAP, mean airway pressure; PaO2, partial pressure of arterial oxygen; PCO2, partial pressure of carbon 
dioxide; PEEP, positive end-expiratory pressure; PIP, peak inspiratory pressure; iTime, inspiratory time.



403

ChapterRespiratory Distress Syndrome and Surfactant Therapy | 24 |

oxygenation while minimizing the fistula flow to allow 
the lung to heal. This may include strategies combining 
to reduce PIP, tidal volumes, respiratory rate, PEEP, and 
inspiratory times, and accepting permissive hypercapnia 
and lower oxygen saturations. Most air leaks will resolve 
spontaneously over a few days if the patient can be 
weaned onto spontaneous respiration without high lev-
els of respiratory support. Small tears or punctures usu-
ally heal quickly, while larger structural damage to the 
lung or a major bronchus will not heal with conservative 
management, particularly if high pressures are required 
for adequate gas exchange. The use of HFV and differen-
tial lung ventilation through double-lumen tubes may be 
needed. For proximal leaks, fiberoptic bronchoscopy and 
direct application of sealants have been attempted with 
some success. Refractory cases may need to be repaired 
surgically by thoracoplasty, lung resection/stapling, pleu-
ral abrasion/decortication, or other techniques.

Summary and recommendations

•	 RDS is one of the most common diagnoses in 
premature infants in NICU.

•	 Diagnosis of RDS is mostly based on oxygen requirements.
•	 Use of antenatal steroids is essential in threatened 

preterm delivery.
•	 Delivery room CPAP and noninvasive ventilation need 

to be aggressively.
•	 Exogenous surfactant therapy has become one of the 

most common procedures performed for the treatment 
of RDS in preterm infants globally.

•	 Composition, timing, and techniques of administering 
surfactant have been evolving over time.

•	 INSURE method is currently preferable for surfactant 
administration.

•	 Prophylactic surfactant therapy may only have 
a limited role where antenatal corticosteroid 
administration rates are low.

•	 At present, animal-derived surfactants are the standard 
of care for RDS.

•	 One must limit MV for decreasing morbidities.
•	 Adjuvant therapies such as caffeine, volume-targeted 

mode of ventilation in intubated infants, permissive 
hypercapnia, and conservative use of oxygen remain 
key elements.

•	 Comprehensive treatment of infants with RDS includes 
optimal nutrition based on exclusive breast milk-based 
diet, thermoregulation and cardiovascular stability.

•	 Future research of surfactant therapy should focus 
on using surfactant as a vehicle to deliver anti-
inflammatory molecules, and less invasive or 
noninvasive modes of surfactant administration.

Cases

Case 1

A 38-year-old G3P1 mom admitted to labor and delivery with 
chronic hypertension and intrauterine growth restricted fetus 
with absent end-diastolic blood flows at 25 weeks of gesta-
tion. Mom was admitted for blood pressure management 
and rule out preeclampsia. Mom had previous preterm deliv-
ery for preeclampsia at 26 weeks of gestational age. Mom 
reported that previous child was “healthy” and did not have 
any complications. Mom received 1 dose of betamethasone 
and magnesium sulfate started for neuroprotection.

Decision to proceed with c-section was secondary to 
mother’s uncontrolled hypertension and HELLP syndrome. 
Infant was born by classical c-section. Obstetricians removed 
amniotic bag from uterus and delivered infant with the sac. 
Patient weighing 400 g was brought to radiant warmer at 
25 s of life, placed in polyurethane bag with cord and placenta 
attached. Infant with weak cry, and so NIPPV initiated with 
Ram cannula (PIP of 25 and PEEP of 5). Heart rate at 1 min 
was less than 100. Pulse oximeter probe applied to right radial 
area, and orogastric tube was placed. The team was unable 
to acquire good reading from pulse oximeter probe until 2  of 
life. Unable to maintain adequate saturations despite holding 
mouth closed, so transitioned to NIPPV with mask and T-piece 
connector, to which she responded well. She was then transi-
tioned back to NIPPV via Ram cannula requiring FiO2 of 40% 
during transport over to NICU, but was quickly weaned back 
to 21% before moving her to the isolette.

Initially, infant was placed on NIPPV in NICU. Initial ABG 
on admission was pH 7.20/CO2 62/BE-8. She developed 
desaturations increasing FiO2 requirement to 70%. Intubated 
with 2.5 ETT and placed on SIMV with pressure support 20/5 
rate 40. Infant was administered first dose of surfactant as 
infant was requiring higher FiO2 on conventional ventilator. 
Chest X-ray was suggestive RDS (Fig. 24.10). Initially, baby 
responded to surfactant with chest X-ray showing better 
expansion and FiO2 was weaned (Fig. 24.11).

Over next 2 days baby had CO2 retention with ABG 
showing pH 7.14/CO2 70/BE-8 and at this point infant’s 
settings on conventional ventilator were pressures 24/6 
rate 40 and FiO2 60%. Respiratory support was changed 
to high-frequency oscillator as infant’s mean airway pres-
sure on conventional ventilator was too high (MAP = 11). 
Infant received additional 2 doses of surfactant over next 
48 h secondary to worsening lung disease and increased 
settings on oscillator (MAP increased from 13 to 15, Amp 
increased from 20 to 24). Echocardiogram at this point 
showed large PDA with predominantly left to right shunt-
ing. Infant received two courses of indomethacin for PDA.

Infant continued to require high settings on oscillator 
MAP 15, Amp 24, Hz 12 and received additional dose of 
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was established over next 2 weeks. Once the pressures were 
10/5, rate was weaned by 2 every 12 h till rate of 10 was 
achieved.

Infant was transitioned to CPAP of 6 by 33 weeks of cor-
rected gestation and was weaned to 2 L/min nasal cannula 
within days of switching to CPAP.

Infant was gradually weaned off nasal cannula over 
next 2 weeks. Baby had periods of desaturations especially 
with feeding over next 2 weeks. X-ray revealed residual 
lung disease (Fig. 24.13). With adequate nutrition and 
growth, infant improved with no episodes of desaturations 
by corrected 36 weeks of gestation. Baby passed oxygen 
challenge test and was discharged home not needing any 
supplemental oxygen.

Fig. 24.12 Worsening RDS on Oscillator.

surfactant as X-ray continued to suggest RDS (Fig. 24.12). 
Infant responded to this dose with improvement in CO2 
ABG 7.30/52/−2. Infant was weaned gradually to settings 
on MAP 10, Amp 16, and then was placed on conven-
tional ventilator with settings of 24/6 rate 40. Patient was 
extubated after several days of stabilization and weaning 
on conventional ventilator pressures 18/6 rate 20 to NIPPV 
using Ram cannula at settings of 25/5 rate of 40 in FiO2 of 
30%. Ram cannula pressures were gradually weaned over 
next month while focusing on nutrition and growth. Feeding  

Fig. 24.10 Intubated Preterm Infant Showing 
Moderate-to-Severe RDS.

Fig. 24.11 Initial Response to Surfactant With 
Improvement of Lung Aeration.

Fig. 24.13 X-Ray at 2 months of Age Still Shows 
Residual Lung Disease.
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reticulogranular pattern and ABG 7.16/68/−7. Endotra-
cheal tube cultures revealed klebsiella pneumoniae requir-
ing IV cefotaxime.

Infant was switched to high-frequency oscillator due to 
retained CO2 (ABG 7.22/66/−6.5) despite high settings on 
conventional ventilator (pressures 25/6 rate 40, MAP 11, 
FIO2 50%). Setting at start of HFOV were MAP 13, Amp 
24, Hz 15. Over next week lungs started appearing cystic. 
High mean airway pressures on high-frequency oscillator 
(MAP 16, Amp 30, Hz 10) in the infant with high FiO2 
50%–70% warranted switching to high-frequency jet 
ventilator (Jet PEEP 14, PIP 36, rate 360). Echocardiogram 
was done at this point revealed large PDA. Despite medi-
cal treatment PDA did not close. Surgical ligation of PDA 
was done secondary to worsening pulmonary and hemo-
dynamic status.

Infant received a 9-day course of dexamethasone 
(starting dose 0.1 mg/kg/day two divided doses taper-
ing every 3 days) for imminent BPD (Fig. 24.16). Baby 
responded partially (ABG 7.32/56/+4) and was weaned 
to conventional ventilator. But infant was placed back 
on jet ventilator due to respiratory deterioration (ABG 
7.26/64/+3). Feeding was established while continuing 
respiratory support with jet ventilator. With resolution of 
infection, no PDA and tolerance of feeding infant’s condi-
tion improved. With another course of dexamethasone 
infant was gradually weaned off jet ventilator and extu-
bated to NIPPV.

Over next month NIPPV was weaned off to nasal can-
nula. Infant was also started on diuretics and inhaled 
steroids with bronchodilators. Infant slowly improved respi-
ratory desaturations and stabilized to go home on low-flow 
oxygen (Fig. 24.17). Echocardiogram did not show any pul-
monary hypertension.

Fig. 24.15 Worsening RDS in Second Week of Life in 
Premature Infant.

Case 2

A preterm 24 1/7-week-female child was born to a 16-year-
old G2P2 mother. Mother had vaginal bleeding concerning 
for preterm labor versus vasa previa and was transferred to 
delivery hospital from outside hospital. She received beta-
methasone × 2 doses prior to transfer along with magne-
sium for neuroprotection and ampicillin. On admission to 
labor and delivery, mother began having contractions every 
10–15 min and advanced overnight to every 2–5 min con-
tractions.

Infant was born by spontaneous vaginal delivery. The 
patient weighing 600 g was brought to the warmer emer-
gently without delayed cord clamping. Nuchal cord was 
noted upon delivery. The patient was placed in a bag and 
on a chemical mattress. She was dried and stimulated and 
bulb suctioned. Ram cannula was placed emergently after 
baby arrived at warmer, settings of 26/6, FiO2 increased to 
50% and then subsequently decreased with improving oxy-
gen saturation. Heart rate initially less than 100 at 1 min, 
subsequently improved to more than 100 with NIPPV.

Patient transferred to NICU on NIPPV. Chest X-ray was 
suggestive of mild RDS (Fig. 24.14). Initial blood gas pH 
7.26/50/-5. Infant received surfactant using INSURE tech-
nique. Over the first week of life infant’s respiratory status 
improved. Echocardiogram showed moderate-to-large PDA 
requiring indomethacin treatment.

Second week of life infant was noted to have increased 
work of breathing requiring intubation (Fig. 24.15) and 
received two additional doses of surfactant. Infant was 
placed conventional ventilator SIMV with pressure sup-
port on settings of 24/6 rate of 30 FiO2 between 21% and 
30% and I-time 0.3 s. Over next 24 h infant deteriorated 
with chest radiograph, showing changes suggestive of 

Fig. 24.14 Premature Infant Showing Signs of RDS on 
First Day of Life.
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Meconium Aspiration Syndrome— 
Part 1: Epidemiology, Pathophysiology,  
Signs and Symptoms, and Diagnosis
Rama Bhat, MD, Dharmapuri Vidyasagar, MD

Introduction

Meconium is the first stool of an infant; and it is a tarry/
greenish, odorless viscid material containing 70%–80% 
water and the gastrointestinal secretions, such as bile acids, 
bile pigments, mucopolysaccharides, fatty acids, and pan-
creatic enzymes, such as phospholipase A2, various drug 
metabolites, vernix, lanugo, and swallowed fetal cells. 
Fetuses from 10%–20% pass first stool in utero and the rest 
within 48 h of birth.

Aristotle, a philosopher-biologist (380–323 BC) coined 
the term “meconium,” as it resembled crude extract of 
Opium and the babies born through meconium-stained 
amniotic fluid (MSAF) were found depressed or sleepy. 
Obstetric textbooks from the beginning of last century 
described the passage of meconium in utero as an impend-
ing sign of fetal death [1].When aspirated meconium can 
cause mild to severe respiratory symptoms requiring both 
respiratory and cardiovascular support in an intensive care 
nursery. Meconium aspiration syndrome (MAS), once a 
common cause of respiratory failure with high mortality 
and morbidity in term and near-term neonates, has been 
steadily declining in the western world (<5%), but in the 
developing countries it is still the leading cause of respi-
ratory failure in the newborn period with high (32%) 
mortality [2,3].

This chapter will focus on the epidemiology, recent 
advances in pathophysiology of MSAF and MAS, clinical 
manifestations, and diagnosis.
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CHAPTER POINTS

•	 MAS is a major cause of respiratory failure and 
morbidity in term newborn.

•	 Recent advances in perinatal and neonatal 
management have steadily decreased the incidence 
& complications and increased the survival.

•	 MAS is a multifactorial disease and includes 
pulmonary and vascular components.

•	 Pathophysiology of MAS includes airway obstruction, 
inflammatory response, surfactant inactivation, and 
development of pulmonary hypertension.

•	 Improved obstetrical and postnatal care has decreased 
the mortality for MAS from 40% to <5% in developed 
countries.
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Significance of MSAF

MSAF is a “fetal environmental hazard” [4]. MSAF occurs in 
3%–20% of all pregnancies and 1.5%–5% of these infants 
born through MSAF develop MAS (7,500–25,000 cases/year 
in the United States alone). Another 3.4%–5.2% develop 
other respiratory problems such as transient tachypnea 
(TTN), delayed adaptation after birth, pulmonary hyper-
tension, sepsis/pneumonia, and pneumothorax. Newborns 
with MAS from 30% to 50% require ventilator support and 
treatment for pulmonary hypertension. Meconium in the 
amniotic fluid indicates the need for close observation of 
mother and fetus in the intrapartum period for any signs 
of fetal compromise. It also increases the risk for cesarean 
birth, the need for additional personnel skilled in neonatal 
resuscitation at delivery and admission to NICU. Decision 
to deliver an infant, however, should be based on fetal well-
being rather than presence of meconium.

Epidemiology of MSAF

MSAF is seen in 3%–20% of term deliveries. In postterm 
(≥42 weeks) deliveries, incidence can be as high as 48% [5]. 
Higher incidence of MSAF has been reported among Afri-
can-American, southeast Asian, Black African, Pacific Island-
ers and indigenous populations of Australia [6,7]. This 
has been attributed to advanced gut maturation, but exact 
mechanisms are not known. Balchin et al. in a prospective 
population-based study reported that black and southeast 
Asian babies have higher risk of being born through MSAF 
(OR: 8.4, 95% CI: 2.4–28.8) [8]. Other risk factors include 
postmaturity, maternal smoking, in-utero hypoxia from pre-
eclampsia, drug abuse, intrapartum medications, prolonged 
rupture of membranes, and chorioamnionitis. Table 25A.1 
shows the reported risk factors of MSAF.

In preterm pregnancies (<34 weeks gestation) the inci-
dence of MSAF is around 4%–5% [9]. The low incidence 
in preterm infants has been attributed to decreased bowel 
motility and lower amount of meconium in the bowel.

Table 25A.2 shows the incidence of MSAF in various 
countries around the world.

Pathophysiology of MSAF

Fetal defecation is very common up to 16–20 weeks but it is 
uncommon between 20 and 32 weeks gestation. One possi-
ble explanation for this is the innervation of anal sphincter, 
which is complete by 20 weeks. Passage of the meconium 
in utero can be due to maturational/physiological reasons 

Table 25A.1  Risk factors for meconium-stained 
amniotic fluid (MSAF)

Risk factors
Incidence 
of MSAF

Maturational Increasing gestational 
age

<34 weeks, 5%
38–40 weeks, 
10%–20%
41 weeks, 38.7%
42 weeks, 48%

Racial/Ethnic Racial differences—
higher incidence 
among African-
American, Black 
Africans, South Asians, 
Pacific Islanders

Black 
African—22.6%
South Asian—
16.8%
White—15.7%

Physiological Breech presentation

Stress 
mediated

Smoking during 
pregnancy

Drug abuse

IUGR

Preeclampsia,

Chorioamnionitis

Intrapartum oxytocin 
or misoprostol

Prolonged rupture of 
membranes

IUGR, Intrauterine growth restriction.

Table 25A.2  Reported global incidence of MSAF*

Countries Incidence (%)

Western United States 10–15

France 7.93

United Kingdom 16.3

Southeast 
Asia

Japan 13

China 13–16.4

Korea 4.99

South Asia India 9.8–14.3

Nepal 13.4–14.6

Pakistan 7.7

Iran 11.6

Africa Nigeria 20.4

Ethiopia 15.4

*Data obtained from the published reports during the last 20 years.
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or from stress-mediated mechanisms (Fig. 25A.1). Higher 
motilin levels and increased cholinergic innervation with 
advancing gestation can explain the higher incidence of 
MSAF in term and postterm (>294 days) infants [10]. 
Incidence of MSAF among southeast Asians, African-Amer-
icans, and Pacific Islanders compared to Caucasians has 
been attributed to advanced gut maturation [6,7].

Other factors associated with in utero meconium pas-
sage are drug abuse, intrauterine infection, use of vaginal 
Misoprostol for labor induction, and gestational cholesta-
sis [11–13]. In the later instance, MSAF was attributed to 
increased fetal colonic stimulation by higher bile acid accu-
mulation in maternal serum. Campos et al. recently reported 
that infusion of cholic acid into fetal lambs increased colonic 
motility [14]. In a recent study, Ahanya et al. reported that 
fetal stress increases corticotropin releasing factor (CRF) and 
CRF-R1 receptors, which lead to increased colonic contractil-
ity [15]. Cortisol and CRF levels in fetuses with MSAF were 
higher and administration of glucocorticoid and thyroxin to 
the fetus showed increased colonic contractility and passage 
of meconium [16]. The low incidence of MSAF in preterm 
infants may be secondary to low motilin, decreased peristal-
sis, and small amount of meconium in the gut.

MSAF can be thin or translucent (grade-1), moderately 
thick (grade-2, opalescent), and thick (grade-3, pea soup) 
depending on the amount of meconium passed, volume 

of the amniotic fluid, and its clearance from the amniotic 
cavity. MAS is more common in infants born through thick 
viscid MSAF [17].

Meconium aspiration

Definitions of MAS
1. Meconium aspiration is defined as respiratory distress 

in an infant born through MSAF whose symptoms 
cannot otherwise be explained [18].

2. Meconium aspiration defined by clinical criteria: (1) 
respiratory distress (tachypnea, retractions, or grunting) in 
a neonate born through MSAF; (2) need for supplemental 
oxygen to maintain oxygen saturation (SaO2) 92% or 
more; (3) oxygen requirement starting during the first 
2 h of life and lasting for at least 12 h; and (4) absence of 
congenital malformations of the airway, lung, or heart [19].

3. MAS is defined as respiratory distress presenting 
from immediately after birth to 12 h of age. Hypoxia, 
tachypnea, gasping respiration, and often underlying 
asphyxia. Chest X-ray shows overexpansion of lungs 
widespread coarse fluffy infiltrates [20].
The above three definitions have been used in various 

clinical reports of MAS.

Fig. 25A.1 Risk Factors for Meconium Aspiration Syndrome (MAS): Stress, Thyroid and Glucocorticoid Hormones, 
and Motilin-Enhanced Intestinal Motility. Prematurity is associated with poor intestinal motility. CRF, Corticotrophin releasing 
factor; MSAF, meconium-stained amniotic fluid. Copyright: Satyan Lakshminrusimha.
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Incidence
In developed countries, the incidence of MAS ranges from 
1.5% to 5% of all babies born through MSAF. During the 
last 2 decades the incidence of MAS has been steadily 
decreasing while in the developing countries the reported 
MAS incidence has ranged from 5% to 21% [21].

Yoder et al. in a single-center prospective study reported 
that the changing obstetric practices at their institution dur-
ing the 1990–1998 resulted in decreased incidence of MAS 
from 5.8% to 1.5% [2]. This reduction in MAS was attrib-
uted to more frequent recognition of nonreassuring fetal 
heart rate (FHR) pattern and significant (33%) reduction 
in births >41 weeks.

Other recent population reports from the United King-
dom, France, and Australia showed a significant downward 
trend in MAS incidence [8,22]. Vivian-Taylor et al. reported 
a 11.3% per year reduction in MAS from a large popula-
tion-based cohort study from Australia and attributed this 
decline in MAS to reduction in (1) births ≥40 weeks, (2) 
birth weight <3rd percentile, (3) maternal smoking, and 
(4) delivery at small hospitals [23].

Risk factors for MAS include African-American race, 
infants born through thick MSAF, nonreassuring FHR trac-
ing (category II and III FHR), low 1 and 5 min Apgar score 
(Table 25A.3).

Pathophysiology of MAS

Despite the recent advances in meconium-induced lung 
injury, the following question remains as puzzle: namely, 
why large number of infants who had meconium in tra-
chea and radiological findings suggestive of MAS, remain 
asymptomatic. Until 1990, the traditional belief was that 

meconium aspiration occurs immediately after birth and 
aspirated meconium causes obstructive respiratory distress 
initially which is then followed by chemical pneumonitis. 
Several studies, both clinical and experimental, carried out 
during the last 2 decades have shed new light into the patho-
genesis of meconium aspiration. The Fig. 25A.2 summarizes 
the current understanding of meconium-induced lung injury 
in newborns.

Currently, MAS is considered as a multifactorial disease 
with many players either acting alone or in combination.
1. Airway obstruction
2. Noninflammatory

a. Apoptosis—direct damage to airway and alveolar 
epithelial cells

b. Surfactant inactivation and/or decreased synthesis
c. Epithelial sodium channel (ENaC) inactivation—

decreased reabsorption of lung fluid
3. Inflammatory response

a. Production of proinflammatory agents (cytokines, 
chemokines), phospholipase A2

b. Activation of compliment (C5a) and Toll-like 
receptors

c. Increased production of, prostaglandins and 
leukotrienes

d. Increased production of reactive oxygen species 
(ROS) and reactive nitrogen species (RNS)

e. Injury to endothelium and epithelium and leakage 
of protein and fluid to alveoli

4. Pulmonary hypertension: In utero hypoxia, 
muscularization of acinar vessels, meconium aspiration 
and subsequent postnatal hypoxia hypercarbia, 
acidosis, and increased thromboxane levels after birth 
resulting in continuation of fetal circulation

Airway obstruction

Until 1990, respiratory distress seen in term infants born 
through MSAF was attributed to airway obstruction and 
chemical pneumonitis from aspirated meconium. Thureen 
et al. reported autopsy findings in eight infants with fatal 
meconium aspiration in spite of appropriate perinatal air-
way management. They showed no airway obstruction but 
excessive muscularization of pulmonary arteries and intra-
lobular arterioles. The findings let them conclude that MAS 
occurred in utero [25]. Satoh et al. reported autopsy findings 
from stillborn infants and infants born through MSAF who 
died within few days after birth which showed occluded 
bronchiolar and alveolar spaces in five infants and in three 
infants small amount of meconium in alveolar spaces [26]. 
Experimental studies on newborn puppies and young adult 
rabbits [27,28] have reported pathological and pulmonary 
functional changes after instilling 20%–50% meconium 
to trachea. The studies on dogs showed rapid clearance of 
tantalum-labeled meconium from trachea and main bron-

Table 25A.3  Risk factors for MAS*

Risk factors Odds ratio (CI) P-value

Fetal distress—
nonreassuring fetal heart 
rate patterns (category II 
and III)

6.9 (1.8–26.9) 0.006

Consistency of MSAF—
thick versus thin MSAF

9.85 (4.39–
22.08)

Prolonged labor 5.2 (2.5–10.7)

Depressed at birth—
Apgar <7 at 1 and 5 min

MSAF, Meconium-stained amniotic fluid.
*Odds ratio obtained from the published reports.
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chi to the peripheral airways and alveoli within 1 h. Instil-
lation of 25% meconium into airway showed early (15 min 
after instillation) increase in both inspiratory and expiratory 
respiratory resistance suggestive of large airway obstruction; 
however, the expiratory resistance was higher than inspira-
tory resistance indicative of partial obstruction. This was 
associated with an increase in functional residual capacity 
(hyperexpanded lung fields), decrease in dynamic compli-
ance, and unchanged static compliance consistent with 
partial obstruction. By 2 h, airway resistance decreased sug-
gesting distal migration of meconium. Examination of lungs 
showed widespread areas of atelectasis and emphysematous 
areas indicating distal small airway obstruction. Atelectasis 
leads to right-to-left shunting of blood without oxygenation 
at the alveolar level while air trapping from a ball valve 
obstruction causes hypoxia, hypercarbia, and acidosis lead-
ing to pulmonary hypertension and right-to-left shunting 
via foramen ovale and ductus arteriosus. Ball valve airway 
obstruction can also result in pneumothorax and pneumo-
mediastinum in 10%–30% of infants with MAS requiring 
mechanical ventilation. These observations led to airway 
intervention strategies, such as intrapartum oropharyngeal 
suction and laryngoscopic suction of trachea after birth 
[29,30]. However, recent large multicenter randomized con-
trolled trials of intrapartum oropharyngeal and postnatal 
airway suctioning conducted during the last 2 decades have 
failed to prevent MAS and/or alter the course of the disease 
[31,32]. These findings suggest that meconium-induced lung 
injury is not due to simple obstruction alone but other fac-
tors, such as inflammation, alterations surfactant function, 
and yet unknown factors may play a role.

Noninflammatory

•	 Meconium-induced apoptosis: Experimental studies 
from our laboratory on 2-week-old rabbits after 
intratracheal instillation of 10% meconium solution 
showed massive epithelial cell death, which peaked 
at 24 h compared to saline-instilled rabbits. Most 
of the dead epithelial cells were either apoptotic or 
necrotic. Apoptosis was evident soon after instillation 
of meconium. Further morphological studies of lungs 
showed detachment of airway epithelium into airway 
lumen indicating direct toxic effect of meconium on 
airway and alveolar epithelia [33]. Exact mechanisms for 
meconium-induced apoptosis is not fully understood 
but cytokines and free radicals released by macrophages, 
neutrophils, phospholipase A2, and angiotensin II may 
also play a role in meconium-induced apoptosis [34,35].

•	 Meconium-induced surfactant inactivation: The 
exact mechanism by which meconium induces 
surfactant inactivation is not fully understood. 
Possible mechanisms include (1) meconium-induced 
concentration-dependent structural alterations in 

surfactant phospholipids resulting in higher ratio 
of small round aggregates to large aggregates which 
has low surface reducing activity [36], (2) meconium 
contains phospholipase A2a potent initiator of 
inflammation and an inhibitor of surfactant activity 
[37], (3) by direct toxicity on type II cells and decrease 
surfactant production [38]. Change in surfactant 
function can lead to widespread atelectasis and 
pulmonary edema. Exogenous high-dose surfactant 
administration has been shown to decrease the severity 
of illness and reduced the need for extracorporeal 
membrane oxygenation (ECMO) [39].

•	 Pulmonary edema: Meconium-induced lung injury 
and hypoxia can lead to alveolar tight junction damage 
and leakage of fluid, and inhibition of lung fluid 
reabsorption [40]. ENac and surfactant dysfunction can 
also contribute to pulmonary edema. Pulmonary venous 
hypertension secondary to cardiac dysfunction due to 
asphyxia can increased pulmonary capillary hydrostatic 
pressure and cause pulmonary edema (Fig. 25A.2).

Inflammatory response

•	 Animal studies: Meconium contains several 
proinflammatory cytokines and has strong chemotactic 
activity (Fig. 25A.3). Recent studies on piglets 
following instillation of meconium showed massive 
influx of neutrophils and macrophages within 
few hours in the lungs and these cells trigger the 
production of proinflammatory substances, such as 
TNF α, IL-1β, IL-6, leukotrienes, and thromboxanes, 
leading to pulmonary and vascular injury. Meconium 
also contains phospholipase A2 (PLA2), which is a 
potent inflammatory agent and elevated plasma levels 
of PLA2, has been reported following intratracheal 
instillation of meconium [34]. Other studies have 
reported meconium-induced activation of complement 
cascade subsequent increase in C5b-9b, cytokines, 
chemokines, arachidonic metabolites and reactive 
oxygen species. These inflammatory mediators not 
only produce meconium pneumonitis but also 
systemic inflammatory reaction [41].

•	 Human studies: In utero fetal exposure to meconium 
has been shown to induce inflammation in the 
chorionic plate of the placenta, ulceration in umbilical 
cord, vascular injury with medial muscle necrosis, and 
vasoconstriction [42,43].

Pulmonary hypertension

Pulmonary hypertension is a serious life threatening condi-
tion occurring in 30% of newborns with severe MAS. Pul-
monary hypertension is more common among infants born 
to mothers with chronic hypertension, or chronic placental 
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abruption and in utero meconium aspiration. Clinical and 
autopsy studies on human neonates have reported devel-
opment of pulmonary hypertension following in utero 
meconium aspiration or postnatal intratracheal meconium 
instillation. Chronic hypoxia results in extension of medial 
musculature to small acinar arterioles (normally not mus-
cular), which is the major contributor for pulmonary hyper-
tension. Other factors inducing pulmonary hypertension are 
elevated ET-1 levels, thromboxane levels, and direct injury to 
endothelial cells by inflammatory mediators [44–46].

Pulmonary hypertension cannot be predicted by radio-
logical findings alone. Many MAS infants present with clear 
overexpanded lung fields on chest X-ray show severe pul-
monary hypertension on echocardiogram examination. 
Thus, it is imperative that all infants requiring mechanical 
ventilation for poor oxygenation should be screened for 
pulmonary hypertension early (first 3 days of life).

In summary, the available evidence clearly indicates that 
MAS is a multifactorial disease and not a simple airway 

obstruction or chemical pneumonitis. van Ireland and de 
Beaufort have renamed the MAS as “meconium-associated 
pulmonary inflammation (MAPI)” [47].

Clinical features

The classic MAS newborn is a postterm or term infant born 
through thick MSAF, had fetal decelerations (Type 2 FHR) 
during labor, depressed at birth (Apgar < 7 at 1 and 5 min), 
had meconium below vocal cords, and presents soon after 
birth or within few hours after birth with tachypnea (respi-
ratory rate > 60/min), retractions, grunting, and cyanosis 
requiring oxygen or ventilator support to maintain oxygen 
saturation >90%.

Based on clinical severity, oxygen requirement and the 
need for assisted ventilation MAS has been classified in to 
three types: mild, moderate, and severe MAS.

Fig. 25A.2 Pathophysiology of Lung Injury After Aspiration of Meconium in Utero or After Birth. ENaC, Epithelial sodium 
channel. Copyright: Satyan Lakshminrusimha. Modified from the original publication of Vidyasagar D, Harris V, Pildes RS. Assisted 
ventilation in infants with meconium aspiration syndrome. Pediatrics 1975;56:208–213 [24].
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•	 Mild MAS: Oxygen requirement <40% for <48 h
•	 Moderate MAS: Oxygen requirement >40% for 48 h
•	 Severe MAS: Infants requiring mechanical ventilation and 

other therapy for associated pulmonary hyperventilation.
Clinical features include increased anteroposterior 

diameter of the chest (barrel-shaped chest); decreased air 
entry and shift of apical impulse (in the presence of pneu-
mothorax), rales, and rhonchi; subcostal and intercostal 
retractions. Infants from 25%–30% requiring mechanical 
ventilation may develop pneumothorax.

Other clinical signs include signs of postmaturity—dry 
peeling skin; long nails; meconium staining (greenish-yel-
low) of skin, nails, and umbilical cord.

Significant number of infants develop respiratory dis-
tress secondary to delayed absorption of lung fluid, and 
the diagnosis can be made by chest X-ray showing fluid in 
transverse fissure and perihilar congestion.

Infants born depressed (Apgar score at 1 and 5 min <7) 
are more likely to have early symptoms of tachypnea and 
retractions than infants born with normal Apgar scores  
(> 7 at 1 and 5 min).

Differential diagnosis

•	 TTN
•	 Aspiration of amniotic fluid/blood
•	 Pneumonia/Sepsis
•	 Diaphragmatic hernia

•	 Cyanotic heart disease
•	 Primary persistent pulmonary hypertension

Many of the above conditions can be differentiated by dual 
saturation monitoring, chest X-ray, echocardiogram, arterial 
blood gas analysis, complete blood count (CBC), C-reactive 
protein (CRP), and blood culture. Indications for these tests 
and the expected findings in MAS are described below.

Initial diagnostic tests

Chest X-ray

Chest roentgenogram is diagnostic and the usual findings 
include the following (Fig. 25A.4):
•	 Patchy infiltrates with areas of hyperinflation
•	 Hyperinflated lung fields—evidence of ball valve 

obstruction
•	 Atelectasis on one or both lung fields
•	 Pneumothorax or pneumomediastinum
•	 Pleural effusion
•	 Perihilar congestion with prominent transverse fissure 

on right lung
•	 Oligemic lung fields (more common with severe 

pulmonary hypertension)
•	 Cardiomegaly—more common in infants born with 

low 1 and 5 min Apgar scores.
It is important to note that the severity respiratory dis-

tress may not correlate with radiological findings.

Fig. 25A.3 Cellular Mechanisms Associated With Pulmonary Pathology in MAS. Copyright: Satyan Lakshminrusimha.
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Lung ultrasonography

The use of ultrasonography to diagnose pulmonary lesions 
is on the rise. One recent large study involving 117 infants 
with MAS reported that ultrasonography of the chest can be 
as reliable as chest X-ray to diagnose MAS (100% sensitivity 
and 100% specificity) [48].

Ultrasonography findings in MAS cases included:
•	 Pulmonary consolidation with air bronchogram 

(100%)
•	 Atelectasis (16.2%)
•	 Pleural effusion (13.7%)
•	 Alveolar interstitial syndrome

Use of ultrasound as a diagnostic tool in NICU has an 
advantage over repeated X-ray imaging by avoiding radia-
tion. It has been used to diagnose pulmonary hemorrhage 
in preterm infants. Further studies are needed on sick neo-
nates to validate the aforementioned findings.

Pre- and postductal oxygen saturation

All newborns with MAS requiring mechanical ventilation 
should have dual continuous oxygen saturation monitor-
ing. The saturation probes should be placed on right hand 
(preductal) and the second probe in the lower extremity 
(postductal). A saturation difference of >10% is highly sug-
gestive of pulmonary hypertension.

Arterial blood gas

Newborns with MAS need a blood gas to rule out other 
causes of respiratory distress, such as TTN and congeni-
tal heart disease (CHD). In MAS, blood gas analysis will 
show low pO2 and higher pCO2, especially the one with 
asphyxia.

Complete blood count

In newborns with early onset sepsis and infants with 
pneumonia will show leukocytosis or neutropenia with 
immature neutrophils and thrombocytopenia. Thrombo-
cytopenia is more common in infants with birth asphyxia

C-reactive protein and procalcitonin

Both peptides, CRP and procalcitonin, are acute phase reac-
tants and produced by liver and the latter also by monocytes 
in reaction to infection. CRP level increases slowly starting 
at 6 h; whereas procalcitonin rises within few hours. Nor-
mal levels of CRP is less than 0.5 mg/dL and procalcitonin 
level <0.5 ng/mL. The two tests aforementioned can help 
the physician at bedside to diagnose neonatal sepsis/pneu-
monia and differentiate from MAS and CHD.

Blood culture

Newborns admitted with MAS need a blood culture to rule 
out infection. Many with MAS also have chorioamnionitis 
in addition during intrapartum period. MSAF, especially 
thick viscous amniotic fluid, is a good media for bacterial 
overgrowth.

Hyperoxia test

This test is done to rule out cyanotic heart disease and of 
value in hospitals without echocardiogram facilities. The 
test is done by administering 100% oxygen for 15 min and 
observing pre- and postductal oxygen saturation. In infants 
with cyanotic CHD and with severe MAS and pulmonary 
hypertension, oxygen saturation will not increase. Fur-
ther differentiation can be made by echocardiogram and 
by arterial blood gas analysis. The latter will show higher 
pCO2 in cases with severe MAS but pCO2 will be normal 
in CHD cases.

Echocardiography

Indications for echocardiography in infants with MAS 
include: (1) to rule out congenital cyanotic and acyanotic 
conditions, (2) cardiac contractility (RV and LV function), 
tricuspid regurgitation, right to left shunt through ductus 
arteriosus and foramen ovale. Neonates with MAS requir-
ing >60% oxygen should get an echocardiogram early in 
the first 2 days to diagnose pulmonary hypertension. Pres-
ence of tricuspid jet, right ventricular dilatation, right to left 
shunt through PDA and/or foramen ovale is very diagnostic 
for pulmonary hypertension. Follow-up echocardiograms 
may be necessary to evaluate the response to therapy. Up to 
30% of mechanically ventilated MAS infants may develop 
PPHN.

Fig. 25A.4 Typical X-ray in MAS Showing Hyperinflated 
Lung Fields With Fluffy Infiltrates. Courtesy: Dr. V. Karody.
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Meconium Aspiration Syndrome—Part 2:  
Clinical Management
Mark F. Weems, MD, FAAP, Ramasubbareddy Dhanireddy, MD, FAAP

Delivery room management

1. Neonatal resuscitation team. Meconium-stained 
amniotic fluid is a high-risk condition, and a neonatal 
resuscitation team should be present at the time of 
birth. The initial resuscitation should not differ from 
the standard steps (temperature control, clear the 
airway, dry, stimulate), as described in Chapter 4.

2. Delayed cord clamping. There is a growing body of 
evidence to support delayed cord clamping for both term 
and preterm infants. A delay of 30–60 s is recommended 
prior to clamping the cord for vigorous infants provided 
the initial steps of resuscitation can begin during this 
time [1]. In the preterm lamb animal model, it has 
been shown that establishing ventilation prior to cord 
clamping improves cardiovascular function, increases 
pulmonary blood flow, and smoothens the transition to 
extrauterine life compared to the traditional practice of 
cutting the cord before beginning resuscitation [2].

 While delayed cord clamping is feasible in infants at 
risk for resuscitation, there is currently no evidence to 
suggest that delayed cord clamping improves outcomes 
for infants who actually require resuscitation at birth 
[3,4]. It may be, however, that infants who require 
resuscitation at birth would have the most to gain 
from delayed cord clamping by facilitating placental 
transfusion and gas exchange, while the resuscitation 
team establishes adequate aeration of the lungs. 
Additional research is needed to determine if delayed 
cord clamping improves outcomes in infants requiring 
intubation for meconium aspiration.

CHAPTER CONTENTS HD

Delivery room management 423
Respiratory support—recruitment phase 424
Respiratory support—stable phase 433
Respiratory support—weaning phase 433
Cardiovascular support 434
Bicarbonate infusion 436
Antibiotics 436
Chest physiotherapy 436
Pulmonary vasodilators 436
Extracorporeal membrane oxygenation 437
Air leak syndromes 438
Cases 439
References 441

CHAPTER POINTS

•	 Provide respiratory support to minimize ventilation-
perfusion mismatch and optimize lung volume. Avoid 
hypoxemia and acidosis.

•	 Surfactant replacement is appropriate for meconium 
aspiration patients who require mechanical ventilation 
or high FiO2.

•	 In case of sudden clinical deterioration, consider the 
high risk of pneumothorax.

•	 Inotropes, pulmonary vasodilators, and 
extracorporeal membrane oxygenation (ECMO) may 
be used to support infants with hypoxic respiratory 
failure.
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 In order to balance the benefits of delayed cord 
clamping for vigorous infants with the current standard 
practice of immediate cord cutting if resuscitation is 
needed, it is important for the delivery team to maintain 
open communication throughout the delivery process. 
A member of the neonatal team must be able to observe 
the infant, begin the initial steps of resuscitation, and 
call for immediate cord cutting if there is concern that 
additional resuscitation steps are necessary. Fig. 25B.1 
illustrates appropriate delivery room management for 
infants at risk for meconium aspiration.

3. Routine intubation and suction are not recommended. 
For nearly 30 years, it was a standard practice to 
perform intrapartum suctioning for any infant born 
with meconium-stained amniotic fluid. This was 
followed by endotracheal suctioning for infants felt to 
be high risk for meconium aspiration syndrome (MAS) 

[5]. Lack of evidence for benefit and concern about 
potential harm has led to a gradual abandonment of 
these interventions. For the vigorous infant, clearing of 
secretions with a bulb syringe may be all that is needed. 
For the depressed infant with poor respiratory effort, 
the initial steps of resuscitation remain the same as for 
any other infant. The routine practice of intubation 
and tracheal suctioning is no longer recommended. 
Endotracheal intubation should be performed if bag-
mask ventilation is not sufficient to stabilize the infant, 
and suctioning of the airway may be necessary if the 
endotracheal tube (ETT) is obstructed [3].

4. Bulb suction. In the case that an infant born with 
meconium-stained fluid has an obstructed airway or is 
not breathing, it is appropriate to use suction tools to 
remove the obstruction. The infant’s head should be 
placed in the “sniffing” position, and a bulb syringe 
can be used to gently remove secretions from the 
mouth and then the nose.

5. Suction catheter. If the bulb syringe is not sufficient, a 
suction catheter attached to a suction source set between 
80 and 100 mmHg (109–136 cmH2O) may be used 
to clear the airway [6]. Care should be taken to avoid 
blind deep suctioning with a catheter; this is more likely 
to result in gastric aspiration than airway clearance. 
Evidence suggests that gastric aspiration in the delivery 
room may be harmful and is unlikely to provide any 
benefit; therefore, this practice should be avoided [7].

6. Intubation. If an ETT is placed and becomes 
obstructed with meconium, a suction catheter may be 
inserted into the ETT. If meconium cannot be easily 
removed with a suction catheter set at 80–100 mmHg 
suction, the ETT should be attached directly to 
the suction tubing using a meconium aspirator 
(Fig. 25B.2). With the suction activated, the ETT should 
be withdrawn over 3–5 s and replaced with a clean 
ETT. This procedure may be repeated only until there is 
adequate ventilation; complete removal of meconium 
should not be expected [6].

Respiratory support—recruitment 
phase

1. The initial goal of respiratory support is to optimize 
oxygen delivery and lung volume. This will decrease 
ventilation–perfusion (V/Q) mismatch, improve gas 
exchange, and help speed the drop in pulmonary 
vascular resistance that is expected as the neonate 
transitions from fetal circulation to neonatal 
circulation. Fig. 25B.3 and Table 25B.1 illustrate the 
recommended pathway of respiratory support for 
infants with meconium aspiration.

Fig. 25B.1 Delivery Room Management of Infants at 
Risk for Meconium Aspiration. NRP, Neonatal Resuscitation 
Program.
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2. Oxygen
a. Oxygen delivery. Meconium aspiration is the 

most common cause of persistent pulmonary 
hypertension in the newborn; both the presence 
of meconium and the associated hypoxemia 
contribute to increased pulmonary vascular 
resistance [8–10]. Supplemental oxygen is well 
recognized to be a potent pulmonary vasodilator 
and should be delivered through a blender with 
nasal cannula flow of at least 2 L/min to maintain 
preductal PaO2 50–70 mmHg and preductal 
saturation between 90% and 97%. Titrating oxygen 
delivery within these parameters balances the 
treatment of pulmonary hypertension with the risks 
of oxygen toxicity.

b. Oxygen hood or tent to administer oxygen should 
be avoided, however, because administration 
of high concentrations of oxygen with a low 
distending pressure leads to absorption atelectasis 
[11]. The mechanism is similar to that used by the 
outdated treatment for pneumothorax. Described 
as nitrogen washout, highly concentrated oxygen 
replaces nitrogen within the poorly ventilated 
alveoli where it gets absorbed quickly. Because of 
airway obstruction or lack of distending pressure, 
there is inadequate pressure to prevent alveolar 
collapse. The progressive atelectasis increases V/Q 
mismatch, creates an intrapulmonary shunt, and 
worsens hypoxemia.

c. Oxygen toxicity. Even in the presence of adequate 
distending pressure, excessive oxygen delivery 
causes more harm than benefit. In healthy term 
infants, the oxidative challenge of extrauterine 
life exceeds the newborn antioxidant capabilities 
resulting in elevated markers of oxidative stress that 

decrease over the first year after birth [12]. Data 
from premature infants and animal models show 
that administration of 90%–100% oxygen increases 
oxidative stress, downregulates antioxidant 
enzyme activity, and increases pulmonary vascular 
resistance compared to 30% oxygen or less [13–15]. 
Additional data from a meconium aspiration/
antenatal ductal ligation model of PPHN in 
lambs confirm that pulmonary vascular resistance 
decreases with increasing oxygen saturation and 
PaO2. However, pulmonary vascular resistance 
begins to increase as oxygen saturation approaches 
100%, and there is no additional reduction in 
pulmonary vascular resistance beyond PaO2 of 
45 mmHg [16].

 There are no human data to determine the 
optimum oxygen delivery and goal saturation 
in the case of meconium aspiration. Histologic 
evaluation of lung tissue in infants with severe 
meconium aspiration has revealed that there are 
intrapulmonary bronchopulmonary anastomoses 
(Fig. 25B.4) formed that are common in other 
severe respiratory diseases such as alveolar 
capillary dysplasia, bronchopulmonary dysplasia, 
and congenital diaphragmatic hernia. These 
anastomoses contribute to intrapulmonary 
shunting and intractable hypoxemia that may not 
be corrected with increased oxygen administration 
[17].

 If inspired oxygen needs exceed 40%–60%, 
additional support should be considered to 
decrease the risk of excessive oxygen exposure.

3. Noninvasive ventilation
a. Noninvasive respiratory support, including high-

flow nasal cannula, nasal continuous positive 

Fig. 25B.2 Use of Meconium Aspirator. (A) Intubate with standard endotracheal tube. (B) Meconium aspirator connects 
suction tubing to endotracheal tube. (C) Operator obstructs side hole to activate suction and pulls back slowly over 3–5 s until 
endotracheal tube has been removed. Courtesy: Mark Weems, MD.
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Fig. 25B.3 Respiratory Management of Infants With Respiratory Distress Due to Meconium Aspiration Syndrome. 
CPAP, Continuous positive airway pressure; ECMO, extracorporeal membrane oxygenation; iNO, inhaled nitric oxide; NIPPV, 
noninvasive positive pressure ventilation; OI, oxygen index; PaO2, partial pressure of arterial oxygen; PCO2, partial pressure of 
carbon dioxide.
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Table 25B.1  Oxygen delivery and titration for meconium aspiration syndrome

Stage Action Goal

Initial Nasal cannula 2 L/min
Inspired O2 40%

Preductal saturation 90%–97% and 
preductal PaO2 50–70 mmHg

Saturation <90% Increase FiO2 as needed

Inspired O2 >60% Change respiratory support mode

Saturation >97% Decrease FiO2 as tolerated

Inspired O2 <30% Wean respiratory support

FiO2, Fraction of inspired oxygen; PaO2, partial pressure of arterial oxygen.

Fig. 25B.4 (A) Periodic acid–Schiff stain shows an enlarged anastomotic connection between the pulmonary vein and dilated 
bronchial veins (bronchial vein, arrows). Bronchial veins are markedly dilated, which may be due to increased blood flow in 
the bronchial (systemic) circulation. (B) H&E staining illustrates open vascular anastomosis between PA and BA. (C) CD31 
immunostaining with the bronchial microvasculature (bronchial microvessels). (D) Histology of lung from young infant who 
died from nonrespiratory causes. BA, Bronchial artery; Bmv, bronchial microvessel; Br, bronchiole; BV, bronchiole vein; H&E, 
hematoxylin and eosin; PA, pulmonary artery; PV, pulmonary veins. From Ali N, Abman SH, Galambos C. Histologic evidence 
of intrapulmonary bronchopulmonary anastomotic pathways in neonates with meconium aspiration syndrome. J Pediatr 
2015;167(6):1445–7 [17].
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airway pressure (CPAP), and noninvasive positive 
pressure ventilation (NIPPV), is increasingly 
being used to support term and preterm infants in 
respiratory distress. These modes are preferred over 
oxygen delivery without distending pressure, and 
may be used to prevent intubation in infants with 
moderate respiratory distress.

 There may be hesitation to use such noninvasive 
modes in the case of meconium aspiration for 
fear that a continuous distending pressure may 
increase the risk of pneumothorax. This fear 
is not unfounded given that increased risk of 
pneumothorax has been associated with both 
high-pressure CPAP in preterm infants and 
meconium aspiration in term infants [18,19]. 
Furthermore, meconium aspiration often presents 
with hyperexpansion of the lungs; the ball valve 
mechanism of partial meconium obstruction may 

lead to air trapping beyond the obstruction until 
alveoli begin to rupture. Evidence, however, does 
not support this fear.

b. CPAP of 5–6 cmH2O should be considered for 
infants requiring inspired O2 greater than 40%–60% 
or those with respiratory acidosis (Table 25B.2). 
CPAP at moderate levels (5–6 cmH2O) does not 
increase the risk of pneumothorax in term infants 
with meconium aspiration [20,21]. CPAP in this 
range may prevent atelectasis in those alveoli with 
impaired surfactant function and may contribute 
to distension of partially obstructed airways 
(Fig. 25B.5), thereby preventing air trapping and 
improving gas exchange [22].

c. High-flow nasal cannula may have a similar effect 
to CPAP due to the distending pressure associated 
with high flow rates. However, the relationship 
between flow and pressure is highly variable. In 

Table 25B.2  Continuous positive airway pressure and high-flow nasal cannula settings for meconium aspiration 
syndrome

Setting Start Increase Maximum Decrease Minimum

CPAP PEEP 5 cmH2O Inspired O2 >40% or signs 
of respiratory distress

7 cmH2O Inspired O2 <30% 4 cmH2O

High flow 4–6 L/min Inspired O2 >40% or signs 
of respiratory distress

8 L/min Inspired O2 <30%

Inspired O2 30% PaO2 <50 mmHg or 
preductal saturation <90%

100% (temporarily)
Generally should be 
<40%

PaO2 >70 mmHg 
or preductal 
saturation >97%

21%

Temperature 34–37°C

Humidity 100% Relative humidity

CPAP, Continuous positive airway pressure; PaO2, partial pressure of arterial oxygen.

Fig. 25B.5 Proposed Mechanism for Improved Gas Exchange With CPAP. (A) Negative intrathoracic pressure during 
inspiration allows air to flow around meconium particles in the airway. (B) During expiration, increased intrathoracic pressure 
compresses the airway around meconium particles and causes air to be trapped beyond the obstruction. (C) With CPAP, inspiratory 
flow remains as in panel A. (D) When CPAP is applied to the expiratory phase, airway compression is reduced allowing expiratory 
flow to pass around the meconium particles.
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the case of meconium aspiration, the pressure 
delivered by high-flow nasal cannula may vary as 
lung compliance evolves over the first several days. 
Studies are needed to better define the role of high-
flow nasal cannula for patients with meconium 
aspiration; recommendations from a recent 
consensus report as they might be applied to MAS 
are presented in Table 25B.2 [23].

d. NIPPV. For those infants unable to maintain 
adequate oxygenation and ventilation with 
CPAP, the addition of a respiratory rate and 
peak inspiratory pressure (PIP) may increase the 
effectiveness of noninvasive support. NIPPV is 
superior to CPAP in preventing intubation in 
preterm infants [24]. However, there are no data 
to guide its use in term infants with meconium 
aspiration. A significant concern exists regarding 
the safety of NIPPV with meconium aspiration 
because lungs affected by meconium aspiration 
have a prolonged time constant compared to lungs 
of a healthy, term infant. This puts infants with 
meconium aspiration at risk for inadvertent positive 
end-expiratory pressure (PEEP) and hyperexpansion 
if the expiratory time is insufficient. In the case of 
synchronized NIPPV, the inspiratory and expiratory 
times can be adjusted to prevent inadvertent PEEP. 
However, NIPPV is frequently nonsynchronized, 
increasing the chance that a breath is delivered 
during exhalation.

 In the case of invasive ventilation, a breath 
delivered during exhalation causes “breath stacking” 

and inadvertent PEEP, but this is less of a concern 
for NIPPV. Ventilator breaths delivered during 
inspiration successfully increase tidal volume, while 
breaths delivered during exhalation or apnea have 
little effect on lung volume [25]. This phenomenon 
allows a spontaneously breathing infant to regulate 
the inspiratory and expiratory time. A longer set 
inspiratory time serves to increase the number of 
supported breaths without affecting expiratory 
time or leading to breath stacking. Inspirations 
synchronized with ventilator breaths are supported 
with the set PIP, while asynchronous inspirations 
are supported only with PEEP. The excess pressure 
delivered by the ventilator is distributed to the 
path of least resistance, generally out of the mouth. 
Table 25B.3 describes recommended settings for 
nonsynchronized NIPPV.

e. Do not delay intubation. While CPAP and NIPPV 
may be useful to prevent intubation in neonates, 
optimal lung expansion and ventilation are 
imperative for infants with meconium aspiration to 
prevent clinical decompensation that may result in 
a need for extracorporeal membrane oxygenation 
(ECMO) or death. Three common scenarios 
may occur that suggest noninvasive support is 
inadequate. First, there may be persistent respiratory 
acidosis with pH <7.25 and/or PCO2 >55 mmHg. 
In this case, the respiratory support should be 
quickly increased to the maximum recommended 
settings for that mode and changed to another 
mode if there is not rapid improvement. Second, 

Table 25B.3  Nonsynchronized noninvasive positive pressure settings for meconium aspiration syndrome

Setting Start Increase Maximum Decrease Minimum

PEEP (cmH2O) 5 Inspired O2 >40% or signs 
of respiratory distress

7 Inspired O2 <30% 4

PIP (cmH2O) 20 PCO2 >55 mmHg 25 PCO2 <45 mmHg 10

Rate (bpm) 40 PCO2 >55 mmHg 50 PCO2 <45 mmHg only 
after PIP = 10 cmH2O

0 (CPAP)

iTime (s) 0.5 If needed to increase the 
number of supported 
breaths

1 Once stable, before 
weaning rate

0.5

Inspired O2 30% PaO2 <50 mmHg or 
preductal saturation <90%

100% (temporarily)
Generally should be 
<40%

PaO2 >70 mmHg or 
preductal saturation 
>97%

21%

Temperature 34–37°C

Humidity 100% Relative humidity

PaO2, Partial pressure of arterial oxygen; PCO2, partial pressure of carbon dioxide.
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the patient may appear to be “fighting the vent.” 
This may occur whether the respiratory support 
driver is a continuous flow or a variable flow device. 
This situation is a sign the patient is suffering from 
“air hunger” because the respiratory support mode 
does not match the patient’s needs. Rather than 
sedating the patient to mask the signs of respiratory 
distress, it is preferable to intubate and use 
mechanical ventilation with or without sedation to 
support the patient’s respiratory needs. Finally, the 
patient may appear stable but require high inspired 
O2, often in excess of 60%. This too is a sign that 
noninvasive respiratory support is insufficient, and 
the patient should be supported with mechanical 
ventilation until the respiratory status improves.

4. Surfactant
a. Surfactant should be given to any infant with MAS 

who is intubated or requiring FiO2 greater than 
40%. Meconium is known to impair surfactant 
function by altering surfactant structure and by 
inducing inflammation leading to increased 
surface tension within the alveoli [26]. Surfactant 
replacement has been shown to reduce the need 
for ECMO in term infants with respiratory failure 
associated with surfactant inactivation, and the 
American Academy of Pediatrics recommends 
clinicians consider rescue surfactant in the case of 
hypoxic respiratory failure due to conditions known 
to cause surfactant inactivation such as meconium 
aspiration [26,27].

b. Dose and frequency of surfactant administration 
are dependent on the formulation available in each 
institution (Table 25B.4).

5. Mechanical ventilation
a. Ventilation strategies. MAS is an uneven lung 

disease characterized by a high respiratory time 
constant, decreased compliance, and increased 
resistance. Several ventilation strategies have been 
used with very little evidence to guide practice. 
Choosing the best strategy for an individual 

patient is complicated by several variables that 
increase V/Q mismatch, including atelectasis, 
localized hyperinflation, intrapulmonary shunting, 
inflammation, and pulmonary hypertension. The 
optimal ventilation strategy takes these variables 
into account and may change as the patient shifts 
from early phases of meconium-induced airway 
obstruction and surfactant inactivation to later 
phases of acute respiratory distress syndrome 
distinguished by the presence of inflammatory 
pulmonary edema [28].

b. PEEP. To minimize atelectasis that occurs due 
to surfactant inactivation, administration of 
appropriate PEEP is necessary. Four to 7 cmH2O 
is the optimal range with higher and lower PEEP 
associated with decreased oxygenation [29].

c. Tidal volume. Either pressure-controlled ventilation 
or volume-targeted ventilation may be used, but 
tidal volume and minute ventilation requirements 
are higher in infants with meconium aspiration 
due to increased dead space. While tidal volume 
4–6 mL/kg is appropriate for most neonates, a tidal 
volume of 5–7 mL/kg is recommended for infants 
with meconium aspiration [30].

d. Gas trapping. In order to minimize hyperinflation 
caused by gas trapping, care should be taken to 
ensure adequate expiratory time. A respiratory rate 
between 40 and 60 breaths/min is appropriate for 
most term neonates with respiratory failure. At 
this rate, an inspiratory time of 0.3 s will ensure 
an expiratory time of at least 0.7 s. If there is 
significant gas trapping, ventilation may improve 
by lengthening the expiratory time. This can be 
accomplished by reducing the respiratory rate 
or shortening the inspiratory time to as little as 
0.25 s [31].

e. Gentle ventilation. Among newborns with 
pulmonary hypertension, often associated with 
meconium aspiration, the historic strategy was 
to use hyperventilation to improve oxygenation. 

Table 25B.4  Intratracheal surfactant dosing

Trade names Generic names Sources
Initial dose 
(mL/kg) Repeat dose

Curosurf Poractant alfa Porcine-derived 
minced lung extract

2.5 1.25 mL/kg q12 h, up to 3 doses

Infasurf Calfactant Calf lung extract 3 3 mL/kg q12 h, up to 3 doses

Surfaxin Lucinactant Synthetic 5.8 5.8 mL/kg q6 h, up to 4 doses

Survanta Beractant Modified bovine lung 
extract

4 4 mL/kg q6 h, up to 4 doses
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The hypothesis states that because acidosis 
increases pulmonary vascular resistance, alkalosis 
must cause pulmonary vascular relaxation and 
decrease pulmonary hypertension. In the 1980s, 
hyperventilation was used frequently without 
any evidence of improved survival [8]. While it is 
recognized that hyperventilation may transiently 
improve oxygenation, the strategy offers no long-
term benefit and is believed to cause excessive 
lung injury [32,33]. Gentle ventilation, currently 
the standard of care, minimizes barotrauma while 
maintaining sufficient oxygen delivery [34].

 Optimal blood gas parameters and ventilator limits 
have not been defined for MAS. A gentle ventilation 
strategy generally limits the PIP to 25 cmH2O 
or less. Therapy should be adjusted to target the 
following blood gas parameters: PCO2 45–55  
mmHg, PaO2 50–70  mmHg, and pH greater 
than 7.25.

f. High-frequency ventilation (HFV) may be used as a 
rescue therapy when conventional ventilation fails to 
achieve or maintain goal blood gas parameters within 
acceptable pressure limits [35]. It has been proposed 
that small tidal volumes associated with HFV may 
protect the newborn from lung injury induced by 

conventional ventilation. However, it is not clear 
that routine use of HFV is better than conventional 
ventilation for newborns with respiratory failure 
[36]. The success of both conventional and HFV 
strategies is highly dependent on the ability to reverse 
atelectasis, maintain optimal lung volume, and 
minimize intrapulmonary shunting.

 Compared to conventional ventilation, HFV 
offers improved CO2 removal due to increased 
minute ventilation [37]. This may be of benefit in 
meconium aspiration as it may allow for adequate 
CO2 removal even in the common scenario of 
mixed atelectasis and hyperexpansion.
•	 High-frequency oscillatory ventilation (HFOV) 

(Table 25B.5)
• Mean airway pressure (MAP) is used to 

control oxygenation. When changing from 
conventional ventilation to HFOV, it is 
generally recommended to choose a MAP 2 
cmH2O above the previously measured MAP 
on the conventional ventilator. Following a 
gentle ventilation strategy, this typically yields 
a starting HFOV MAP of 13–14 cmH2O. 
Be careful to avoid a drop in MAP when 
switching from conventional ventilation to 

Table 25B.5  High-frequency oscillator settings for meconium aspiration syndrome

Setting Start Increase Maximum Decrease Minimum

MAP P( )
aw

 
(cmH2O)

13–14 or 2 
>MAP on 
conventional 
ventilator

Hypoxemia 
(preductal saturation 
<90% or PaO2 
<50 mmHg) and/or 
low lung volume (<8 
ribs expanded)

ECMO available*: 25
ECMO not feasible*: 
as needed to achieve 
10 ribs expansion

Overexpansion 
(>10 ribs 
expanded) or 
inspired O2 
<30%

12

Amplitude (∆P) 
(cmH2O)

25 (Adjust to 
obtain chest 
wiggle)

PCO2 >55 mmHg ECMO available*: 45
ECMO not feasible*: 
60

PCO2 
<45 mmHg

13

Frequency (Hz) 10–12 PCO2 <45 mmHg 
(after adjusting 
amplitude)

15 PCO2 
>55 mmHg 
(after adjusting 
amplitude)

ECMO available*: 
8
ECMO not 
feasible*: 5

% Inspiratory 
time

33 Changes are generally 
not necessary

Bias flow (L/min) 15 If unable to maintain 
desired MAP

20 15

ECMO, Extracorporeal membrane oxygenation; MAP P( )
aw

, mean airway pressure; PaO2, partial pressure of arterial oxygen; PCO2, partial pressure 
of carbon dioxide.
*ECMO available centers include those with access to a regional ECMO center; these centers should initiate the ECMO process early to minimize 
ventilator-associated lung injury. For centers in which transfer for ECMO is not feasible, physicians may increase ventilator support as needed to 
maintain survival; every effort should be made to wean to lower ventilator settings as quickly as possible.

(Paw¯)

(Paw¯)
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HFOV as this will worsen atelectasis. Adjust as 
needed to minimize atelectasis and optimize 
lung expansion to 8–10 ribs.

• Amplitude is used to control CO2 removal. 
Start at 25 cmH2O and adjust to obtain good 
chest wiggle.

• Frequency should be optimized for the 
patient’s size and disease. For infants with 
meconium aspiration should generally be 
10–12 Hz. A lower frequency may improve 
CO2 removal, partly by increasing expiratory 
time. A higher frequency will be more 
appropriate for smaller patients.

•	 High-frequency jet ventilation (HFJV) 
(Table 25B.6)
• PEEP is the primary variable to control 

oxygenation and MAP in HFJV. Start at 
7–12 cmH2O and adjust to maintain 8–10 
ribs expansion. Optimal PEEP has been 
reached when oxygen saturation remains 
stable as the backup rate is turned to zero. 
It is acceptable to allow greater than 10 
ribs expansion when using HFJV as long as 

there is no hemodynamic impairment from 
excessive airway pressure.

• HFJV PIP should start at 20 cmH2O and may 
be adjusted to achieve chest wiggle. Further 
adjustments are needed to maintain PCO2 
45–55 mmHg. The maximum PIP available 
is 50 cmH2O, but when PIP is greater than 
40 cmH2O it may be helpful to slowly 
increase the HFJV inspiratory time.

• HFJV rate is determined by the disease 
process and the patient size. For infants with 
meconium aspiration, HFJV rate should start 
at 360 breaths/min (6 Hz). Gas trapping may 
be recognized by measuring PEEP more than 
1-2 cmH2O above set PEEP. In this case, the rate 
should be decreased to increase expiratory time, 
generally in steps of 60 breaths/min (1 Hz).

• Backup breaths are used with HFJV to 
prevent atelectasis. Start with a backup rate of 
5 breaths/min. PIP should be set high enough 
to obtain visible chest rise but should be less 
than HFJV PIP. If PEEP is adequate, the backup 
rate may be turned off with no loss of lung 

Table 25B.6  High-frequency jet settings for meconium aspiration syndrome

Setting Start Increase Maximum Decrease Minimum

PEEP (cmH2O) 7–12 or conventional 
ventilator MAP or 1–2 
<HFOV MAP

Hypoxemia (preductal 
saturation <90% or 
PaO2 <50 mmHg), 
even if hyperexpanded 
or to maintain MAP 
when weaning PIP

If cardiac output is 
impaired (i.e., small 
cardiac silhouette, 
decreased cardiac output) 
or if oxygenation is stable 
with Inspired O2 <30%

4

Jet PIP (cmH2O) 20 or 
1–2  < conventional PIP

PCO2 >55 mmHg 40 PCO2 <45 mmHg 16

Jet rate (bpm) 360 Weight <2 kg 420 Measured PEEP 
>1-2 cmH2O over set PEEP 
or PCO2 >55 mmHg (after 
adjusting PIP) or nearing 
extubation with PIP <20

240

Jet iTime (s) 0.02 Changes are generally not necessary. May increase to 0.024 if PIP = 40 cmH2O and 
PCO2 >55 mmHg

Backup PIP 
(cmH2O)

Adequate for chest rise To prevent atelectasis 1 <Jet PIP Minimize to prevent lung 
injury

Backup rate 
(bpm)

3–5 To prevent atelectasis 10 Once optimal PEEP is 
reached

0

Backup iTime 
(s)

0.4 Changes are generally not necessary

HFOV, High-frequency oscillatory ventilator; MAP, mean airway pressure; PaO2, partial pressure of arterial oxygen; PCO2, partial pressure of carbon 
dioxide; PEEP, positive end-expiratory pressure; PIP, peak inspiratory pressure.
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expansion. If oxygen saturation drops when 
the backup rate is turned off, a re-recruitment 
maneuver is necessary. Increase the PEEP by 
1 cmH2O and set the backup rate to 5–10. After 
30–60 min, turn the backup rate to zero and 
observe for a drop in saturation. This maneuver 
may need to be repeated several times to 
achieve optimal PEEP. If recurring atelectasis 
is impossible to prevent with optimal PEEP, a 
backup rate of 3–5 may be used until atelectasis 
resolves.

•	 Choice of high-frequency mode. The choice 
HFOV or HFJV is best determined by the 
clinician’s comfort and experience. There are no 
clear data to show that one mode is superior 
to the other for newborns with meconium 
aspiration. However, several studies suggest there 
may be clinical differences between these modes. 
In both animal models and preterm infants with 
hypoxic respiratory failure, HFJV is associated 
with improved oxygenation at lower MAPs 
compared to HFOV [38,39]. Without compelling 
evidence to support one HFV mode over the 
other for meconium aspiration, the preferred 
mode is the one that can most successfully be 
managed by the bedside clinicians.

Respiratory support—stable phase

1. Once adequate lung expansion and gas exchange have 
been achieved with FiO2 less than 0.6, patience is 
required on the part of the physician while the patient 

recovers from the meconium-induced pulmonary 
insult. Respiratory support during this phase is 
focused on maintaining gentle ventilation parameters, 
optimizing lung expansion, and limiting oxygen 
toxicity. Adjustments may be needed to maintain goals 
shown in Table 25B.7, but changes should be made 
slowly to prevent loss of lung recruitment.

Respiratory support—weaning 
phase

1. After several days, inflammation from the meconium 
insult resolves and PVR begins to drop. During this 
phase, the clinical condition improves allowing for 
the slow and consistent wean of respiratory support. 
FiO2 should generally be less than 0.4; an increase 
in oxygen needs signifies that attempts to wean were 
too aggressive, and the clinician should move back 
to the stable or recruitment phase of management. 
Adjustments should be made in a stepwise fashion 
to maintain lung recruitment and to prevent the 
return of pulmonary hypertension. General weaning 
recommendations are presented in Fig. 25B.6; 
adjustments may be needed based on individual 
patient needs.

2. Mechanical ventilation. There is little value to weaning 
from one invasive ventilation mode to another, unless 
it is done to improve patient comfort or to better 
match the mode of support to the patient’s needs. For 
example, one does not need to change from HFOV 
to conventional ventilation simply because certain 
settings have been reached during the weaning phase. 

Table 25B.7  Goal parameters during stable phase of meconium aspiration syndrome

Parameter Goal Respiratory mode Adjustment

Chest X-ray 8–10 Ribs expansion Noninvasive or conventional mechanical ventilation or HFJV PEEP

HFOV MAP P( )
aw

Preductal oxygen 
saturation

90%–97% Noninvasive or conventional mechanical ventilation or HFJV PEEP or FiO2

HFOV MAP P( )
aw

 or FiO2

PaO2 50–70 mmHg Noninvasive or conventional mechanical ventilation or HFJV PEEP or FiO2

HFOV MAP P( )
aw

 or FiO2

PCO2 45–55 mmHg Noninvasive positive pressure ventilation or HFJV PIP

Conventional mechanical ventilation PIP or rate

HFOV Amplitude (∆P)

FiO2, Fraction of inspired oxygen; HFJV, high-frequency jet ventilator; HFOV, high-frequency oscillatory ventilator; MAP, mean airway pressure; PaO2, 
partial pressure of arterial oxygen; PCO2, partial pressure of carbon dioxide; PEEP, positive end-expiratory pressure; PIP, peak inspiratory pressure.

(Paw¯)

(Paw¯)

(Paw¯)
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Instead, the clinician should focus on continuing to 
wean until extubation can be achieved.

3. Noninvasive respiratory support may be used to 
facilitate earlier extubation. NIPPV, CPAP, and nasal 
cannula are frequently used as postextubation support. 
In addition to adjustments to maintain goals presented 
in Table 25B.7, it is recommended that weaning proceed 
only after inspired O2 is less than 30% (Fig. 25B.7) [23]. 
In the case of nonsynchronized NIPPV, benefit is seen 
when at least 60% of breaths are supported [40]. This 
requires that the rate remains high, generally 40–50 bpm. 
As such, it is preferable to wean the PIP first to a 
minimum of 10 cmH2O before weaning the rate.

Cardiovascular support

1. Hypotension, defined as blood pressure lower than 
the fifth percentile for age, is common in meconium 
aspiration. These infants may suffer from decreased 
right ventricular preload due to systemic inflammatory 
vasodilation, decreased left ventricular preload due to 

pulmonary hypertension, and decreased myocardial 
contractility due to hypoxic injury. Because there 
are few normative data available for neonates in the 
first few days of life, clinicians frequently follow the 
mean blood pressure, which is expected to increase 
over the first 3 days after birth. This method, however, 
does not predict which patients will benefit from 
intervention to modify the blood pressure [41]. Other 
clinical observations such as urine output, serum 
lactate level, capillary refill, acidosis, and functional 
echocardiography should be considered, although each 
of these alone is of limited value [42]. If intervention 
is felt to be indicated, normal blood pressures should 
be targeted to optimize cardiac function and oxygen 
delivery. Targeting supraphysiologic blood pressure 
in an effort to reduce right-to-left shunting is not 
recommended [32].

2. Volume resuscitation. The first step in the treatment of 
hypotension is to ensure adequate circulatory volume. 
If volume expansion is needed, an isotonic crystalloid 
solution may be given slowly in doses of 10 mL/kg [3]. 
If normal blood pressure is not maintained after volume 
administration, additional therapy is indicated [32].

Fig. 25B.6 Weaning Respiratory Support With Meconium Aspiration Syndrome. CMV, Conventional mechanical ventilator; 
FiO2, fraction of inspired oxygen; HFJV, high-frequency jet ventilator; HFOV, high-frequency oscillatory ventilator; MAP, mean 
airway pressure; PaO2, partial pressure of arterial oxygen; PCO2, partial pressure of carbon dioxide; PEEP, positive end-expiratory 
pressure; PIP, peak inspiratory pressure.
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3. Inotropes and vasopressors are discussed in detail in 
Chapter 31 Management of Shock. The most common 
medications are discussed briefly as follows.
a. Dopamine is the most frequently used medication 

for increasing blood pressure in the neonatal 
intensive care unit. Acting on multiple receptors, 
dopamine has a dose-dependent effect resulting 
in increased blood pressure by increasing cardiac 
contractility and raising systemic vascular resistance. 
Dopamine may also increase pulmonary vascular 
resistance when used to treat hypotension in infants 
with pulmonary hypotension; however, dopamine 
has a greater effect on systemic vascular resistance 
than on pulmonary vascular resistance [42].

b. Epinephrine increases blood pressure by increasing 
cardiac contractility and raising systemic vascular 
resistance. Caution is advised because epinephrine 
may lead to a rise in lactate levels that may cloud 
one’s assessment of adequate perfusion [43].

c. Dobutamine is preferred in the case of myocardial 
systolic dysfunction, which may occur with 

meconium aspiration due to hypoxia. However, 
it should be avoided if there is vasodilation or 
impaired cardiac filling because it may further 
decrease systemic resistance and limit cardiac 
relaxation [43].

d. Vasopressin acts as a potent vasoconstrictor in the 
case of catecholamine-resistant hypotension. Small 
studies suggest that low-dose vasopressin leads 
to increase blood pressure and urine output and 
leads to decrease in both lactate level and inotrope 
infusion rates. However, its use beyond 24 h is 
associated with hyponatremia, which may be severe 
[44–46].

e. Hydrocortisone remains the preferred treatment 
for catecholamine-resistant hypotension [43]. 
When used as rescue therapy in neonates receiving 
dopamine infusions of at least 15 mcg/kg/min, low-
dose hydrocortisone is associated with increases 
in blood pressure, stroke volume, and systemic 
resistance and decreases in heart rate and dopamine 
requirement [47].

Fig. 25B.7 Weaning Postextubation Respiratory Support With Meconium Aspiration Syndrome. CPAP, Continuous 
positive airway pressure; FiO2, fraction of inspired oxygen; HFNC, high-flow nasal cannula; NIPPV, noninvasive positive pressure 
ventilation; PaO2, partial pressure of arterial oxygen; PCO2, partial pressure of carbon dioxide; PEEP, positive end-expiratory 
pressure.
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Bicarbonate infusion

1. No benefit. Similar to the hypothesis that contributed 
to hyperventilation becoming standard therapy for 
pulmonary hypertension in the 1980s, there was an 
assumption that alkali infusion may also be beneficial. 
Prior to the approval of inhaled nitric oxide (iNO), 
alkali infusion was frequently used, generally in the 
form of a continuous infusion of sodium bicarbonate 
[8]. To date, there has been no randomized clinical 
trial to demonstrate the safety or efficacy of sodium 
bicarbonate for neonates with meconium aspiration or 
other syndromes commonly associated with acidosis.

2. Possible harm. While there is no proven benefit of 
bicarbonate infusion, multiple studies have illustrated 
risks of harm associated with bicarbonate infusion, 
including increased mortality with rapid infusion [48], 
increased risk of death and intraventricular hemorrhage 
in preterm infants [49], and increased risk of ECMO in 
infants with pulmonary hypertension [8]. Until there 
is compelling evidence to support the use of sodium 
bicarbonate in neonates with meconium aspiration, it 
should be avoided. Therapeutic efforts should instead 
focus on improving oxygen delivery, reducing V/Q 
mismatch, and minimizing intrapulmonary shunting.

Antibiotics

1. Antibiotic stewardship. In the current era of antibiotic 
stewardship, there is a struggle between providing 
life-saving antibiotic therapy when indicated and 
preventing the inappropriate use of antibiotics. Some 
NICUs start antibiotics for nearly every admission, 
even without suspicion for infection [50]. This 
practice likely contributes to antibiotic resistance, 
and prolonged treatment may alter the infant’s 
developing microbiome, increasing the risk of death 
and necrotizing enterocolitis [51]. The decision to give 
antibiotics to infants with meconium aspiration is 
complicated by several prenatal and postnatal factors.

2. Inflammation or infection. Meconium aspiration is 
associated with inflammation that may mimic signs 
of infection. It is often preceded by intra-amniotic and 
fetal inflammation, and may induce inflammation in 
the neonate when aspirated [52–54]. Perinatal passage 
of meconium may also be a marker of intra-amniotic 
infection and may enhance bacterial growth [55,56]. 
Furthermore, it is difficult to distinguish respiratory 
distress due to pneumonia or sepsis from respiratory 
distress due to meconium aspiration.

3. Routine antibiotics should be avoided. Recent data 
show that antibiotics offer no benefit to infants born 
through meconium-stained fluid or with MAS [56–59]. 
It may be reasonable to start antibiotics in infants 
with meconium aspiration who require significant 
respiratory support, but antibiotics should not be 
continued beyond 36–48 h without compelling 
evidence of infection such as a positive blood culture. 
Antibiotics should not be given to infants born 
through meconium-stained fluid without respiratory 
distress unless there are other maternal risk factors for 
which testing and empiric treatment for early onset 
sepsis are indicated.

Chest physiotherapy

1. Chest physiotherapy, including postural drainage, 
percussion, vibration, suction, and lavage, may reduce 
atelectasis and secretions in neonates [60,61]. However, 
in cases of meconium aspiration, these potential 
benefits must be balanced by frequent decompensation 
that occurs with even minimal stimulation.

2. Saline lavage. Due to the thick nature of meconium, 
it can be difficult to remove with a standard suction 
catheter. To assist with removal of secretions, normal 
saline is often instilled into the ETT prior to suctioning. 
However, this is not recommended because meconium 
is not easily dislodged by small aliquots of saline and it 
is associated with transient hypoxemia [62].

3. Surfactant lavage. There is some reported benefit from 
the use of diluted surfactant lavage. Additional research 
is needed to determine the best method and effect of 
this therapy [63].

Pulmonary vasodilators

Pulmonary vasodilators are discussed in detail in Chap-
ter 21. The most common medications are discussed briefly 
as follows.
1. iNO has been shown to reduce the need for ECMO in 

term and near-term infants with hypoxic respiratory 
failure, including those with pulmonary hypertension 
due to meconium aspiration [64]. The recommended 
starting dose is 20 ppm and has been shown to be safe 
with no increase in neurodevelopmental, behavioral, 
or medical problems at 18–24-month follow-up [65].

 In the case of meconium aspiration, it is important 
to recognize that iNO is delivered via respiratory 
gases so it is only effective in those areas of the 
lung receiving adequate ventilation. iNO will have 
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no effect on alveoli which are not available for gas 
exchange due to atelectasis or on alveoli which are 
preventing pulmonary flow due to overexpansion. 
iNO may, however, decrease V/Q mismatch by 
increasing pulmonary flow in those areas with optimal 
ventilation. Therefore, one should focus on optimizing 
ventilation before adding iNO.

 This is not to suggest that iNO should be delayed 
when indicated because iNO therapy is more effective 
when started early, before the progression to more 
severe respiratory failure. While studies have not 
demonstrated a difference in mortality or need for 
ECMO, fewer patients progress to more severe disease 
when iNO is started for moderate disease (oxygenation 
index [OI] 15–25) compared to when started for severe 
disease (OI >35) [64].

2. Echocardiogram. If treatment with iNO is started, it 
is recommended to ensure that an echocardiogram is 
available to rule out congenital heart disease.

3. ECMO center. If resources are available to allow 
transport to an ECMO center, open communication 
with the nearest ECMO center is necessary so expedient 
transfer without discontinuation of iNO can be 
arranged if the patient worsens [66].

4. Discontinuation. If the patient does not respond to 
iNO, it should be discontinued. Even without adequate 
response, iNO should be weaned off over several hours 
to prevent rebound pulmonary hypertension that may 
occur from abrupt discontinuation.

5. Other pulmonary vasodilators
a. Other specific and nonspecific pulmonary 

vasodilators have been used for neonates with 
pulmonary hypertension, although there is little 
supportive evidence of benefit for infants with MAS.

b. Sildenafil. There is growing interest in using 
sildenafil and other phosphodiesterase 5 (PDE-5)  
inhibitors to treat pulmonary hypertension in 
neonates. Several small studies found that sildenafil 
was associated with improved survival in neonates 
with pulmonary hypertension without access 
to advanced therapies such as iNO or HFV [67]. 
The benefits of adding sildenafil for meconium 
aspiration patients already being treated with 
iNO and optimal ventilation are not clear. There 
is a plausible hypothesis that sildenafil may 
enhance the effect of iNO by blocking breakdown 
of cyclic GMP. Animal studies suggest that brief 
hyperoxia increases PDE-5 activity, which is 
responsible for cyclic GMP breakdown and could 
limit the effectiveness of iNO [68]. Sildenafil 
may help facilitate weaning of iNO if the infant 
remains on iNO beyond 5 days, and it may 
improve oxygenation in infants with pulmonary 
hypertension who are unresponsive to iNO. It 

seems to be well tolerated in the short term without 
associated hypotension that may be seen in other 
disease states [69–71]. However, there are no large 
randomized control trials to describe short-term 
or long-term effects of sildenafil in patients with 
meconium aspiration. As such, its use should be 
considered investigational and used with caution.

c. Prostacyclin. The prostacyclin—cyclic AMP—PDE-3 
pathway runs in parallel to NO—cyclic GMP—
PDE-5 and contributes to pulmonary vasodilation. 
Prostacyclin and its analogs have been used in both 
inhaled and enteral forms with short-term benefit, 
but no long-term data are available [72].

d. Milrinone inhibits PDE-3 leading to increased 
prostacyclin-induced pulmonary vasodilation by 
increased cyclic AMP levels. Effects in the neonate 
are variable because PDE-3 expression is low at 
birth and naturally increases over time. In the 
case of meconium aspiration, milrinone may 
become more effective after treatment with iNO 
because iNO increases PDE-3 activity in an animal 
model [43,73]. There are no data to determine the 
safety or efficacy of milrinone for patients with 
meconium aspiration. Milrinone may be beneficial 
if pulmonary hypertension is accompanied by 
ventricular dysfunction secondary to asphyxia or 
sepsis.

e. Tolazoline has been used historically prior to the 
approval of iNO. However, tolazoline is no longer 
recommended for the treatment of pulmonary 
hypertension due to meconium aspiration because 
there is a risk of extreme systemic hypotension.

f. Magnesium sulfate has been used to treat 
pulmonary hypertension without any randomized 
control trials to show benefit; it also carries a high 
risk of systemic hypotension [74].

g. Nitroprusside may be tolerated in infants with 
pulmonary hypertension; however, it is not 
recommended because response is variable and it is 
not associated with improved survival [75].

Extracorporeal membrane 
oxygenation

1. ECMO offers a survival advantage to neonates with 
severe hypoxic respiratory failure caused by reversible 
pulmonary disease [76]. Among neonates placed 
on ECMO for respiratory failure, MAS is the most 
common indication, representing 31% of cases. It 
is also associated with the best ECMO outcomes 
with 94% survival [77]. More recently, ECMO use 
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for meconium aspiration has decreased due to 
improvements in pre-ECMO respiratory management 
and other available therapies [72,78].

2. Therapeutic goal. The goal of ECMO is to support the 
respiratory and/or cardiovascular needs of the infant 
while the lungs recover from the meconium-induced 
injury and simultaneously minimizing further lung 
injury due to aggressive mechanical ventilation.

3. Indications for ECMO vary from institution to 
institution, but general recommendations include 
severe hypoxic respiratory failure defined by an 
OI (Fig. 25B.8) greater than 40 for 4 h, moderate 
respiratory failure defined by an OI greater than 20 
for 24 h with maximal medical therapy, or severe 
or progressive respiratory failure unresponsive to 
interventions [79]. Maximal medical therapy is open 
to interpretation and variable depending on local 
resources.

4. Do not delay ECMO. One should keep in mind the 
goals of gentle ventilation and use of ECMO as part 
of a lung protection strategy rather than as a rescue 
therapy of last resort. ECMO is recognized to be a 
high-risk therapy, but follow-up data show long-
term morbidity is related to the underlying illness 
rather than to the use of ECMO [80]. Therefore, 
neonates with MAS who do not improve with optimal 
ventilation and iNO should be offered ECMO 
before a prolonged course of hypoxia and instability 
contributes to long-term morbidities.

Air leak syndromes

1. Increased risk. MAS increases the risk of air leak 
syndromes, both pulmonary interstitial emphysema 
and pneumothorax, because compliance and 
resistance are variable through the affected lungs 
due to heterogeneous distribution of meconium and 
surfactant deactivation. Mechanical ventilation with 
excessive pressure or gas trapping increases these risks. 
In the case of meconium aspiration, it is imperative to 
consider PIE or pneumothorax as a cause for clinical 
worsening and respond quickly.

2. Pneumothorax. Transillumination may help with 
a presumptive diagnosis. However, the presence of 
extrapulmonary air on chest radiograph will confirm 
the diagnosis. Needle thoracentesis is indicated in the 
case of confirmed or suspected pneumothorax with 
hemodynamic compromise or respiratory failure. 
However, the placement of a thoracostomy tube 
attached to suction will allow continued removal of 
extrapulmonary air until there is resolution of the air 
leak (Fig. 25B.9).

3. Respiratory adjustments. Both PIE and 
pneumothorax warrant adjustments to respiratory 
management, as described in Chapter 13B. If one 
lung is affected by airleak, rotation of the infant so 
the affected side is down improves ventilation in the 
unaffected side. The weight of surrounding structures 
partially compresses the airways in the affected 
lungs and allows for resolution of the air leak over 
time. Adjustments to the ventilator should be made 
to minimize tidal volume, maximize exhalation 
time, and prevent inadvertent PEEP. The high-
frequency jet ventilator is effective in supporting gas 

Fig. 25B.8 FiO2, Fraction of inspired oxygen; MAP, mean 
airway pressure (mmHg); OI, oxygenation Index; PaO2, partial 
pressure of postductal arterial oxygen (mmHg).

Fig. 25B.9 (A) Chest radiograph demonstrating the present of pneumothorax (white arrows) with mediastinal shift to the right 
(red arrow). (B) Placement of a thoracostomy tube with resolution of the left-sided pneumothorax.
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exchange in the presence of an air leak syndrome; 
a rate of 60–120 breaths/min lower than typical 
for the patient’s size will increase exhalation time 
and may hasten resolution of the air leak. It is also 
recommended to minimize backup PIP, rate, and 
inspiratory time [81]. If conventional ventilation is 
used in the case of an air leak, it is appropriate to 
choose a higher rate with the minimal PIP that will 
allow sufficient gas exchange. As the rate increases, 
however, the risk of breath stacking increases. This can 
be limited by shortening the inspiratory time [31].

Cases

up to 0.75, and the measured tidal volume is 4 mL/kg. After 
surfactant is given (poractant alfa 2.5 mL/kg via ETT), the 
tidal volume increases to 5 mL/kg and FiO2 is weaned to 0.5. 
Increasing the PIP to 25 cmH2O increases the tidal volume to 
6 mL/kg, and a follow-up ABG is pH 7.28, PCO2 48 mmHg, 
PaO2 52 mmHg, bicarbonate 22 mEq/L, and base deficit 
4 mEq/L.

Over the next 4 h, FiO2 is slowly titrated up to 1.0, and a 
follow-up ABG is pH 6.95, PCO2 88 mmHg, PaO2 36 mmHg, 
bicarbonate 19 mEq/L, and base deficit 12 mEq/L. A repeat 
chest radiograph confirms there is no air leak, and the ven-
tilator is changed to HFOV with MAP 14 cmH2O, amplitude 
25 cmH2O, and frequency 10 Hz. FiO2 is weaned down 
to 0.7, and the blood gas improves. An echocardiogram 
now shows right heart dilation and suggests near-systemic 
pulmonary pressure. Over the next 2 h, the blood pressure 
drops to 42/25 (mean 31) mmHg and FiO2 is turned up to 
1.0 for persistent hypoxemia.

Dopamine is started at 5 mcg/kg/min continuous IV drip 
and slowly titrated up to maintain a goal mean blood pres-
sure between 40 and 50 mmHg. As the dopamine infusion 
approaches 15 mcg/kg/min, hydrocortisone is added at a 
starting dose of 10 mg/m2 IV every 8 h.

Despite maintaining mean blood pressure between 40 
and 50 mmHg and increasing the HFOV MAP as high as 
25 cmH2O, the FiO2 remains 1.0. Oxygen saturation at the 
right wrist has generally been 90%–94%, but now drops as 
low as 75%. The oxygen saturation at the left foot drops to 
59%. iNO is added to the respiratory circuit at 20 ppm with 
immediate improvement of saturation (preductal 89%, 
postductal 86%). ABG now results pH 6.84, PCO2 71, PaO2 
50, bicarbonate 12, and base deficit 20. In response, the 

Fig. 25B.10 Chest Radiograph Demonstrating the 
Endotracheal Tube in Good Position and Coarse 
Central Interstitial Opacities Compatible With the 
Clinical History of Meconium Aspiration.

Case 1

A 23-year-old gravida 1 mother with a normal prenatal 
course presents for induction of labor at 41 weeks of ges-
tation. Upon artificial rupture of membranes, the mother 
passes meconium-stained amniotic fluid, and the fetus is 
found to have persistent category 3 fetal heart tracing. The 
newborn resuscitation team is called to the operating room 
for the delivery of a 3.9 kg infant male via urgent cesarean 
section.

The infant is flaccid at birth without respiratory effort. 
The umbilical cord is cut immediately and the infant is 
brought to the radiant warmer. The infant is dried and 
stimulated, and the airway is cleared with bulb suction. 
Despite the initial steps of resuscitation, however, the infant 
remains apneic. The initial assessment reveals a heart rate of 
70 beats/min. Mask ventilation is initiated with the follow-
ing parameters: PIP 18 cmH2O, PEEP 5 cmH2O, rate 40 bpm, 
and FiO2 0.3. Adequate chest rise is noted, but the pulse 
oximeter now reads pulse 53 and oxygen saturation 48%. 
The FiO2 is turned up to 1.0 without clinical improvement, 
and the decision is made to intubate.

The ETT passes easily between the vocal cords and is 
used with a meconium aspirator to remove additional 
meconium from the airway (Fig. 25B.2). A second ETT is 
placed between the vocal cords and attached to the resus-
citation circuit for ventilation with PIP 20 cmH2O, PEEP 
5 cmH2O, rate 40 breaths/min, and FiO2 1.0. The heart rate 
increases to 160 and the saturation begins to increase. FiO2 
is titrated, so the saturation remains 92%–97%, and the 
infant is transported to the NICU on PIP 20 cmH2O, PEEP 
5 cmH2O, rate 50 breaths/min, inspiratory time 0.3 s, and 
FiO2 0.65.

Upon arrival in the NICU, a chest radiograph reveals 
coarse interstitial opacities consistent with meconium aspi-
ration (Fig. 25B.10) and the results of an arterial blood gas 
(ABG) are pH 7.03, PCO2 71 mmHg, PaO2 38 mmHg, bicar-
bonate 18, and base deficit 11. The FiO2 has been turned 
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HFOV amplitude is titrated up to 45 cmH2O. Although the 
PCO2 improves slightly, oxygenation continues to worsen. 
Sildenafil 0.8 mg/kg/day continuous IV drip is started, and 
the ECMO team is called.

The infant is placed on veno-venous ECMO without 
complications. ABG after cannulation is pH 7.45, PCO2 
36 mmHg, PaO2 254 mmHg, bicarbonate 24 mEq/L, and 
base deficit 0. Blood pressure increases to 85/60 (mean 
68) mmHg, and dopamine is slowly weaned off. The HFOV 
is changed to a conventional ventilator with PIP 20 cmH2O, 
PEEP 7 cmH2O, rate 30, iTime 0.4 s, and FiO2 0.4 for the 
duration of the ECMO course. iNO was weaned off and 
sildenafil was discontinued. Finally, hydrocortisone was dis-
continued.

Throughout the ECMO course, flow was titrated to 
maintain oxygenation targets PaO2 50–70 mmHg. After 
5 days, the infant was tolerating ECMO flow of 60 mL/kg/
min (230 mL/min). The oxygenator was capped and the 
patient was decannulated.

After decannulation, he had a transient increase in FiO2 
to 0.55 that was weaned to 0.35 the following day. Over 
the next several days, the PIP is weaned to 18 cmH2O, the 
rate is weaned to 30, the PEEP is weaned to 6, and FiO2 is 
weaned to 0.28. The infant is extubated to HFNC 4 L/min 
and weaned to room air over the next 4 days because FiO2 
remained <0.3. The infant is discharged home on room air 
once he is able to meet his nutritional goals.

Case 2

A 28-year-old gravida 2, para 1 mother with a normal pre-
natal course presents in labor at 40 weeks of gestation. 
After spontaneous rupture of membranes, the mother 
passes meconium-stained amniotic fluid. The newborn 
resuscitation team is called to the delivery room for the birth 
of a 4.2 kg infant female via spontaneous vaginal delivery.

The infant is active at birth and cutting the umbilical cord 
is delayed while the infant is dried and stimulated. After 
60 s, the umbilical cord is cut and the infant is brought to 
the radiant warmer for evaluation. The infant remains vigor-
ous, and the airway is cleared with bulb suction. The heart 
rate remains greater than 100 bpm, and the oxygen satura-
tion is rising appropriately without respiratory support.

At 7 min after birth, the infant becomes tachypneic and 
begins to have subcostal retractions. The heart rate remains 
greater than 100 bpm, but the oxygen saturation at the 
right wrist drops to 75%. This infant is placed on supple-
mental oxygen 2 L/min via nasal cannula and oxygen deliv-
ery is titrated up to 80% to maintain oxygen saturation at 
least 90%. The infant is transported to the NICU where a 
chest radiograph reveals a large left-sided pneumothorax 
(Fig. 25B.9A).

Preductal oxygen saturation has dropped to 75%, 
although the infant is now on 100% oxygen via nasal can-
nula at 2 L/min. A left-sided chest tube is placed and the 
extrapleural air is removed. Oxygen saturation increases to 
87%, but the nurse is unable to wean the oxygen below 
100%. The patient is intubated, umbilical catheters are 
placed, and surfactant (poractant alfa 2.5 mL/kg via ETT) is 
given. The ventilator is set on SIMV Volume Guarantee with 
rate 40 bpm, inspiratory time 0.3 s, tidal volume 6 mL/kg, 
pressure limit 25 cmH2O, and PEEP 5 cmH2O.

The chest radiograph (Fig. 25B.9B) shows resolution of 
the pneumothorax, and the ABG shows pH 7.03, PCO2 
48 mmHg, PaO2 30, bicarbonate 12, and base deficit 16. 
The OI is 28, and an echocardiogram reveals normal car-
diac anatomy with suprasystemic pulmonary pressure. iNO 
is started at 20 ppm, and a follow-up ABG is pH 7.12, PCO2 
50 mmHg, PaO2 48 mmHg, bicarbonate 16 meq/L, and 
base deficit 12 mEq/L.

Over the next 24 h, the infant remains stable on con-
ventional ventilation and iNO, but the nurse is unable to 
wean FiO2 below 0.7 due to frequent desaturation events 
that resolve with sedation. Sildenafil is started at a dose of 
0.5 mg/kg via NG tube every 6 h. After 24 h of sildenafil, 
the infant is having fewer desaturation events and FiO2 has 
been weaned to 0.6. She tolerates weaning iNO off over 
6 h followed by a further reduction in oxygen administra-
tion.

There is no evidence of continued air leak, and the chest 
tube is removed. With continued clinical improvement, the 
infant is tolerating FiO2 0.3, tidal volume 5 mL/kg which 
requires a PIP of 17 cmH2O, and rate 30 bpm. She is extu-
bated to nasal CPAP 6 cmH2O and weaned to room air over 
the next 3 days.

Once on room air, a follow-up echocardiogram shows 
resolution of pulmonary hypertension and sildenafil is dis-
continued. The infant is discharged home, and an echo-
cardiogram 3 weeks after discharge shows there is no 
recurrence of pulmonary hypertension.
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Persistent Pulmonary Hypertension of the 
Newborn (PPHN)
Satyan Lakshminrusimha, MD, P.K. Rajiv, MBBS, DCH, MD (Fellowship in Australia)

•	 Inhaled nitric oxide is a selective pulmonary 
vasodilator but does not lead to sustained 
improvement in a third of patients.

Introduction

Neonatal respiratory failure affects 2% of all live births 
and is responsible for more than one-third of all neona-
tal deaths. Persistent pulmonary hypertension of the new-
born (PPHN) is a frequent complication of respiratory 
disease in neonates. PPHN can develop in approximately 
10% of infants with hypoxemic respiratory failure (HRF) 
and can lead to severe respiratory distress and hypoxemia 
associated with considerable mortality (close to 7.6%) and 
morbidity [1,2]. Recent estimates suggest an incidence for 
PPHN of 1.9/1000 live births [1]. Newborns with PPHN are 
at risk for severe asphyxia and its complications, including 
death, chronic lung disease, neurodevelopmental sequelae, 
and other problems.

Definition

PPHN is a cardiopulmonary disorder characterized by 
labile systemic arterial hypoxemia secondary to elevated 
pulmonary vascular resistance (PVR) in relation to sys-
temic vascular resistance (SVR) with resultant right-to-
left shunting through persistent fetal channels such as 
the ductus arteriosus and foramen ovale, bypassing 
the lungs. Inadequate pulmonary blood flow leads to 
refractory hypoxemia, respiratory distress, and finally  
acidosis.
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CHAPTER POINTS

•	 Labile hypoxemia and/or differential cyanosis are 
classic clinical features of PPHN.

•	 Severity of PPHN is assessed by echocardiography and 
hypoxemia by oxygenation index (OI) and oxygen 
saturation index (OSI).

•	 Management includes optimizing lung recruitment 
and ventilation, pulmonary vasodilator therapy and 
hemodynamic stabilization.

•	 Gentle ventilation targeting PaCO2 between 50 to 
60 mmHg and PaO2 between 50 and 80 mmHg while 
avoiding acidosis (pH > 7.25) appears to be rational 
approach.



445

ChapterPersistent Pulmonary Hypertension of the Newborn (PPHN) | 26 |

Pathophysiology

The pathophysiology of PPHN can be discussed under 
three subheadings—changes in pulmonary vasculature, 
lung, and heart (Fig. 26.1).

Pulmonary vasculature
During fetal life, pulmonary blood flow (Qp) is low (5%–
10% of combined ventricular cardiac output [CO] from 
both ventricles in lambs and 13%–21% in humans). This 
is due to high PVR and the presence of shunts (foramen 
ovale, ductus arteriosus) which permit blood to bypass the 
pulmonary vascular bed (Fig. 26.1). At birth, PVR decreases 
significantly, Qp increases to 100% of right ventricular out-
put, and, by 24 h after birth, pulmonary artery pressure 
(PAP) typically decreases to about 50% of systemic arterial 
pressure. In infants with PPHN, pulmonary vascular transi-
tion is not successful resulting in persistently elevated PVR. 
In cases of severe PPHN, pulmonary vasculature demon-
strates increased muscularization of pulmonary arteries and 
peripheral extension of vascular smooth muscle cell layer.

Lungs
PPHN is classified as secondary when there is associated 
lung diseases (Fig. 26.2) such as meconium aspiration syn-
drome (MAS), pneumonia or sepsis, respiratory distress 
syndrome (RDS), transient tachypnea of newborn (TTN), 
and congenital diaphragmatic hernia (CDH). In these con-
ditions, the lung parenchymal pathology leads to PPHN. If 
there is no underlying lung disease and PPHN is predomi-
nantly due to vascular changes, it is called primary, idio-
pathic, or black-lung PPHN (absence of lung disease and 
less vascularity make the lungs look black on chest X-ray).

Cardiac changes
Extrapulmonary right-to-left shunting of blood second-
ary to high PVR is the hallmark of PPHN. Right-to-left or 
bidirectional shunt is commonly seen at the level of patent 
foramen ovale (PFO, from right atrium to left atrium) or 
across the patent ductus arteriosus (PDA, from pulmonary 
artery to aorta). Elevated pulmonary arterial pressure can 
also result in pulmonary insufficiency, right ventricular 
hypertrophy (and dysfunction), tricuspid regurgitation 
(TR), bowing of the interventricular septum to the left, and 

Fig. 26.1 Etiology of PPHN and Hemodynamic Changes in PPHN/HRF. CDH, Congenital diaphragmatic hernia; LA, left atrium; 
LV, left ventricle; MAS, meconium aspiration syndrome; PA, pulmonary artery; PDA, patent ductus arteriosus; PFO, patent foramen 
ovale; RA, right atrium; RV, right ventricle; RDS, respiratory distress syndrome; TR, tricuspid regurgitation; TTN, transient tachypnea 
of the newborn. Modified from Polin R, Fox W. Fetal and neonatal physiology. 5th ed. Philadelphia, PA, USA: Elsevier; 2016. 
Copyright: Satyan Lakshminrusimha.
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left ventricular dysfunction. The absence of structural heart 
disease and the presence of some of the above findings on 
echocardiogram confirm the diagnosis of PPHN.

Hemodynamic changes (Fig. 26.1)

1. Elevated PVR results in shunting of poorly oxygenated 
blood across the PDA and PFO. If right-to-left shunt 
occurs predominantly at the ductal level, differential 
cyanosis (the lower extremities are more cyanotic with 
lower pulse oximeter readings than the head and upper 
extremities) is present. It is important to evaluate 
patients with suspected PPHN by dual pulse oximetry. 
The preductal pulse oximetry should always be placed 
on the right upper extremity as the left subclavian 
artery may be postductal in some infants. If the shunt 
across the PFO is the primary cause of hypoxemia, 
both upper and lower extremities will have similar low 
oxygen saturations by pulse oximetry (SpO2).

2. Relatively low systemic blood pressure and SVR are 
commonly observed in PPHN, especially in the 
presence of sepsis. Low SVR enhanced right-to-left 
shunting in the presence of high PVR (Fig. 26.3). 

Fig. 26.2 Etiology of Secondary PPHN. Common conditions 
associated with secondary PPHN are shown in this figure. Some 
controversy exists regarding maternal intake of nonsteroidal 
anti-inflammatory medications (NSAIDs) and selective serotonin 
reuptake inhibitors (SSRI) and PPHN. Copyright: Satyan 
Lakshminrusimha.

Fig. 26.3 Labile Oxygenation in PPHN. The relationship between systemic vascular resistance (SVR) and pulmonary vascular 
resistance (PVR) determines oxygenation in PPHN. During postnatal life, normally, SVR is higher than PVR. However, in PPHN, PVR 
is higher or equal to SVR resulting in right-to-left or bidirectional shunt at PDA and PFO. Correcting systemic hypotension with 
fluids and inotropes will reduce right-to-left shunt and improve oxygenation. However, maintaining systemic blood pressure at 
supraphysiological levels adds to ventricular strain and is not recommended. Copyright: Satyan Lakshminrusimha.
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Maintaining normal systemic blood pressure is 
important during management of PPHN. However, 
elevating systemic blood pressure to supraphysiologic 
values using vasoconstrictor medications to limit 
shunting in the presence of elevated PVR is likely to be 
counterproductive for the following reasons.
a. Most vasoconstrictor medications such as 

dopamine are not selective to systemic vasculature 
and cause significant pulmonary vasoconstriction 
further elevating PVR.

b. Very high SVR can result in left ventricular strain 
and dysfunction.

c. PDA and PFO act as pop-off valves in the presence 
of high PVR. Attempts to limit shunt and increase 
Qp in the presence of a constricted pulmonary 
vascular circuit are likely to lead to pulmonary 
endothelial dysfunction and exacerbation of 
PPHN. Increasing Qp in PPHN should preferably be 
achieved by dilating the pulmonary vascular bed.

Mechanism of PPHN

Based on etiology, PPHN can be assigned to one of four 
types (Fig. 26.4):
1. Poor adaptation secondary to lung disease: The presence 

of parenchymal diseases such as RDS, meconium (or 

blood or amniotic fluid) aspiration syndrome (MAS), 
or pneumonia. (Maladaptation)

2. Remodeled pulmonary vasculature with normal 
parenchyma, also known as idiopathic PPHN or black-
lung PPHN. (Maldevelopment)

3. Hypoplasia: Hypoplastic vasculature as seen in 
pulmonary hypoplasia (CDH, oligohydramnios 
secondary to kidney disease or chronic leakage of 
amniotic fluid). (Underdevelopment)

4. Obstruction: Polycythemia and hyperviscosity leading 
to intravascular sludging and elevated PVR.

Etiology of PPHN

1. MAS is common in term newborns and is often 
associated with birth asphyxia and leads to 
hypoxic respiratory failure with high morbidity 
and mortality [3]. It is often associated with 
birth asphyxia. Meconium-stained amniotic fluid 
(MSAF) is observed in 3%–14% of pregnancies. 
Neonates (5%–10%) born through MSAF are at 
risk of developing MAS. Chemical pneumonitis 
and surfactant inactivation triggered by meconium 
are associated with ventilation–perfusion (V/Q) 
mismatch.

Fig. 26.4 Mechanisms of PPHN. Elevated pulmonary vascular resistance (PVR) is typically secondary to four mechanisms. 
Parenchymal lung disease, such as hyaline membrane disease (HMD), resulting in acute alveolar hypoxia leads to pulmonary 
vasoconstriction. Intravascular obstruction secondary to hyperviscosity often due to polycythemia can lead to PPHN. Remodeled 
vasculature (maladaptation of pulmonary circulation) due to congenital diaphragmatic hernia, intrauterine closure of ductus 
arteriosus, and chronic intrauterine hypoxia leads to PPHN. Pulmonary hypoplasia secondary intrathoracic space occupying lesions 
such as congenital pulmonary malformations, diaphragmatic hernia, and oligohydramnios due to renal disease or chronic leakage 
leads to PPHN. Finally, infants born with malformations of alveolar and vascular development such as alveolar capillary dysplasia 
(ACD) with malalignment of pulmonary veins (MPV) have intractable and often lethal PPHN. Copyright: Satyan Lakshminrusimha.
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2. Pneumonia and infection are associated with decreased 
SVR and elevated PVR. Sepsis leads to hypotension 
exacerbating right-to-left shunting and cyanosis. Septic 
infants suffer from myocardial dysfunction leading to 
elevated left atrial pressures and pulmonary venous 
hypertension [4]. Recent epidemiological studies 
suggest that infection is an important cause of PPHN 
accounting for 30% of cases [2].

3. Pulmonary hypertension in premature infants [5]. 
Pulmonary hypertension (PH) in preterm infants is 
associated with RDS or bronchopulmonary dysplasia 
(BPD) and has a bimodal postnatal age distribution. 
Early PH in preterm infants is associated with RDS and 
responds poorly to conventional vasodilator therapy. 
Late PH is associated with BPD and considerably 
increases mortality associated with BPD.

4. Idiopathic PPHN (also known as “black-lung PPHN”): In 
the absence of parenchymal lung disease, PPHN can 
result from remodeling of pulmonary arteries. Given 
the dark lung fields secondary to pulmonary oligemia, 
this condition is labeled as “black-lung” PPHN. Some 
cases can be secondary to intrauterine stress, premature 
closure of the ductus arteriosus, maternal ingestion of 
SSRI, or NSAID medications. The association between 
maternal ingestion of these medications and PPHN is 
controversial.

5. CDH causes intractable and chronic PPHN and is 
associated with approximately 30% mortality. A 
combination of lung hypoplasia, remodeling of 
pulmonary arteries, and cardiac dysfunction contribute 
to high morbidity and mortality in this condition. 
Further details of this condition are described in 
Chapter 28.

6. Alveolar capillary dysplasia or misalignment of the 
pulmonary veins (ACD/MPV) results in severe hypoxic 
respiratory failure and is often fatal. More recently, 
mild forms that survive beyond the neonatal period 
have been described. Impaired gas exchange secondary 
to poorly formed alveolocapillary interphase leads to 
hypoxia. The diagnosis is often confirmed with a lung 
biopsy.

Clinical features

1. Index of suspicion: A neonate with labile hypoxemia 
(SpO2 fluctuating without any significant changes in 
ventilation settings and with minimal stimulation) out of 
proportion to lung disease should be suspected to have 
PPHN. These infants readily drop their SpO2 with routine 
handling such as suctioning, diaper change, stimulation 
by parents, and so on. Other factors consistent with the 
diagnosis of PPHN include the following:

a. Oxygen requirement disproportional to lung 
disease and pressure settings on the ventilator.

b. History of a disease such as asphyxia, MAS, or CDH 
commonly associated with PPHN.

c. Differential cyanosis—SpO2 in the right arm is 
higher than values obtained from the legs.

d. Onset of symptoms within the first few hours of 
life (late onset is common in preterm infants and 
infants with CDH).

e. Cardiac examination demonstrates right ventricular 
heave, a loud second heart sound, and a harsh 
systolic murmur heard best at the left lower sternal 
border secondary to TR.

2. Diagnosis: PPHN is suspected in infants with labile 
hypoxemia with or without differential cyanosis. 
Occasionally, they are asymptomatic and detected 
during pulse oximetry for congenital heart disease 
screening. A chest X-ray, CBC with differential and 
a blood gas analysis, are the first steps in finding an 
etiology for PPHN. An echocardiogram confirms the 
diagnosis and rules out structural heart disease.

3. Differential cyanosis: Right-to-left shunt can occur 
at the level of PFO or PDA. Infants with PPHN whose 
right-to-left shunt is predominantly at the PDA present 
with SpO2 5%–10% higher in the right upper limb 
compared with the lower limbs. However, if the shunt 
is predominantly at the PFO level, differential cyanosis 
may not be perceived. Infants with coarctation or 
interrupted aortic arch can present with low saturations 
in the lower limbs.

4. Hyperoxia–hyperventilation test
a. Hyperoxia test: The patient is placed in 100% oxygen 

for 15 min. An arterial blood gas is obtained to 
differentiate pulmonary parenchymal or respiratory 
depression (where PaO2 typically increases 
>150 mmHg) from cyanotic heart disease or PPHN 
(PaO2 does not exceed 150 mmHg). False positive 
conclusion (PaO2 does not exceed 150 mmHg) may 
result from severe parenchymal disease, especially 
if oxygen is delivered through a hood without any 
positive pressure. False negative conclusion (where 
PaO2 typically increases >150 mmHg) may be 
derived in some cases of PPHN and total anomalous 
pulmonary venous return (TAPVR) due to oxygen-
induced decrease in PVR and alteration of shunts.

b. Hyperoxia–hyperventilation (hyperoxia and 
hypocapnia to induce alkalosis and pulmonary 
vasodilation to improve PaO2) may be helpful 
in some cases of PPHN. Infants with reactive 
pulmonary vasculature and PPHN may improve 
oxygenation in response to hypocapnia. Infants 
with severe PPHN with remodeled pulmonary 
vasculature and cyanotic CHD patients do not 
respond to hyperoxia and hyperventilation. It is 
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important to remember that hyperventilation-
induced hypocapnia can cause cerebral 
vasoconstriction. These tests can be skipped by 
confirming PPHNs by an echocardiogram.

5. Chest X-ray is useful in diagnosing the primary lung 
condition. Classic description of radiologic appearance of 
various neonatal respiratory disorders is given as follows:
a. Grainy—often with low expansion: RDS (may be 

pneumonia)
b. Patchy—pneumonia
c. Fluffy—often with hyperexpansion: MAS
d. Streaky—often with hyperexpansion: retained lung 

liquid or TTN
e. Black–dark lung fields—primary or idiopathic 

PPHN or pulmonic stenosis (including tetralogy 
of Fallot); similar picture is also seen in 
pneumothorax

f. White-out—collapse/atelectasis; severe RDS or 
pneumonia; also infradiaphragmatic TAPVR with 
obstruction

g. Bubbly—pulmonary interstitial emphysema (PIE)
6. Echocardiography confirms the diagnosis of PPHN. The 

efficacy of therapeutic interventions can be assessed by 
serial echocardiograms [6]. Echocardiographic features 
suggestive of PPHN include the following:
a. Absence of structural heart disease
b. Dilated right ventricle (hypertrophy in long-

standing PPHN)

c. Dilated right atrium
d. Septal bulge to left
e. TR and pulmonary insufficiency
f. Pulmonary pressures 30–60 mmHg. Pulmonary 

systolic pressure is similar to the right ventricular 
systolic pressure (RVSP) and is detected by the 
modified Bernoulli equation: RVSP = 4v2 TR + right 
atrial pressure (mmHg), where v is the velocity of 
TR in m/s.

7. B-type natriuretic peptide (BNP) is a peptide mainly 
released by the ventricle in response to strain and can 
be an early biomarker of PPHN [7–9]. Some centers 
obtain monthly echocardiograms with serial BNP 
levels in BPD patients to screen for PH.

Severity of PPHN and HRF

It is assessed by oxygenation index (OI), oxygenation satu-
ration index (OSI), and alveolar–arterial oxygen difference 
(AaDO2).
1. OI (Fig. 26.5) is the most commonly used index to 

assess severity of HRF during medical management 
of PPHN because it takes mean airway pressure into 
the consideration. OI = mean airway pressure (in 
cmH2O) × FiO2 × 100/PaO2 (in mmHg).
a. Based on OI, HRF can be classified into

Fig. 26.5 Clinical Features and Assessment of Severity of PPHN With Oxygenation Index (OI) and Oxygen Saturation 
Index (OSI). Infants with PPHN present with labile hypoxemia with differential cyanosis (preductal oxygenation higher than 
postductal oxygenation, in the presence of a right-to-left shunt at the PDA level) and may have a loud second heart sound and 
a precordial right ventricular heave. Severity of PPHN can be assessed by calculating OI. Factors that influence oxygenation are in 
the numerator (mean airway pressure [MAP] and inspired oxygen) and oxygen level is in the denominator. OSI is similar to OI, but 
substitutes PaO2 by SpO2 as a measurement of oxygenation. OSI values are approximately half of OI (OI of 16 is approximately 
equal to OSI of 8). Copyright: Satyan Lakshminrusimha.
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•	 mild	HRF—OI	≤ 15,
•	 moderate	HRF—OI	>15 to 25,
•	 severe	HRF—OI	25–40,	and
•	 very	severe	HRF—OI	>40 [10].

2. OSI is a noninvasive assessment of HRF. It is calculated 
as follows: OSI = MAP × FiO2 × 100/preductal SpO2. 
OSI has been used in the absence of arterial blood 
gases [11]. With preductal SpO2 between 70% and 
99%, OSI corresponds to approximately half of OI 
(OSI of 10 = OI of 20) [12]. More research evaluating 
the reliability of OSI is needed prior to its routine use 
in the NICU (Fig. 26.5).

3. AaDO2 is the difference between PaO2 (alveolar partial 
pressure of oxygen) and PaO2 (arterial partial pressure of  
oxygen). The formula for calculating AaDO2 is as follows: 
AaDO2 = (ATM − PH O2

) × FiO2 − PaO2 − PaCO2/RQ,  

where ATM is the atmospheric pressure, PH O2
 is the 

pressure of water vapor (usually 47 mmHg), and RQ 
is the respiratory quotient. A simplified version of 
this formula is AaDO2 = 713 × FiO2 – PaO2 – PaCO2. 
AaDO2 can be measured for infants on an oxygen 
hood, but it does not take ventilator pressures into 
account.

Management

1. Management of PPHN centers around three key issues 
(Fig. 26.6):
a. Optimizing oxygenation and ventilation (lung 

function)PH2O

PH2O

Fig. 26.6 Management of PPHN. See text for details. Copyright: Satyan Lakshminrusimha.
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b. Optimizing hemodynamics—systemic blood 
pressure (cardiac function)

c. Pulmonary vasodilator therapy
2. The severity of PPHN can be variable and ranges 

from mild asymptomatic hypoxemia detected by 
routine pulse oximetry to severe hypoxemia and 
cardiopulmonary instability that requires intensive 
care support such as inhaled nitric oxide (iNO) and 
extracorporeal membrane oxygenation (ECMO). In 
neonates with secondary PPHN with parenchymal lung 
disease or systemic illness, specific therapy targeting 
the underlying disease (such as surfactant for RDS and 
antibiotics for pneumonia) should be the primary 
focus of treatment.

3. Asymptomatic cases of PPHN can be detected in 
the newborn nursery either by critical congenital 
cardiac disease screening (CCHD screening) or 
following a desaturation episode. These infants can 
be managed with supportive care including oxygen 
supplementation to maintain SpO2 in the 90%–97% 
range. These infants should be closely monitored as 
some of these infants may deteriorate and require 
aggressive support. Infection should be considered 
and patients are often covered with empiric antibiotic 
therapy pending cultures as elevated PVR (often with 
low systemic blood pressure) can be associated with 
pneumonia or sepsis.
a. Supportive care: Intravenous nutrition to prevent 

catabolism and to correct metabolic abnormalities 
such as hypoglycemia, hypocalcaemia, and acidosis 
is important in patients with PPHN. Specific 
treatment such as partial exchange transfusion may 
be necessary if polycythemia is associated with 
PPHN. Maintaining normal body temperature 
and avoiding hypothermia is important [13] (see 
section, Asphyxia, hypothermia, and management 
of PPHN, for more details). The goal of medical 
management of PPHN is to selectively reduce PVR 
and to maintain systemic blood pressure.

b. Sedation is often required to avoid discomfort and 
minimize oxygen consumption from agitation 
in PPHN. A combination of fentanyl (1–2 mcg/
kg/dose or morphine 0.05–0.1 mg/kg/dose and/
or midazolam 0.1 mg/kg/dose q 2-4 h PRN are 
commonly used. Close attention to systemic blood 
pressure to avoid drop in SVR is necessary during 
sedation and analgesia.

c. Paralysis should be avoided, as it has been 
associated with increased mortality [1].

4. Correction of metabolic acidosis: Hyperventilation and 
infusions of sodium bicarbonate or THAM to maintain 
an alkaline pH and reduce PVR were commonly used 
in the past. Respiratory alkalosis decreases cerebral 
perfusion and is associated with sensorineural 

deafness [14,15]. Gentle ventilation and maintaining 
normal Pco2 (45–60 mmHg) is associated with good 
outcomes [16,17]. Alkali (usually sodium bicarbonate) 
infusion was associated with increased use of ECMO 
and chronic lung disease (defined as oxygen need 
at 28 days of postnatal age) [1]. We recommend 
maintaining pH > 7.25 and avoid alkalosis during the 
acute phase of PPHN [18].

5. Mechanical ventilation: Parenchymal lung disease 
is associated with many cases of PPHN. Optimal 
lung expansion to functional residual capacity 
(FRC) reduces PVR. Pulmonary vasodilator therapy 
such as inhaled NO alone without adequate lung 
recruitment may not improve oxygenation as iNO 
may not reach the alveoli and act on pulmonary 
vasculature [19,20].
a. Noninvasive ventilation: Mild cases of PPHN can 

be managed with CPAP, low-flow nasal cannula 
(usually defined as ≤2 L/min of humidified gas), 
high-flow intensely humidified nasal cannula 
(usually defined as ≥ 2 L/min of warm, intensely 
humidified gas), or noninvasive ventilation. 
During CPAP and noninvasive ventilation, settings 
are chosen based on severity of lung disease—a 
PEEP/CPAP of 4 cmH2O is adequate for black-
lung PPHN without parenchymal lung disease, 
4–7 cmH2O is usually adequate for parenchymal 
lung disease although higher pressures may be 
required if the lungs are poorly compliant as in 
RDS or pneumonia. The goal is to achieve 8–9 
rib expansion (along the highest margin of the 
diaphragm on an AP chest film).

b. Intubation: Indications for intubation and 
mechanical ventilation include the following:
•	 Moderate-to-severe	respiratory	distress	with	poor	

air entry, intercostal, and subcostal retractions.
•	 Inspired	oxygen	concentration	>60% to 

maintain preductal SpO2 ≥90%.
•	 PaCO2 > 60 mmHg or pH < 7.25.
•	 Severe	parenchymal	lung	disease	requiring	

surfactant administration.
c. Surfactant: Exogenous therapy with surfactant 

improves compliance and assists in lung 
recruitment. In patients with PPHN secondary to 
parenchymal lung disease, surfactant improved 
oxygenation and reduced the need for ECMO [21]. 
Konduri et al. published a post hoc analysis of the 
randomized trial of early nitric oxide (at OI, 15–25) 
versus standard iNO (at OI, 25) in PPHN. The post 
hoc analysis showed that early use of surfactant 
prior to randomization decreased the risk of death/
ECMO in infants with parenchymal lung disease 
[22]. We recommend that infants with PPHN 
secondary to parenchymal lung disease (with the 
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exception of diaphragmatic hernia) receive a dose 
of surfactant to improve lung recruitment.

d. “Gentle” ventilation with permissive hypercapnia 
(PaCO2 50–60 mmHg), avoiding hyperoxemia 
(PaO2 50–80 mmHg) with optimal mean 
airway pressure, PEEP, relatively low PIP, or tidal 
volume are recommended to ensure adequate 
lung recruitment while limiting barotrauma and 
volutrauma [17,23]. Low PEEP increases alveolar 
collapse and increases PVR by kinking alveolar 
pulmonary vasculature. Extremely high PEEP 
decreases venous return and causes overdistension 
and compresses extraalveolar vessels and increases 
PVR. Optimal PEEP maintains the lungs at FRC 
during expiration and results in lowest PVR. A tidal 
volume of 4–5 mL/kg is targeted (preferably using a 
volume guarantee mode).

e. High-frequency ventilation: PPHN secondary to 
severe parenchymal lung disease or lung hypoplasia 
may benefit from high-frequency jet ventilator 
(HFJV) or high-frequency oscillator ventilation 
(HFOV) to optimize lung inflation and minimize 
lung injury [24]. If an infant with PPHN on 
conventional mechanical ventilation requires a 
PIP of >28 cmH2O or tidal volumes >6 mL/kg 
to maintain PaCO2 <60 mmHg, we recommend 
switching to HFOV or HFJV.

f. Oxygen is a specific, selective, and potent 
pulmonary vasodilator. Increase in PaO2 with 
ventilation with air reduces PVR following birth. 
Mechanical ventilation with high FiO2 and 
supraphysiological PaO2 used to be the traditional 
management of PPHN during the acute phase of 
illness. Fetal lamb studies have demonstrated that 
increased fetal PaO2 and rhythmic distension of 
the lung augment endogenous NO release [25,26]. 
However, the using of high FiO2 (especially 100% 
oxygen) can lead to oxygen toxicity. Studies in 
newborn lambs showed that brief (30 min) 
exposure to 100% O2 resulted in increased 
contractility of pulmonary arteries [27]. In lambs 
with PPHN, a similar exposure at birth reduced 
subsequent response to acetylcholine and iNO 
[28,29] and increased the potential for oxidative 
stress [30]. Reactive oxygen species (ROS) can 
increase phosphodiesterase (PDE5) activity, and 
decrease endothelial nitric oxide synthase (eNOS) 
and soluble guanylate cyclase (sGC) activity, 
resulting in decreased cGMP. In the ovine ductal 
ligation model of PPHN, maintaining SpO2 in the 
90%–97% range resulted in low PVR [29]. Based 
on studies in lambs with PPHN, we recommend 
preductal SpO2 in the 90%–97% range with PaO2 
between 50 and 80 mmHg in PPHN.

Inhaled nitric oxide

It is a selective pulmonary vasodilator with minimal 
effects on systemic blood pressure [31]. Endothelial NO 
is produced from l-arginine by the enzyme eNOS [31]. 
As an inhaled agent, iNO induced pulmonary vasodila-
tion but does not significantly alter SVR (selective effect 
of iNO; Fig. 26.7) [32]. Inhaled NO is distributed to the 
well-ventilated lung segments leading to increased blood 

Fig. 26.7 Selective and Microselective Action of Inhaled 
Nitric Oxide (NO). Inhaled NO is a selective dilator of the 
pulmonary circulation without any significant systemic 
vasodilation as it combines with hemoglobin to form 
methemoglobin (MHb). As it is an inhaled vasodilator, it 
selectively goes to the well-ventilated alveoli and improves 
blood flow to these alveoli and reduces V/Q mismatch 
(microselective effect). Copyright: Satyan Lakshminrusimha.
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flow to these segments, optimizing ventilation–perfusion 
match (microselective effect of iNO) [32]. Inhaled NO causes 
marked improvement in PaO2 in later preterm and term 
newborn infants with PPHN [33]. Inhaled NO reduces 
the need for ECMO in late-preterm and term neonates 
(>34 weeks of gestation) with HRF [34–36].
1. Optimal OI at initiation of iNO in PPHN is not known. 

Konduri et al. demonstrated that early iNO with an 
OI of 15–25 did not reduce the need for ECMO but 
reduced the progression to severe HRF [37]. Post 
hoc analysis of this study suggested that surfactant 
therapy prior to randomization and initiation of 
therapy with iNO at an OI of ≤20 was associated with 
reduced use of ECMO or death [22]. We recommend 
initiation of iNO at OI ≥15 to 20 if there is clinical 
(labile oxygenation with pre–post SpO2 difference) or 
echocardiographic evidence of PPHN.

2. Starting dose of iNO: The ideal starting dose of iNO 
in PPHN is not known. A common starting dose 
for iNO in many clinical trials is 20 ppm with 

some trials evaluating doses between 5 and 20 ppm 
[38]. Doses >20 ppm did not add to the efficacy of 
iNO, but were associated with more adverse effects 
[35] such as methemoglobinemia and elevated 
nitrogen dioxide (NO2) (>3 ppm) and are no longer 
recommended [33]. A dose of 5 ppm resulted in 
improved oxygenation without a significant decrease 
in pulmonary arterial pressure. A dose of 20 ppm 
improved oxygenation and decreased pulmonary 
arterial pressure [39]. In summary, we recommend the 
20-20-20-20 rule for initiation of iNO (Fig. 26.8)—
start iNO if OI is ∼15 to 20 at a dose of 20 ppm. A 
complete response to iNO is defined as an increase in 
PaO2/FiO2 ratio of ≥20 mmHg in 20–30 min [40,41].

3. Monitoring during iNO therapy: Methemoglobin levels 
are monitored 8–12 h after initiation of iNO and 
then once a day, especially if iNO dose is ≥20 ppm. 
High FiO2 and high cumulative iNO dose increase the 
risk for methemoglobinemia [42]. Levels should be 
maintained <5%. Some providers stop checking daily 

Fig. 26.8 Weaning Protocol for Inhaled Nitric Oxide in Use at Women and Children’s Hospital of Buffalo.  Copyright: 
Satyan Lakshminrusimha.
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methemoglobin levels if the iNO dose is weaned below 
20 ppm and if prior methemoglobin levels were within 
normal limits.

4. Weaning iNO: Inhaled NO should be weaned gradually, 
especially after prolonged use to avoid rebound 
PH [43]. Weaning in steps from 20 ppm gradually 
leading to discontinuation has been shown to prevent 
the rebound PH [44]. In patients with PPHN with 
a sustained oxygenation response, inspired oxygen 
concentration is first weaned below 60% and then iNO 
is weaned only if PaO2 can be maintained ≥60 mmHg 
(or preductal SpO2 ≥90%) for 60 min (60-60-60 rule 
of weaning iNO) [40,41]. At Women and Children’s 
Hospital of Buffalo, we initially wean iNO at a rate 
of 5 ppm every 4 h. Subsequently, once iNO dose 
is 5 ppm, slower weaning by 1 ppm every 4 h is 
performed (Fig. 26.8).

5. Failure of iNO: In approximately one-third of late 
preterm and term infants with PPHN, iNO does not 
lead to a sustained increase in PaO2 and SpO2 [35]. The 
following steps focusing on optimal lung recruitment 
and hemodynamic stability are recommended in the 
management of iNO-resistant PPHN (Fig. 26.9).

a. Optimal lung recruitment (with optimal mean 
airway pressure and/or surfactant and HFOV or 
HFJV if necessary) is crucial to deliver inhaled 
pulmonary vasodilators to the pulmonary 
vasculature, the target site for iNO [32].

b. The next step is to repeat an echocardiogram to 
evaluate right and left ventricular function and to 
reassess severity of PPHN. Occasionally, the first 
echocardiogram may have missed cyanotic CHD 
(especially, total anomalous pulmonary venous 
return [TAPVR]) [45].

c. Maintaining optimal systemic blood pressure is 
necessary to avoid persistent right-to-left shunting 
and hypoxemia in PPHN.

d. If lung recruitment, optimal ventilation, and 
hemodynamic stability are achieved and inhaled 
pulmonary vasodilators (with systemic agents 
such as milrinone and sildenafil) are not effective, 
patient should be transferred to a tertiary center 
with access to ECMO. Additional therapy with other 
pulmonary vasodilators such as prostaglandin E1 
(PGE1), bosentan, and hydrocortisone may be 
necessary. Other causes of iNO-resistant PPHN 

Fig. 26.9 Flow Chart Showing the Author’s Suggested Guidelines for Management of iNO-Resistant PPHN. Copyright: 
Satyan Lakshminrusimha.
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and HRF such as ACD/MPV and genetic surfactant 
abnormalities (SP-B deficiency) should be 
considered.

6. Contraindications to iNO:
a. Inhaled NO is contraindicated in the presence 

of left ventricular dysfunction and pulmonary 
venous hypertension. There is an increased 
risk of pulmonary edema and worsening of 
oxygenation following iNO therapy in such 
patients. Left ventricular dysfunction is common in 
diaphragmatic hernia, sepsis, and asphyxia. Initial 
therapy with an inodilator such as milrinone may 
be preferred in such patients.

b. Ductal-dependent critical congenital heart disease 
where systemic circulation is dependent on the 
patency of ductus arteriosus (e.g., hypoplastic 
left heart syndrome, critical aortic stenosis, severe 
coarctation, or interrupted aortic arch) survives on 
high pulmonary arterial pressure driving blood 
across a PDA to maintain systemic blood flow. If 
pulmonary arterial pressure is markedly decreased 
by therapy with iNO in these conditions, reduced 
right-to-left shunt decreases systemic blood flow 
resulting in systemic hypoxia, metabolic acidosis, 
anuria, and shock.

7. Systemic hypotension can be due to volume 
depletion, cardiac dysfunction, systemic vasodilation 
from sepsis or vasodilator therapy, and/or impaired 
venous return secondary to high ventilator pressures. 
In the absence of cardiac dysfunction and/or elevated 
central venous pressure, a fluid bolus (10 mL/
kg of lactated Ringers or isotonic saline) followed 
by vasopressor therapy is recommended. Most 
centers use dopamine as the first choice, but this 
medication can cause pulmonary vasoconstriction 
at high doses and exacerbate PPHN. Some centers 
prefer the use of norepinephrine or vasopressin. 
Vasopressin is considered to be more selective to 
systemic circulation. A cortisol level is checked in 
these patients to rule out hypocortisolism as a cause 
of hypotension.

8. If blood pressure is stable but elevated PVR persists, 
consider the use of PDE inhibitors. Sildenafil (PDE 
5 inhibitor) is preferred if cardiac function and liver 
function are normal. Sildenafil may have added 
benefit in the context of prolonged hyperoxia (as 
oxygen free radicals increase PDE 5 activity in 
pulmonary vascular smooth muscle cells). Milrinone 
(PDE 3 inhibitor) is preferred in the presence of 
ventricular dysfunction. Chronic therapy (especially 
in the presence of CDH or BPD) involves oral PDE 5 
inhibitors such as sildenafil followed by endothelin 
receptor antagonists and/or noninvasive iNO 
(Fig. 26.9).

Other pulmonary vasodilators

1. PGE1: Aerosolized PGE1 (Alprostadil) has been shown 
to be safe in neonates in small pilot phase I-II studies 
[46,47]. Case reports also suggest beneficial effects of 
inhaled PGE1 in iNO refractory PPHN [48].
a. Dose: Alprostadil can be continuously nebulized 

at 150–300 ng/kg/min diluted in saline to provide 
4 mL/h [47].

b. Intravenous PGE1 has also been used in CDH 
in combination with iNO to reduce PVR, reduce 
right ventricular afterload by maintaining 
ductal patency to offer a pop-off for high RV 
pressures [49].

c. Readily available in many pediatric institutions to 
maintain ductal patency in neonates with critical 
CHD.

2. Prostacyclin (PGI2): Intravenous PGI2 analogs are 
commonly used in adults with pulmonary arterial 
hypertension.
a. Dose: 50 ng/kg/min by inhalation [48]. The drug 

is prepared by dissolving Flolan (Glaxo-Wellcome, 
Middlesex, UK) in 20 mL of manufacturer’s diluent 
(a glycine buffer, pH 10). This fresh solution is 
nebulized and is replaced every 4 h [48].

b. Caution should be exercised as the effect of such 
high alkaline pH of this diluent on neonatal 
respiratory mucosa is not known.

c. Iloprost is an analog of PGI2 and has anecdotally 
shown to be effective in neonates and children with 
PH [50–53].

3. Phosphodiesterase inhibitors:
a. Sildenafil (phosphodiesterase 5, PDE 5 inhibitor): 

Pulmonary arterial smooth muscle cells are rich in 
cGMP-specific phosphodiesterase type 5 (PDE 5), 
an enzyme that promotes degradation of cGMP.
•	 Sildenafil	increases	cGMP	levels	in	pulmonary	

arterial smooth muscle cells by inhibiting 
PDE 5.

•	 Sildenafil	(PO	dose	range	0.5–2	mg/kg	every	
6–8 h) improves oxygenation in HRF and PPHN 
and reduces mortality in centers without access 
to iNO and ECMO [54,55].

•	 Intravenous	sildenafil	(recommended	dose	is	
a load of 0.42 mg/kg over 3 h [0.14 mg/kg/h] 
followed by 1.6 mg/kg/day as a continuous 
maintenance infusion [0.07 mg/kg/h]) increases 
PaO2 in patients with PPHN with and without 
prior exposure to iNO [56].

•	 Side	effects:	Potential	risk	of	hypotension	
[57], pulmonary hemorrhage [58], and 
gastroesophageal reflux.
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•	 Systemic	hypotension	is	a	common	side	effect	of	
sildenafil and can increase morbidity in PPHN 
by worsening right-to-left shunt. Long-term 
therapy with sildenafil in children (1–17 years) 
has been associated with increased mortality (a 
black-box warning from FDA). However, similar 
information is not available in neonates.

b. Milrinone (PDE 3 inhibitor):
•	 Pulmonary	arterial	smooth	muscle	cells	

and cardiac myocytes have cAMP-specific 
phosphodiesterase type 3 (PDE 3), an enzyme 
that promotes degradation of cAMP.

•	 Milrinone	is	an	inodilator	
(inotrope + vasodilator) and acts by inhibiting 
PDE3 and increases cAMP in pulmonary arterial 
smooth muscle, systemic arterial smooth muscle 
cells, and cardiac myocytes.

•	 IV	milrinone	has	been	shown	to	be	effective	
in iNO-resistant PPHN in case series [59–61]. 
No randomized controlled trials have been 
performed evaluating milrinone in PPHN.

•	 An	optional	loading	dose	of	50	mcg/kg	over	
30–60 min is used in some centers, but is 
associated with a higher incidence of systemic 
hypotension. The maintenance dose is 0.33–
0.5 mcg/kg/min. In the absence of systemic 
hypotension, the dose can be escalated to 
0.66–1 mcg/kg/min.

•	 Systemic	hypotension	is	a	major	clinical	concern	
with the use of milrinone. A fluid bolus (10 mL/
kg of lactated Ringer’s solution or normal saline) 
prior to loading dose is used in some centers 
prior to a loading dose of milrinone.

•	 One	case	series	described	intracranial	
hemorrhage in two neonates associated with 
the use of milrinone in PPHN [60]. A head 
ultrasound to rule out intracranial hemorrhage 
is recommended in critically ill patients with 
PPHN.

•	 Milrinone	is	preferred	in	the	presence	of	PPHN	
with left ventricular dysfunction without severe 
systemic hypotension (Fig. 26.9).

4. Bosentan (endothelin-1 receptor blocker): Endothelin 
is a strong vasoconstrictor, and endothelin receptor 
antagonists are commonly used in adult patients with 
pulmonary arterial hypertension [62] and anecdotally 
in neonates with PPHN [63].
a. Dose—2 mg/kg/dose BID PO.
b. A multicenter, randomized, double-blind, placebo-

controlled trial of bosentan in PPHN did not show 
any additive effect with iNO in term neonates with 
PPHN [64].

c. Bosentan is occasionally used in CDH or BPD with 
chronic PH.

d. Liver function tests must be monitored during 
bosentan therapy.

5. Steroids: Glucocorticoids increase oxygenation in 
animal models of MAS [65] and decrease the duration 
of oxygen use and length of hospital stay and in infants 
with meconium aspiration [66,67]. Hydrocortisone 
decreases production of superoxide anions and inhibits 
PDE 5 [68]. Routine use of glucocorticoids in patients 
with PPHN is not recommended especially if there 
is suspicion of viral or bacterial sepsis. Stress dose 
hydrocortisone is occasionally used in iNO-resistant 
PPHN associated with systemic hypotension [68,69].

Extracorporeal membrane 
oxygenation

ECMO is a technique of modified cardiopulmonary bypass 
used to support heart and lung function. It is only available 
in select tertiary centers. It is an invasive procedure requir-
ing cannulation of major vessels and anticoagulation. Gen-
eral accepted criteria to start ECMO are as follows:
•	 AaDO2: >605 to 620 mmHg for 4–12 h;
•	 OI: >40 for 4 h;
•	 refractory HRF: preductal PaO2 <40 mmHg; and/or
•	 hemodynamic compromise with high inotrope 

requirement and/or persistent acidosis (pH <7.15).

Asphyxia, hypothermia, and 
management of PPHN

Asphyxia and hypoxic ischemic encephalopathy (HIE) 
are associated with hypoxemia and acidosis. Infants with 
asphyxia commonly suffer from parenchymal lung dis-
ease associated with surfactant deficiency and/or MAS 
[70]. Hypothermia (33.5°C for 72 h) is standard of care 
for moderate-to-severe HIE [71]. However, case reports 
indicate that patients with HRF with high inspired oxygen 
need prior to cooling [72], may suffer from exacerbation of 
PPHN during hypothermia and/or rewarming [73].

Reporting of blood gases during hypothermia is also 
controversial. The solubility of gas within liquid increases 
with a decrease in temperature (Henry’s law). With decreas-
ing temperature, more gas is dissolved in plasma, and the 
partial pressure of CO2 and O2 decreases [74]. Maintenance 
of the same PCO2 or PO2 under hypothermic conditions 
will require greater CO2 or O2 content. Two acid-base man-
agement approaches during hypothermia are described in 
the literature for pediatric cardiac anesthesia management 
during profound hypothermia (usually 18–20°C) [75]. 
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No studies have evaluated the optimal approach during 
PPHN management associated with mild hypothermia 
(33–34°C) for HIE [76].

Management by the α-stat technique is focused on main-
taining a normal pH and PaCO2 at 37°C and not at the 
current body temperature. As the temperature falls during 
induced hypothermia, PaCO2 measured at the patient’s tem-
perature decreases and pH increases. Ventilation is adjusted 
to maintain a normal PaCO2 at 37°C. This approach is 
based on the fact that as temperature decreases, blood and 
tissue pH rise but the dissociative state of α-imidazole, and 
thus protein function, remains close to normal.

In the pH-stat technique, PaCO2 in the blood gas drawn 
from a hypothermic patient is measured after warming the 
blood to 37°C, but is mathematically corrected to the actual 
patient’s temperature. Ventilation is adjusted to achieve a 
normal pH and PaCO2 at patient’s temperature. This results 
in higher CO2 content (as compared to the α-stat method), 
and leads to concurrent cerebral vasodilation and pulmo-
nary vasoconstriction, resulting in higher cerebral blood 
flow and more effective and homogenous brain cooling 
[75]. Thus, most studies evaluating hypothermia for HIE 
have adapted pH-stat method for acid-base management 
[71,77,78]. In addition, animal studies with hypothermia 
demonstrate better suppression of cerebral metabolic rate 
with pH-stat method [75]. Maintaining high PaCO2 values 
(>50 mmHg, when corrected for body temperature) can 
theoretically be associated with high dissolved CO2 levels 
and exacerbate pulmonary vasoconstriction.

The optimal range of PaCO2 and PaO2 during whole-
body hypothermia for HIE is not known. The cerebral and 
pulmonary circulations respond to changes in pH, PCO2, 
and PO2 in opposite ways. Low PaCO2 (<35 mmHg) [79] 
and high PaO2 (>100 mmHg) [80] during the immediate 
postnatal period are associated with adverse outcomes in 
neonates with HIE undergoing whole-body hypothermia 
[81]. In contrast, animal studies have demonstrated that 
hypercarbia, acidosis (pH <7.25), and hypoxemia (PaO2 
<50 mmHg) increase PVR [18], leading to PPHN. Hence, 
we recommend adopting the pH-stat method and main-
taining corrected PaCO2 in the mid-40s and corrected PaO2 
in the 50–80 mmHg range to optimize hemodynamics  

of the cerebral and pulmonary circulations [82]. These 
guidelines for corrected PaCO2 are similar to those recom-
mended by Chakkarapani and Thoresen [83].

In addition to pulmonary vasoconstriction, HIE can 
be associated with cardiac dysfunction [84,85]. Myocar-
dial dysfunction can lead to secondary pulmonary venous 
hypertension. Cardiac dysfunction can be multifactorial—
myocardial ischemic injury during asphyxia, increased right 
ventricular afterload due to PPHN, and reduced venous 
return secondary to high pressure from the ventilator may 
play a role [70]. We speculate that systemic hypotension 
coupled with PH increases right-to-left shunting observed 
in patients with PPHN. Cardiac function, systemic blood 
pressure, and blood gases should be closely monitored in 
patients with PPHN associated with HIE undergoing hypo-
thermia.

Long-term outcome of PPHN

Most patients with PPHN improve their oxygenation, and 
the pulmonary vascular disease resolves with time with no 
long-term sequelae. However, some patients with PPHN 
(especially those associated with CDH and BPD) have 
significant long-term morbidity, irrespective of the treat-
ment modality. Long-term neurodevelopmental follow-up 
including hearing screens should be provided to all infants 
with PPHN.

Conclusion

The incidence of severe PPHN requiring ECMO has 
decreased over the last 2 decades in developed countries. In 
contrast, PPHN, commonly secondary to sepsis, asphyxia, 
and meconium aspiration, continues to cause high mortal-
ity and morbidity in settings with limited resources. Further 
research to establish early diagnosis, prevent hypoxemia, 
and develop specific and potent pulmonary vasodilator 
therapy is required.
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Bronchopulmonary Dysplasia
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Definition

The proposed criteria to define bronchopulmonary dys-
plasia (BPD) suggested in a National Institutes of Health 
(NIH) sponsored workshop in 1979 included a continued 
oxygen dependency during the first 28 days plus compat-
ible clinical and radiographic changes.

In 2001, a workshop conducted by the NIH proposed a def-
inition that divided BPD into three categories based on dura-
tion and level of supplemental oxygen therapy required [1,2].

Gestational age

Assessment <32 weeks >32 weeks

Time point of 
assessment

36 weeks post-
menstrual age 
or discharge to 
home, whichever 
comes first

>28 days but <56 
days postnatal age 
or discharge to 
home, whichever 
comes first

Treatment with oxygen >21% for at least 28 days plus

Mild BPD Breathing room air Breathing room air

Moderate BPD Need for <30% 
oxygen

Need for <30% 
oxygen

Severe BPD* Need for ≥30% 
oxygen or positive 
pressure ventila-
tion or both

Need for ≥30% 
oxygen or positive 
pressure ventilation 
or both

*It has been proposed differentiating this group into two subgroups 
based on their respiratory disease phenotypes and define these as 
Type 1 and Type 2 severe BPD where Type 1 includes those requiring 
30% or greater than 30% supplemental oxygen, high flow nasal 
cannula, or nasal CPAP at 36 weeks’ PMA or at the time of discharge 
and Type 2 includes those on long-term mechanical ventilation at 
36 weeks’ PMA or the time of discharge [3].
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CHAPTER POINTS

•	 BPD is the most common chronic lung disease in 
infants 

•	 An inherent genetic predisposition of an immature 
lung exposed to infection, hyperoxia, and ventilator-
induced injury results in persistent inflammation, 
leading to impaired alveolarization and dysregulated 
vascularization, the pathologic hallmarks of BPD

•	 The management needs to be tailored to the clinical 
course during the early, evolving and established 
phases of BPD

•	 BPD is associated with long-term pulmonary and 
neurodevelopmental morbidities
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Incidence

In developed countries, the majority of cases today (“new” 
BPD) are seen in infants <30 weeks’ gestational age (GA) and 
≤1200 g birth weight (BW). The incidence of BPD [using the 
36 weeks’ postmenstrual age (PMA) definition] was reported 
to be 42% (BW ≥ 501–750 g), 25% (BW ≥ 751–1000 g), 
11% (BW ≥ 1001–1250 g), and 5% (BW ≥ 1251–1500 g) 
[4,5]. Infants with a BW of ≤1250 g account for 97% of all 
patients with BPD [6]. A physiologic definition based on an 
oxygen-reduction challenge at 36 weeks’ PMA decreased the 
incidence of BPD by 10% [7]. A point prevalence of severe 
BPD has been reported to be 36.5% with a range of 11%–
48% by the BPD collaborative group that comprised of eight 
US academic centers with an established BPD program [8].

Etiopathogenesis

Prematurity forms the foundation on which the etio-
pathogenesis of BPD rests. BPD is an end result of the 
gene–environmental interactions which cause a persistent 
inflammatory response in the lung leading to enhanced cell 
death [9]. Since the development of the lung is ongoing 
with the injurious response, if the healing process does not 
resolve the lung toward a normal phenotype, the reparative 
response leads to impaired alveolarization and dysregu-
lated vascularization which are the characteristic pulmo-
nary phenotypes of “new” BPD (Fig. 27.1) [10].

The complex processes and interaction of the environ-
mental factors are explained in more detail in Fig. 27.2, 
with a focused explanation of the pathogenesis of ventila-
tor-induced injury in Fig. 27.3.

Clinical course

Early phase (up to 1 postnatal week)
The infant may have severe respiratory distress syndrome 
(RDS) requiring intubation and one or more doses of sur-
factant administration. Infants with a hemodynamically 
significant patent ductus arteriosus (PDA) tend to remain 
intubated for the initial few days of life and have a high 
likelihood of failed extubation attempts in the first postna-
tal (PN) week.

Alternatively and less commonly, the infant may pres-
ent with almost normal lung function requiring minimal 
respiratory support or minimal or no oxygen supplemen-
tation. These infants are usually managed with nasal con-
tinuous positive airway pressure (NCPAP) of 4–5 cm H2O 
or even high-flow nasal cannula (>2 L/min). Such infants 
do reasonably well in the first few days of life; however, by 
day 5–7, they start showing evidence of worsening respira-
tory distress (increased work of breathing, tachypnea, and 
retractions) necessitating escalation of respiratory support 
and supplemental fraction of inspired oxygen (FiO2). An 
illustrative scenario has been shown in Fig. 27.4, with pro-
gression of the disease to variable severity of BPD.

Fig. 27.1 Etiopathogenesis of BPD. BPD is the culmination of the interaction of genetic and environmental (ventilator-induced 
lung injury, hyperoxia, and ante- and postnatal infection) factors on the foundation of an immature (with/without surfactant 
deficiency) lung, resulting in a persistent inflammatory response in the lung leading to enhanced cell death. If there is inadequate 
resolution of lung injury (depending upon various factors, e.g., nutrition, stem cell secretome), the reparative process of the lung 
results in impaired alveolarization and dysregulated vascularization, the characteristic phenotypes of “new” BPD. Copyright: 
Vineet Bhandari.
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Evolving phase (>1 PN week to 
36 weeks’ PMA)
By the second week of PN life, these infants manifest increas-
ing respiratory distress and FiO2 requirements. They may get 
re-intubated, and the radiological picture is characterized 
by pulmonary edema, low volume lungs, and/or atelectasis. 
Fig. 27.5 shows the development of pulmonary and cardiac 
events in a complex background of suspected or proven sepsis 

and the actions taken thereof. Each complication will be dealt 
subsequently in the chapter.

Established phase (>36 weeks’ PMA)
Infants in this phase have tachypnea, dyspnea, crackles, 
and wheezing on physical examination. In infants with 
subglottic stenosis secondary to prolonged intubation, there 
may be presence of a stridor. Noisy breathing exacerbated 

Fig. 27.2 Detailed Overview of the Pathogenesis of BPD. Multiple environmental factors acting on the immature lung 
leads to breakdown of the alveolar–capillary barrier (causing pulmonary edema) and release of inflammatory mediators. This, 
in turn, causes airway damage, vascular injury, and interstitial damage leading to the characteristic pathology of BPD. PMN, 
Polymorphonuclear neutrophils. Modified from http://www.drpkrajiv.net/bpd.html.
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with high airflow activities, such as feeding and agitation 
may be heard in infants with tracheomalacia and broncho-
malacia. Cardiac complications of severe BPD include pul-
monary hypertension (PH) and cor pulmonale. Poor growth 
parameters may be related to undiagnosed hypoxia, cardiac 
disease, gastroesophageal reflux and swallow dysfunction, 
or recurrent aspiration. Osteopenia is common in extremely 
low BW infants. This is secondary to low calcium and Vita-
min D intake, exacerbated by the calciuric effect of chronic 
diuretic therapy. “BPD spells,” episodes of cyanosis, oxygen 
desaturations, and bradycardia, occur due to agitation, and 
are related to tracheomalacia and bronchomalacia.

Most cases of BPD are mild to moderate, characterized 
by an initial need for mechanical ventilation followed by 
days or weeks of O2 supplementation. Mild BPD is clinically 
characterized by retractions, generally diminished breath 
sounds, and crepitant rales on auscultation. Moderate and 
severe disease is usually associated with significant respira-
tory and oxygen support (Fig. 27.6).

Acute episodes of respiratory 
deterioration

1. Infection
2. Pulmonary edema (secondary to PDA; possibly increased 

fluid administration or progression of disease)

Fig. 27.3 Conceptual Model of Ventilator-Induced 
Lung Injury. Low positive end-expiratory pressure (PEEP) 
and high peak inspiratory pressure (PIP) to achieve higher 
mean airway pressure (MAP) to increase oxygenation 
contributes to the pathogenesis of BPD. Shearing stress 
of disproportionate high tidal volume facilitates the 
development of BPD. The deflation–inflation sequence leads 
primarily to capillary leakage and cytokine release into the 
alveolar compartment.

Fig. 27.4 Early Phase of BPD. After birth, either the infant is placed on CPAP of 5–6 cm H2O or administered surfactant via 
the INSURE technique. If intubated, attempts are usually made to extubate to (S)NIPPV in the first 3 days of postnatal life. If 
kept successfully extubated over the first postnatal week, such infants usually do well and may have no or mild BPD (scenario 
depicted in A). However, if they are re-intubated and require high ventilator pressures (MAP ≥12 cm H2O) and FiO2 (≥0.50), 
they may progress to develop moderate–severe BPD (scenarios depicted in B and C). CPAP, Continuous positive airway pressure; 
FiO2, fraction of inspired oxygen; HFO, high-frequency oscillator; INSURE, intubate, surfactant administration and extubate; MAP, 
mean airway pressure; PDA, patent ductus arteriosus; SNIPPV, synchronized nasal intermittent positive pressure ventilation; VENT, 
conventional ventilation; and VG, volume guarantee. Courtesy: P.K. Rajiv.
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3. Bronchospasm
4. Heart failure

Radiologic characteristics

Stage 1: Identical to RDS. Diffuse reticulogranular pattern 
with air bronchograms (Fig. 27.7).

Stage 2: Virtually homogenous opacification of lungs 
that obscures cardiac margins. The early radiographic 
changes seen in mild disease are replaced by coarse, irregu-
larly shaped densities that are confluent and may contain 
vacuolar radiolucencies (Fig. 27.8).

Stage 3: Lucent vacuoles have expanded and are identifi-
able as air cysts among dense patches (Fig. 27.9).

Stage 4: Lungs appear bubbly on radiography as air 
cysts continue to enlarge. Opacities are reduced to strands, 
streaks, and small patches as cysts expand (Fig. 27.10).

Management

Antenatal interventions
1. Prevention of BPD: is ideal. Among antenatal factors, 

prevention of premature birth is the single most 

Fig. 27.5 Evolving Phase of BPD. Over the next few weeks of postnatal life, if intubated, attempts are usually made to extubate to 
(S)NIPPV. If kept successfully extubated, such infants usually do well and may have no or mild BPD (scenario depicted in A). Patients 
with complications, such as PDA or pneumonia, who require high ventilator pressures (MAP > 12 cm H2O) and FiO2 (≥0.50), are more 
likely to progress to moderate–severe BPD (scenarios depicted in B and C). FiO2, Fraction of inspired oxygen; HFO, high-frequency 
oscillator; MAP, mean airway pressure; PDA, patent ductus arteriosus; SIMV, synchronized intermittent mandatory ventilation; 
SNIPPV, synchronized nasal intermittent positive pressure ventilation; and VENT, conventional ventilation. Courtesy: P.K. Rajiv.

Fig. 27.6 Established Phase of BPD. Beyond 36 weeks of postmenstrual age (PMA), infants with mild BPD are on no support or 
minimal respiratory support (nasal cannula). If intubated, they continue to receive conventional SIMV. Attempts should be made to 
extubate to (S)NIPPV, if the ventilator settings can be weaned. Infants who have moderate-severe BPD (scenarios depicted in B and 
C) and are ventilator dependent may require tracheostomy. All infants with BPD should be screened for pulmonary hypertension. 
FiO2, Fraction of inspired oxygen; SIMV, synchronized intermittent mandatory ventilation; SNIPPV, synchronized nasal intermittent 
positive pressure ventilation; and VENT, conventional ventilation. Courtesy: P.K. Rajiv.
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effective preventive measure. Understanding the 
biology of preterm labor [11] and targeting therapies 
aimed at prevention of premature labor remains a yet 
unachieved goal. The use of progesterone in prevention 
of premature labor has shown promise, although the 
prolongation of gestation with this approach has yet to 
improve infant outcomes [12].

2. Antenatal steroids: still remain the single most 
effective intervention for lung maturation. However, 
the effect of antenatal glucocorticoids on the incidence 

of BPD among survivors has been inconsistent, 
although some studies have demonstrated a benefit. 
The inconsistent effect of antenatal steroids on BPD 
may be due to increased survival of higher risk, 
less mature preterm infants. For antenatal therapy 
betamethasone is preferred over dexamethasone 
[13,14].

3. Antenatal antibiotics: Considerable research has 
gone into understanding the role of antenatal and 
PN inflammation in the etiology and pathogenesis 
of BPD [15]. Although use of maternal antibiotics 
is recommended when intra-amniotic infection is 
suspected/diagnosed [16], antenatal interventions 
to treat chorioamnionitis have not decreased the 
incidence of BPD; PN interventions may be too 
late to be effective [17].

Fig. 27.8 Stage 2 of BPD. Homogenous opacification of lung 
fields with coarse confluent densities.

Fig. 27.9 Stage 3 of BPD. Expanded lucent vacuoles in the lung 
fields appearing as air cysts among dense patches of the lung.

Fig. 27.10 Stage 4 of BPD. Bubbly appearance of lung with 
expansion of air cysts. Opacities reduced to strands and streaks.

Fig. 27.7 Stage 1 of BPD. Diffuse reticulogranular appearance 
with air bronchograms, indistinguishable from RDS.
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Golden hour practices in infants 
younger than 33 weeks’ gestation
The golden hour practices focus on minimizing stress in 
infants at birth and during the first hour of life. Consis-
tencies in delivery room stabilization practices have been 
shown to improve patient outcomes [18–21].

Key components:
1. Initial FiO2 ∼0.3 for preterm infants.
2. Oxygenation saturation targets: Adjust FiO2 to 

maintain O2 saturation between 85% and 92%.
3. Oxygen saturation targeting: Have an oxygen blender 

in delivery room. Early (2–3 min) SpO2 target is 60%–
75%. Place the pulse oximeter probe in the right arm 
and give O2 only as needed.

4. Standard levels of SpO2 achieved in the first few 
minutes after delivery have been described by Dawson 
et al. [22].

5. Trial CPAP or nasal intermittent positive pressure 
ventilation (NIPPV) (can use Neopuff or another 
T-piece resuscitator) and monitor chest rise and 
SpO2.

6. Intubate for resuscitation, protracted apnea, severe 
respiratory distress, high FiO2 requirement, and/
or to administer surfactant intubated [may prefer 
less-invasive surfactant administration (LISA) 
technique].

7. Early surfactant, if intubated (consider using INSURE 
technique).

8. Sustained lung inflation (SLI) may be considered 
(application of an inspiratory hold for a 5-s count, 

followed by the conversion to mask CPAP to sustain a 
predetermined PEEP).

9. Use manometry on self-inflating bag with PEEP valve. 
Use:
a. Low pressures (PIP/PEEP: 16–18/5 cm H2O)
b. Tidal volume (TV) monitoring (target 4–6 mL/kg)
c. CO2 monitoring (target pCO2 of 45–55 mmHg)

10. Avoid hypothermia and hyperthermia (Fig. 27.11). 
For additional detail, please refer to the chapter 
on Transition in the Delivery Room–NRP 
Recommendations.

Postnatal interventions

Oxygen therapy

In 2005, the National Institute of Child Health and Human 
Development devised a workshop with the intention to 
recognize evidence-based practices. As a result, hyperoxia 
was recognized as a cause for an increase in proliferation 
of Type II alveolar cells and resulted in important altera-
tions in surfactant development and production [23]. As 
higher oxygen saturation ranges provided little to no ben-
efit to premature infants <30 weeks gestation and in turn 
created oxidative stress, lower target ranges of 85%–93% 
were implemented [24]. BPD, retinopathy of prematurity, 
impaired brain development, and infection may be caused 
by oxygen toxicity [24]. Maintaining patients in targeted 
oxygen saturation ranges has been shown to be difficult 
and thus has resulted in long-term adverse effects of oxy-
gen therapy. Severe hypoxemia in early and late gestation 

Fig. 27.11 Golden First Hour After Delivery. After birth, consider using SLI to recruit FRC. Place on NCPAP or (S)NIPPV. 
If requiring intubation, consider INSURE technique (or early surfactant administration by LISA, if not intubated), followed by 
extubation to (S)NIPPV. FRC, Functional residual capacity; INSURE, intubate, surfactant administration and extubate; LISA, 
less-invasive surfactant administration; NCPAP, nasal continuous positive airway pressure; SLI, sustained lung inflation; and 
SNIPPV, synchronized nasal intermittent positive pressure ventilation. Courtesy: P.K. Rajiv.
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infants further increases the degree of lung disease and 
mortality [25]. However, in patients with severe BPD and 
cor pulmonale, higher target oxygen saturation is recom-
mended [25]. In established BPD, a slightly higher oxygen 
saturation of 88%–94% is recommended to prevent right-
sided heart failure accompanying BPD. It has been difficult 
to establish a single oxygen saturation variable that can be 
effectively used to provide optimal management of BPD 
without major adverse effects. However, saturation around 
90% seems to provide the best stability of both heart 
and lung function in older infants [26]. The appropriate 
level at which oxygen saturations should be maintained 
is controversial. While some have recently advocated use 
of 90%–95% SpO2 as the target range [27], we and others 
have suggested maintaining SpO2 ranges in the 87%–93% 
with alarm limits of 86% and 94%, respectively as these 
values are probably more physiological and have resulted 
in improved outcomes of BPD [28,29].

Recommended target ranges:

Recommended SpO2 for improved 
neurological outcome

90%–95%

Suggested SpO2 for decreased BPD 
outcome

87%–93%

Recommended CO2 level 55–65 mmHg

Ventilator strategy

In an attempt to reduce ventilator-induced lung injury 
(VILI), it is important to extubate the infant in the first few 
days of PN life and provide noninvasive respiratory support 
utilizing the (S)NIPPV mode. If unsuccessful, and the child 
is intubated, consider using volume-targeted synchronized 
intermittent mandatory ventilation (SIMV) mode, along 
with pressure support. As noted earlier, efforts should con-
tinue to minimize (wean) invasive ventilation settings and 
extubate to noninvasive respiratory support. This has been 
summarized in Fig. 27.12.

Noninvasive ventilation: NCPAP. Management of 
infants at risk for or with established BPD should be 
directed at minimizing ventilator support and alveo-
lar overdistention while supporting and maintaining 
adequate functional residual capacity (FRC) with end-
expiratory pressure. These goals can be achieved with the 
use of nasal CPAP systems (variable-flow or bubble CPAP 
delivery) [30,31]. Although the primary use of nasal CPAP 
delivered with the bubble CPAP system is associated with 
lower rates of BPD [32], the multicenter COIN Trial did 
not show a significant benefit on the incidence of BPD at 
36 weeks. Successful use of nasal CPAP requires tolerance 
of permissive hypercapnia (most centers usually limit this 
to 65 mmHg).

Fig. 27.12 Conceptual Model to Reduce BPD. Efforts to extubate and keep the infant extubated using the (S)NIPPV mode 
of noninvasive ventilation in the first few days of life should be made. If unsuccessful, use VG, SIMV or PSV modes of invasive 
ventilation. Aggressive weaning of the ventilator settings should be attempted in the first postnatal month of life in an effort to 
extubate the infant to (S)NIPPV mode. BPD, Bronchopulmonary dysplasia; FiO2, fraction of inspired oxygen, MAP, mean airway 
pressure; PSV, pressure support ventilation; SIMV, synchronized intermittent mandatory ventilation; SNIPPV, synchronized nasal 
intermittent positive pressure ventilation; and VG, volume guarantee. Courtesy: P.K. Rajiv.



469

ChapterBronchopulmonary Dysplasia | 27 |

Nasal intermittent positive pressure ventila-
tion. Noninvasive ventilation (NIV) with a set frequency, 
peak pressure, and PEEP has been used as an escalation 
technique to avoid invasive mechanical ventilation when 
CPAP alone is not sufficient. NIV is delivered through nasal 
prongs or mask interface, in the form of NIPPV through a 
ventilator, which can be synchronized (SNIPPV). The suc-
cess of NIV is variable, depending on the device, the under-
standing and training of the caregiver applying it, and the 
settings and parameters applied. SNIPPV has been associ-
ated with greater TV delivery, reduced work of breathing, 
and a reduction in the need for intubation and BPD, espe-
cially in infants <30 weeks gestation [33–35]. Although 
potential complications of all noninvasive modes include 
gastric distention or rupture, damage to the nares or occiput 
by the interface, or apnea, the benefits of NIV are positive 
and in most cases outweigh the risks.

Once the infant is intubated, there are sufficient data 
to support the use of (S)NIPPV as the primary extubation 
mode for neonates, as this has been shown consistently 
to be more successful than NCPAP [36–39]. However, it 
is important to note that while smaller studies of NIPPV 
have shown a reduction in BPD [40], a large “pragmatic” 
trial did not confirm the earlier results [41]. However, sig-
nificant concerns have been raised about the design of the 
“pragmatic” trial [40], and hence, additional large random-
ized controlled trials are necessary to confirm or refute the 
impact of (S)NIPPV on the incidence of BPD.

Invasive ventilation: IPPV or IMV. In spite of the devel-
opment of numerous sophisticated ventilators for the new-
born, there is still no clear advantage to any one approach 
to ventilating the preterm infant. The general approach 
should be one of preventing atelectasis, sustaining FRC, 
using a minimal TV (usually 4–6 mL/kg), and allowing 
the infant to trigger his or her own ventilation as much as 
possible.

There is currently no ideal strategy for mechanical 
ventilation that is optimal for minimizing the risks of 
pulmonary sequelae. There are also inconsistencies in 
determining what TV constitutes appropriate gas exchange 
without alveolar impairment. However, synchronized and 
patient-triggered modes of tidal ventilation with consis-
tent TV delivery is preferred to prevent auto-triggering and 
increased work of breathing, especially in infants <1000 g 
[42]. The most commonly employed ventilation in early 
management of RDS include pressure-controlled continu-
ous mandatory ventilation (CMV), pressure-controlled 
intermittent mandatory ventilation (IMV) (with man-
datory breathing “synchronized” to patient inspiratory 
effort, commonly referred to as SIMV). Adaptive pressure 
controlled (i.e., volume-targeted pressure control) with 
CMV or IMV is becoming more popular. Pressure sup-
port (PSV) of spontaneous breaths is often used with IMV. 

CMV is employed in the early management of RDS to 
decrease patient’s work of breathing, especially during the 
period of surfactant replacement, while guaranteeing a set 
peak inspiratory pressure or TV. Adaptive pressure control 
provides consistent TV delivery, but no proven benefits for 
gas exchange [43].

Recommended TVs in management of BPD:

Recommendation TV (mL/kg)

Early BPD 3.5–4

Evolving BPD 4–5

Established BPD 5–6

TV, Tidal volume.

Patient-triggered ventilation. Studies performed by 
using patient-triggered ventilation (PTV) have not shown 
any reduction in the incidence of BPD [44] although it has 
been suggested that it may be more beneficial for infants 
with a BW of <1000 g [42].

Volume-targeted ventilation versus pressure-
limited ventilation. Preterm infants ventilated using 
volume-targeted ventilation (VTV) modes had reduced 
duration of mechanical ventilation, incidence of BPD, fail-
ure of primary mode of ventilation, hypocarbia, grade III/
IV intraventricular hemorrhage (IVH), pneumothorax, and 
periventricular leukomalacia (PVL) compared with preterm 
infants ventilated using pressure-limited ventilation (PLV) 
modes. There was no evidence that infants ventilated with 
VTV modes had reduced death compared to infants venti-
lated using PLV modes [45].

In 2010, the Cochrane review of VTV versus PLV in the 
neonate concluded that although rates of death and BPD 
were not significantly different between the two ventilator 
strategies, statistically significant effects favoring volume 
targeting were shown for some clinically important out-
comes. However, the numbers of trials and infants random-
ized were small and further studies are required to confirm 
the role of volume targeting in neonatal ventilation [46].

Mandatory minute ventilation. Mandatory minute ven-
tilation (MMV) mode provides backup support of TV and/
or a minimal respiratory rate, in the event the patient can-
not meet the minute–volume target. However, the inconsis-
tencies in breathing patterns and volumes in neonates have 
been a barrier for its long-term implementation [25].

High-frequency oscillatory ventilation. Indication 
for high-frequency oscillatory ventilation (HFOV): “Res-
cue” treatment only. Any evidence of air leak and/or mean 
airway pressure (MAP) >12 cm H2O.



470

Section Clinical Management| V |

HFOV was introduced a few decades ago as an alterna-
tive strategy for mechanical ventilation. The initial goal of 
HFOV was focused on reducing the incidence of alveolar 
stretch and consequent VILI [47]. Many studies conducted 
over the past decade demonstrate variable outcomes. The 
practice of utilizing HFOV in neonatal intensive care units 
for the prevention of BPD remains unpredictable. Proactive 
strategies and HFOV, noted in a meta-analysis in low BW 
infants, revealed a minimal reduction in the development 
of BPD and no significant changes in neurologic outcomes 
[47]. Rescue strategies utilized in respiratory failure have not 
proven to affect or reduce the incidence of BPD in premature 
infants [48]. Neither tidal nor high-frequency ventilation 
strategies have been regarded as optimal for the prevention 
of BPD. In a number of studies comparing high-frequency 
and tidal ventilation, there were no significant differences in 
the development of BPD, and complications, such as air leak 
syndromes have been seen in high-frequency modes [25].

“Gentle ventilation”: summary of approach. The 
strategies are focused on reducing the magnitude and dura-
tion of mechanical ventilatory support to the minimum 
possible to support cellular homeostasis, while achieving 
adequate gas exchange.
1. Redefining the goals for “adequate gas exchange” 

leading to reduced use of ventilatory support
a. Targeting higher PaCO2 (permissive hypercapnia)
b. Tolerating a lower SpO2 (permissive hypoxemia)

2. Refining the modes of mechanical ventilation
a. Lower pressures, faster rates, shorter inspiratory 

times (Ti)
b. VTV
c. PTV

3. Pathophysiology in BPD and ventilatory strategy
The constant alterations in lung mechanics are a criti-

cal feature of BPD. The reactive airways contribute to 
increased pulmonary resistance. Judicious adjustments, 
such as increasing PEEP and/or airway flow or by using a 
modality with variable inspiratory flow, such as pressure 
control or pressure support are reported to be superior to 
traditional fixed flow in time cycled pressure-limited ven-
tilation (TCPLV). In addition, lung compliance may also 
show abnormalities. Ventilating the lung at optimal FRC 
(defined as the range in which incremental changes in 
pressure recruits the most lung volume) is the most dif-
ficult ventilatory endpoint to achieve. Assessing compli-
ance at step by step changes in PEEP may be critical to 
reach this endpoint. Hence, alterations in resistance and 
compliance will change the time constant, and sufficient 
expiratory time to avoid gas trapping and inadvertent 
PEEP is imperative. Careful thought on the strategy, the 
best mode, or modality to ventilate a baby with BPD is best 
made on a case to case basis. Regarding strategy, if lung 
disease is homogeneous, pressure control ventilation may 

offer an advantage, whereas heterogeneous lung disease 
may respond better to volume control ventilation because 
peak pressure and peak volume delivery occur at the end 
of inspiration, offering to make gas delivery more uniform 
throughout the lung.

Suggested ventilator settings and targets for infants 
with early, evolving, and established phases of BPD 
[10]

Ventilatory parameters in phases of disease. Inspira-
tory time for each phase of BPD:
1. TV for each phase of BPD (minimum to maximum).
2. PEEP cutoffs for each phase of BPD—initial settings.
3. Pressure support for each phase of BPD (minimum to 

maximum).

Early 
phase

Evolving 
phase

Established 
phase

Ti (s) 0.24–0.4 0.35–0.45 0.4–0.5

Tidal volume 
(mL/kg)

3–6 4–6 4–6

PEEP (cm 
H2O)

4–6 4–6 5–7

PSV 6–8 6–10 6–18

Birth weight (g) PSV levels (cm H2O)

<1000 6–8

1000–1500 8–10

>1500 10–12

Monitoring of BPD patients
1. Pulse oximetry.
2. Transcutaneous O2 and CO2 monitoring.
3. Arterial blood gas monitoring.
4. Blood pressure monitoring.
5. Pulmonary graphics (see chapter on Ventilator 

Graphics) generally not reliable.
6. Near infrared spectroscopy (NIRS; see chapter on 

Monitroing of Gas Exchange.)

Early phase (up to 1 PN week) [10]
•	 Ensure antenatal steroid therapy and attempt to delay 

delivery for up to 48 h for optimal effect, as long as the 
there are no maternal/fetal contraindications to such 
an approach.

•	 Set initial FiO2 at 0.3–0.4 for resuscitation.
•	 Follow recommendations for initial target SpO2 in the 

first few minutes of life [22].
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•	 Attempt to stabilize infant on NCPAP of ∼6 cm H2O.
•	 If infant exhibits increasing respiratory distress with 

FiO2 >0.3–0.4 on NCPAP, give “early” surfactant, that 
is, within first 2 h of life.

•	 Once intubated, if possible, either use the INSURE or 
LISA techniques, and attempt to extubate to (S)NIPPV 
(settings as mentioned earlier).

•	 Administer loading dose of caffeine.
•	 If requiring long-term ventilation, use short inspiratory 

times (0.24–0.4 s), rapid rates (40–60 per min) and 
low PIP (14–20 cm H2O), moderate PEEP (4–6 cm 
H2O), and TVs (3–6 mL/kg).

•	 Wean PIP and rate, keeping the PEEP and Ti the same. 
The attempt should be to use the lowest MAP to 
maintain the blood gas targets, till the infant is ready 
to be extubated. For extubation settings, see chapter on 
Nasal Intermittent Positive Pressure Ventilation.

•	 Blood gas targets:

pH 7.25–7.35

PaO2 40–60 mmHg

PaCO2 45–55 mmHg

•	 High-frequency ventilation for “rescue” if conventional 
ventilation fails; usually, if MAP >12 cm H2O or there 
is evidence of air leak.

Evolving phase (>1 PN week to 36 weeks’ PMA) [10]
1. Avoid endotracheal tube ventilation; maximize NIV 

[(S)NIPPV/NCPAP] for respiratory support.
2. Wean PIP and rate, keeping the PEEP and Ti the same. 

The attempt should be to use the lowest MAP to 
maintain the blood gas targets, till the infant is ready 
to be extubated. For extubation settings, see chapter on 
Nasal intermittent positive pressure ventilation.

3. In the first few weeks of life, if the ventilator settings 
increase, rule out a PDA. If patient has PDA, manage 
with medical therapy. Consider at least two courses 
of medical therapy, before utilizing surgical ligation. 
(For additional detail, please refer to the chapter on 
Patent Ductus Arteriosus.)

4. If the increases in ventilator settings are not secondary 
to a PDA, consider diuretic therapy in an attempt to 
decrease ventilator settings and FiO2 requirements.

5. Consider the possibility of ventilator-associated 
pneumonia (VAP). (For additional detail, please refer 
to the chapter on Ventilator-Associated Pneumonia and 
Infection Control.)

6. After PN week 3–4, consider a short course of 
dexamethasone therapy to attempt to extubate the infant 
to (S)NIPPV. For extubation settings, see chapter on 
Nasal Intermittent Positive Pressure Ventilation.

7. Blood gas targets:

pH 7.25–7.35

PaO2 50–70 mmHg

PaCO2 50–60 mmHg

Established phase (>36 weeks’ PMA) [10]
1. If intubated, attempt to minimize ventilator settings 

(may need more FiO2).
2. Maximize NIV [(S)NIPPV/NCPAP] for respiratory support.
3. Continue chronic diuretic therapy to attempt to 

minimize ventilator settings. The attempt should be to 
extubate and wean infant off O2, if possible, prior to 
discharge home.

4. Screen for PH; if present, consider inhaled nitric oxide 
(iNO) trial to treat PH which may aid in lowering 
ventilator settings. Additional details are provided 
below in the Section: Complications.

5. Use of inhaled steroids and/or beta-agonists should be 
considered to decrease ventilator settings. The attempt 
should be to extubate and wean infant off O2, if 
possible, prior to discharge home.

 A course of prednisolone might be helpful to wean 
O2. Dose of prednisolone: 2 mg/kg/day orally divided 
twice per day for 5 days, then 1 mg/kg/dose orally daily 
for 3 days, and then 1 mg/kg/dose every other day for 3 
doses [49].

6. Blood gas targets:

pH 7.25–7.35

PaO2 50–70 mmHg

PaCO2 50–65 mmHg

Management of severe BPD. If CXR shows uniform 
dense haziness, oxygenation is the basic problem. Aim to keep 
MAP relatively higher, with higher TV and Ti [3]. The addition 
of PSV reduces the work of breathing and facilitates uniform 
lung expansion in areas of atelectasis and facilitates weaning, 
but a close eye has to be kept on improved minute ventilation 
on lower settings, and higher PIP and MAP on higher settings 
[50]. This is used most often as a means to prepare the child 
for extubation. The levels mentioned are titrated based on the 
weight of the infant and severity of lung disease.

Initial settings:

PEEP 6–12 cm H2O

TV 8–12 mL/kg

Ti ≥0.5 s

PSV 6–18 cm H2O

Severe BPD is characterized by heterogeneous disease 
with different levels of airway resistance and lung com-
pliance. Hence, management strategies have been rec-
ommended to utilize a prolonged Ti (0.5–0.8 s), slow 
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ventilator rates (<20 per min), and high TV (8–12 mL/
kg). The PEEP should be relatively high, too (>6–8 cm 
H2O) [3]. SpO2 targets in such infants should be kept 
at 92%–98%. Permissive hypercapnia with pCO2 in the 
range of 55–65 mmHg, and pH ≥ 7.25 should be tar-
geted to facilitate weaning of the ventilator in an effort to 
extubate to noninvasive support. With the predominant 
atelectatic type of severe BPD, if initial settings of PEEP 

of >6–8 cm H2O does not improve oxygenation, con-
sider increasing it further from 8 to 10–12 cm H2O and/
or increasing the Ti to 0.6–0.8. For the predominant cys-
tic (overexpanded) variety of severe BPD, where ventila-
tion may be challenging, a larger TV (10–12 mL/kg) with 
slower ventilator rates (10–20 per min), with Ti ∼0.5, 
may allow for improved CO2 removal. This has been 
shown in Figs. 27.13 and 27.14. Use of bedside ventilator 

Fig. 27.13 Bedside Management of Severe BPD. This strategy for the two classical lung parenchymal abnormalities shows an 
algorithmic approach to each specific type of disease with bedside application. IT, inspiratory time; PEEP, positive end expiratory 
pressure. Courtesy: P.K. Rajiv.
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flow–volume loops can be used to titrate the PEEP levels 
to prevent airway collapse and gas trapping. It is important 
to note that while the previously mentioned guidelines 
are helpful, efforts have to be individualized to the infant 
to maintain FRC and allow for optimal gas exchange. For 
example, in Figs. 27.15 and 27.16, improvement was seen 
by increasing the PEEP, while in Figs. 27.17–27.20, venti-
lation was improved by decreasing Ti.

As examples for managing the atelectatic variety of severe 
BPD, Fig. 27.16 depicts the alteration in lung aeration after 
increasing the MAP which in this case was by increasing 
PIP, PEEP, and PS.

In Fig. 27.16, increasing the PEEP by 1 cm H2O was suf-
ficient to improve aeration.

In the cystic form of BPD, CO2 retention tends to be 
the problem. The strategic focus on ventilation would be 
to keep lower MAPs, and increasing the expiratory phase to 
assist with CO2 elimination. As examples for managing the 
cystic variety of severe BPD, Figs. 27.18–27.21 shows gradual 
resolution/improvement of the disease by decreasing the Ti.

Additional practical guidelines. Early phase: Extu-
bation within the first 72 h of life is a priority. After sur-
factant administration in the first few hours of life (if 

Fig. 27.14 Management of Severe BPD. The pictogram shows the key management control points in the bedside management 
of the two classical forms of the disease. IT, inspiratory time; PEEP, positive end expiratory pressure. Courtesy: P.K. Rajiv.
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required), try to wean PIP, keeping PEEP ∼6 cm H2O, and 
decreasing FiO2, as long as the saturations are between 
87% and 93% and blood gases are within the normal 
ranges (as specified in previous tables). Once the ventila-
tor settings and FiO2 have reached target values indicated, 
extubate to (S)NIPPV.

Extubation settings:

PIP ≤16 cm H2O

PEEP ≤5 cm H2O

Rate 15–25 per min

FiO2 ≤0.35

Evolving phase: Start with a PS appropriate for the 
weight of the infant and start weaning the PIP and FiO2, 
as long as the saturations are between 87% and 93% and 
blood gases are within the acceptable ranges (as specified 

in the tables). It is important to keep TV within the tar-
get range. Then start decreasing the ventilator PS level 
in increments of 2 cm H2O, every 5–7 days allowing the 
infant to do most of the breathing till MAP/PIP/PEEP set-
tings have reached the target values that will allow extu-
bation to (S)NIPPV. Diuretics are added and short-course 
steroids (the latter after 3–4 weeks of PN life) given, if 
the weaning process is difficult. Once the ventilator set-
tings and FiO2 have reached target values, extubate to (S)
NIPPV.

Established phase: Start with a PS appropriate for the 
weight of the infant, and start weaning the PIP and FiO2, 
as long as the saturations are between 87% and 93% and 
blood gases are within the normal ranges (as specified 
in the tables). It is important to keep TV within the tar-
get range. The child is usually on chronic diuretics. PEEP 
can be increased to 7 cm H2O. Then start decreasing PS 
level (over days to weeks in increments of 2 cm H2O), 

Fig. 27.15 Alteration in Lung Aeration in a Case of Severe Atelectatic BPD After Increasing MAP by Increasing PIP, 
PEEP, and PS. FiO2, Fraction of inspired oxygen; PEEP, positive end expiratory pressure; PIP, peak inspiratory pressure; PS, pressure 
support; SIMV, synchronized intermittent mandatory ventilation; and Ti, inspiratory time.
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allowing the infant to do most of the breathing till MAP/
PIP/PEEP settings have reached the target values that will 
allow extubation attempt to (S)NIPPV. If not close to 
target settings for extubation, it may be helpful to give 
a short course of steroids to attempt to extubate to (S)
NIPPV.

Surfactant replacement therapy

Surfactant replacement therapy is clearly associated with 
decreased severity of RDS and its associated mortality. 
Although there is not substantial evidence that survivors 
have a decreased incidence of BPD, survival without BPD 
appears to be improved in some of the meta-analyses that 
have been undertaken [51]. Use of synthetic surfactant 
(lucinactant) that contains the novel peptide sinapul-
tide, a surfactant-associated protein B mimic revealed 
no statistically different differences in the outcomes of 
death and BPD, compared to animal-derived surfactants 
[52–55].

Newer minimally or less-invasive modes (using vascu-
lar catheters or feeding tubes) of surfactant delivery (LISA) 
that do not require endotracheal intubations have been/
are being tested in multicenter randomized clinical trials 
in order to assess their impact on BPD [56,57]. Another 
attractive alternative, aerosol delivery, is waiting testing for 
clinical efficacy.

Nutrition

1. Fluid restriction: Nutrition and fluid management are 
important parts of maintaining and repairing injury 
caused by BPD. Caloric content must be increased 
to meet the high energy needs required to increase 
metabolic rate and oxygen consumption [58]. BPD 
energy requirements supersede standard infant 
caloric requirements by as much as 125% [58]. Fluid 
management must be pristine to prevent right-sided 
heart failure, a common complication of severe BPD. 
Fluid restriction may be accomplished by adding 

Fig. 27.16 Alteration in Lung Aeration in a Case of Severe Atelectatic BPD After Increasing Only PEEP. FiO2, Fraction of 
inspired oxygen; PEEP, positive end expiratory pressure; PIP, peak inspiratory pressure; PS, pressure support; SIMV, synchronized 
intermittent mandatory ventilation; and Ti, inspiratory time.
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Fig. 27.17 Resolution/Improvement in a Case of Severe Cystic BPD After Manipulating the Ti. FiO2, Fraction of 
inspired oxygen; PEEP, positive end expiratory pressure; PIP, peak inspiratory pressure; PS, pressure support; SIMV, synchronized 
intermittent mandatory ventilation; Ti, inspiratory time; and TV, tidal volume.

Fig. 27.18 Resolution/Improvement in a Case of Severe Cystic BPD After Manipulating the Ti. FiO2, Fraction of 
inspired oxygen; PEEP, positive end expiratory pressure; PIP, peak inspiratory pressure; PS, pressure support; SIMV, synchronized 
intermittent mandatory ventilation; Ti, inspiratory time; and TV, tidal volume.

Fig. 27.19 Resolution/Improvement in a Case of Severe Cystic BPD After Manipulating the Ti. FiO2, Fraction of 
inspired oxygen; PEEP, positive end expiratory pressure; PIP, peak inspiratory pressure; PS, pressure support; SIMV, synchronized 
intermittent mandatory ventilation; Ti, inspiratory time; and TV, tidal volume.
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diuretics, but electrolytes must be carefully monitored. 
Reducing lung fluid may improve lung function and 
decrease oxygen consumption and demand if cautiously 
implemented. Growth of BPD patients is dependent 
on adequate caloric intake and balance of protein, 
carbohydrates, fat, and key minerals, such as calcium, 
phosphorous, and iron that are essential for growth 
and repair. Parenteral nutrition implemented during 
the early phase of BPD, ideally on the first day, is later 
followed by enteral nutrition consisting of high-calorie 
formulas, up to 30 cal/oz. Carefully balancing the lipid 
to carbohydrate is essential to prevent increased CO2 
production Multiple studies suggest that fluid overload 
contributes to an increased risk of BPD [59] (refer to the 
chapter on Nutrition in the Preterm Neonate Requiring 
Respiratory Support for additional detail.)

 Recommendations for parenteral nutritional 
management of hospitalized very low BW infants:

Initiation
Incre-
ments

Mainte-
nance

Fluids (mL/kg/day) 80–100 10–20 130–140

Calories 
(Kcal/kg/day)

40–60 10–15 120

Carbohydrate 
(glucose infusion 
rate) (mg/kg/min)

4–6 1 10–12

Protein (amino 
acids) (g/kg/day)

3 0.5–1 4

Lipids (g/kg/day) 0.5–1 0.5–1 3

Sodium 
(mEq./kg/day)

Minimal 
(first several 
days)

2 (4–6 
days of 
life)

3 (after 
day 6)

Fig. 27.20 Resolution/Improvement in a Case of Severe Cystic BPD After Manipulating the Ti. FiO2, Fraction of 
inspired oxygen; PEEP, positive end expiratory pressure; PIP, peak inspiratory pressure; PS, pressure support; SIMV, synchronized 
intermittent mandatory ventilation; Ti, inspiratory time; and TV, tidal volume.

Fig. 27.21 Pictogram Showing the Pathological Basis and the Strategy for Treatment of Hypoxic “BPD Spells.” 
IT, inspiratory time; and PEEP, positive end expiratory pressure. Courtesy: P.K. Rajiv.



478

Section Clinical Management| V |

2. Vitamin A: Supplementation by vitamin A demonstrated 
a significant decrease in BPD or death at 36 weeks’ PMA 
following treatment with vitamin A (55% vs. 62%) 
[60]. A meta-analysis of all published trials revealed 
that vitamin A supplementation was associated with a 
modest reduction in death or BPD at 36 weeks, which 
was of borderline statistical significance (RR 0.91, 95% 
confidence interval 0.82, 1.00, NNT 17) [61].

If used, recommended dose: 5000 IU thrice weekly IM 
for 4 weeks

3. Omega 3 fatty acids and BPD [62]: The critical fatty 
acids docosahexaenoic acid (DHA) and arachidonic 
acid (AA) decline in preterm infants within the 
first PN week and are associated with neonatal 
morbidities, including BPD. DHA and AA are 
precursors to downstream metabolites that terminate 
the inflammatory response. Treatment with Resolvin 
D1 and/or Lipoxin A4 could potentially prevent lung 
injury of BPD. This is currently under evaluation.

Patent ductus arteriosus [63]

Patients who developed a PDA or were at risk for right-heart 
failure were more likely to develop BPD. Fluid balance is 
interrupted by the presence of a PDA, but can be controlled 
by applying positive end expiratory pressure, invasively or 
noninvasively. Closure of the PDA is often accomplished by 
pharmacologic intervention with indomethacin or ibuprofen 
or acetaminophen. Surgical ligation of PDA has been associ-
ated with worse outcomes, and should be avoided [64].

Clinically significant PDA. A “symptomatic PDA” or 
clinically significant (csPDA) is defined when clinical 
manifestations of pulmonary, cardiovascular, or systemic 
compromise occur as a result of significant left-to-right 
shunting. Common signs and symptoms include:

Murmur (systolic or continuous) Tachycardia

Hyperdynamic precordium Wide pulse pres-
sure >25 mmHg

Increasing ventilatory requirements FiO2 >0.4

Pulmonary edema Acute pulmonary 
hemorrhage

The CXR shows evidence of cardiomegaly and increased 
pulmonary vascularity.

Echocardiogram: All patients with a suspected PDA 
should have an echocardiogram to confirm the diagnosis, 
establish the size of the shunt, and rule out ductal depen-
dent congenital heart disease.

Hemodynamically significant PDA
1. Predominant left-to-right shunt through the ductus

2. Ductal diameter >1.5 mm
3. Enlarged left atrium (left atrial/aortic root or LA/Ao 

ratio >1.3)
4. Disturbed diastolic flow in the main pulmonary artery
5. Reverse end-diastolic flow in post ductal aorta

Medical management of PDA
1. Fluid restriction to ∼120 mL/kg/day.
2. Consider diuretic therapy (furosemide 2 mg/kg/day).
3. Evaluate infant after 48–72 h of aforementioned 

management. If infant fulfills the criteria (as given 
next) for csPDA and hemodynamically significant PDA 
(hsPDA), consider pharmacologic management.

4. Indications for pharmacological treatment include the 
following:

 Presence of csPDA and hsPDA defined by:
a. Presence of two or more clinical signs listed 

previously, and
b. Presence of two or more echocardiographic findings 

noted earlier.
Drugs: Nonsteroidal anti-inflammatory agents: IV indo-

methacin or IV ibuprofen: While these are most effective if 
administered in the first 10–14 days of life, they may be used 
up to 4 weeks of life. A Cochrane database review showed 
no statistically significant difference in closure between ibu-
profen and indomethacin. A decision to use one drug versus 
another should be based upon the infant’s presentation and 
comorbidities. Acetaminophen may also be used.

Indication for surgical ligation for PDA: After 2–3 
complete courses of indomethacin/ibuprofen. This can 
be attempted for up to 4 weeks of PN age, especially for 
extremely low BW (ELBW) infants.

(See chapter on Patent Ductus Arteriosus for more 
details.)

Inhaled nitric oxide (iNO) therapy

iNO may [65,66] or may not [67,68] be beneficial. More 
studies are needed to better identify potential benefits to 
the target population likely to develop BPD [69]. The use of 
iNO does seem to be safe in this population [69], although 
it does not seem to affect surfactant composition [70], or 
pulmonary function [71]. At present, routine use of iNO 
to decrease BPD in the preterm population is not recom-
mended [72,73].

Caffeine administration

Caffeine stimulates the respiratory center of a premature 
infant and prevents severe cases of apnea that might oth-
erwise result in intubation and invasive mechanical ven-
tilation [74]. Minute ventilation, primarily by increasing 
TV, is increased as a result of caffeine administration. In 
premature infants, caffeine has been shown to prevent 
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BPD by reducing the need for additional respiratory sup-
port that may result in long-term sequelae. In a multicenter 
trial (n = 2006), infants <1250 g who received caffeine had 
lower BPD rates (36% compared to 47%) than infants who 
did not receive it. In addition, invasive ventilator days, need 
for CPAP, and supplemental oxygen were reduced by caf-
feine administration [74]. There is evidence supporting the 
benefits of routine caffeine use in infants <1250 g without 
long-term effects on gastrointestinal, neurodevelopmental, 
or other complications.

Use of caffeine has been associated with decreased 
incidence of BPD [75] and improved neurodevelopmen-
tal outcomes at 18–21 months corrected age [76]. How-
ever, improved survival without disability in infants who 
received caffeine was not sustained up to 5 years of age 
[77]. Early initiation (in the first 3 days of PN life) appears 
to be better [78]. All three methylxanthines (noted in the 
following table) have been shown to help with the manage-
ment of apnea of prematurity and/or improve the chances 
of successful extubation in preterm neonates.

Methylxanthines

Drug Loading dose (mg/kg) Maintenance dose Route

Caffeine citrate 20–25 5–10 mg/kg every 24 h IV/PO Wide therapeutic range

Aminophylline 5–8 1.5–3 mg/kg/day 
divided every 8–12 h

IV/PO Monitor levels

Theophylline 5–8 3–6 mg/kg/day divided 
every 6–8 h

PO Monitor levels

These doses are used for management of apnea of prematurity. Changing aminophylline from IV to PO requires an increase in the dose by 20%. 
No need to adjust theophylline.

Diuretics [79–86]

Indications for initial diuretic therapy (usually, furosemide) 
include increasing ventilator support settings and FiO2 
requirements (>0.6), associated with pulmonary edema 
on the chest X-ray. This is usually seen at the end of first 
week of PN life in an intubated infant. The dose of furo-
semide is 2 mg/kg/dose IV given 1–2 times a day. We use 

this daily or every other day for the next 2–3 weeks, and/
or till the infant reaches full feeds and then we replace with 
chronic diuretic therapy using spironolactone (2–4 mg/kg/
day) and chlorothiazide (20–40 mg/kg/day). Hydrochloro-
thiazide (see table below for dose) may be used instead of 
chlorothiazide. Monitoring of electrolyte levels is required, 
with frequent supplementation with NaCl and/or KCl to 
maintain their levels within normal values.

Diuretics

Drug Site of action Route Onset Dose

Furosemide Loop diuretic IV
PO

15–30 min
30–60 min

1 mg/kg/dose
1–3 mg/kg/dose

Hydrochlorothiazide Distal tubule PO 1–2 h 2–4 mg/kg/day

Spironolactone Aldosterone antagonist PO 3–5 days 1.5–3 mg/kg/day

Corticosteroids [87]

The use of dexamethasone may be considered in infants 
who are:
1. Requiring mechanical ventilation between 7 and 

21 days of age,
2. In supplemental oxygen, and
3. At high risk of developing BPD.
4. The recommended course for use as used in the DART trial.

Time
Dose (mg/ 
kg/dose)

Frequency  
(hourly)

Days 1–3 0.075 12

Days 4–6 0.050 12

Days 7 and 8 0.025 12

Days 9 and 10 0.01 12
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1. Some individuals may receive subsequent doses of 
0.01 mg/kg/day every 2–3 days if there is significant 
deterioration after the tapering of the dose on day 10.

2. Repeat courses may be indicated in selected infants 
with severe BPD, if still requiring invasive mechanical 
ventilation with FiO2 requirements >0.6.
Hydrocortisone [88–92]: Hydrocortisone has been pro-

posed as an alternative to dexamethasone because it is a 
less potent glucocorticoid and may mitigate against adre-
nal insufficiency experienced by some preterm infants and, 
thus, decrease the incidence of BPD.

Overall, although hydrocortisone may be a promising 
alternative to dexamethasone for treating babies with BPD 
or prolonged ventilator dependence, there is no evidence at 
this time to show that it is effective or safe.

Inhaled corticosteroids [93–99]: Inhaled corticoste-
roids have less systemic absorption than systemic corti-
costeroids and their use has been suggested as a strategy 
to minimize the short- and long-term adverse effects of 
systemic corticosteroids. There is currently little evidence 
to support the routine use of inhaled corticosteroids for 
the prevention or treatment of BPD (Level 1 evidence). 
Inhaled corticosteroids do not appear to offer significant 
benefits over systemic corticosteroids for the treatment 
of infants who remain ventilator-dependent (Level 1 evi-
dence).

Bronchodilators and anticholinergics: [10] The com-
monly used bronchodilators and anticholinergics in clini-
cal practice are summarized next. They are generally used 
for symptomatic relief.

Bronchodilators

Drug Trade name Preparation Doses

Albuterol Proventil Ventolin Inhalation solution
MDI, 90 mcg/puff oral

0.1–0.5 mg/kg every 2–6 h
1–2 Puffs every 4–6 h
0.1–0.3 mg/kg every 8 h

Levalbuterol Xopenex Inhalation solution
MDI, 45 mcg/puff

0.31 mg every 8 h
1–2 Puffs every 4–6 h

Terbutaline Brethaire Inhalation solution
MDI, 0.2 mcg/puff oral

0.1–0.3 mg/kg every 2–6 h
1–2 Puffs every 4–6 h
0.05–0.15 mg/kg every 8–12 h

Metaproterenol Alupent Inhalation solution
MDI, 0.65 mg/puff

0.25–0.5 mg/kg every 2–4 h
1–2 Puffs every 4–6 h

Pirbuterol Maxair MDI, 200 mcg/puff 1–2 Puffs every 4–6 h
Children over 12 years old

Anticholinergic

Drug Trade name Preparation Doses

Atropine Inhalation solution 0.05 mg/kg every 6–8 h

Ipratropium Atrovent Inhalation solution
MDI 17 mcg/puff

75–175 mcg every 6–8 h
2–4 Puffs every 6–8 h

Triotropium Spiriva Inhalation, capsules, contain 18 
mcg dry powder formulation

18 mcg once a day for adults (not used 
in children)

Summary of the pharmacological management of BPD

Drug Treatment of Effect Side effects Comments

Oxygen Hypoxemia Improved oxygen-
ation

Longer hospital stay, home 
oxygen

Maintain saturations 
>89% and <95%
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Drug Treatment of Effect Side effects Comments

Caffeine Apnea of 
prematurity

Less apnea Tachycardia, feeding intol-
erance

Initiate early (first 3 post-
natal days)

Diuretics (loop, 
thiazides)

Pulmonary edema Decreased pulmo-
nary edema

Electrolyte imbalance, 
osteopenia, ototoxicity

Loop: use sparingly in 
early evolving BPD
Thiazides: consider for 
judicious chronic use

Bronchodilators 
and anticholinergics 
(albuterol, ipratro-
pium)

Bronchospasm Bronchodilation Tachycardia, arrhythmias Limit use in infants with 
bronchospasm and acute 
clinical response

Steroids (early, mod-
erately early, late, 
inhaled)

Inflammation Improved oxy-
genation, earlier 
extubation

Short term: hyperglycemia, 
gastrointestinal perforation
Long term: increased risk 
for cerebral palsy

Last resort therapy for rap-
idly deteriorating pulmo-
nary status

Vitamin A Impaired lung 
development

Small reduction 
in incidence of 
BPD

None reported Used in some centers

Complications

1. Pulmonary hypertension: It has been recently 
recognized that PH occurs in some preterm infants as a 
complication of their BPD [100]. It has been reported 
to be more common in infants who are ELBW, have 
a history of oligohydramnios, and severe BPD and/or 
need for prolonged PPV [100]. In established BPD, the 
incidence of PH has been reported to be 25%–40% 
[101]. Diagnosis is usually made by echocardiography, 
but cardiac catheterization is considered the “gold 
standard” [101]. Routine echocardiography screening 
for all premature infants at 36 weeks’ PMA has been 
suggested.

 If evidence of PH is documented in an intubated and 
ventilated patient, iNO is given as a trial at 20 ppm 
to see if there is a response. If improvement is noted 
(decreasing FiO2), keep on iNO for 1–2 weeks, and 
re-echo to see if there is any objective improvement 
in PH parameters. If present, add sildenafil (start 
with 0.5 mg/kg/dose q 6–8 h, titrate dose up by 
0.5 mg/kg/dose every 24 h, as tolerated, to reach a 
maximum dose of 3 mg/kg/dose q6 in 2 weeks), in 
an attempt to wean off iNO, for chronic therapy. The 
main side effect is transient systemic hypotension 
[102,103]. Other pulmonary vasodilators that can be 
utilized include prostacyclins and bosentan [101]. 
BPD infants with PH are at higher risk for increased 
morbidity and mortality compared to BPD infants 

without PH [100]. Infants with BPD-associated PH 
may be at increased risk for pulmonary vascular 
problems as they grow older [100].

2. Airway Abnormalities:
a. Tracheomalacia: Usually managed with higher 

levels of PEEP and/or tracheostomy and/or 
aortopexy, based on severity.

b. Bronchomalacia: Usually managed with higher levels 
of PEEP and/or tracheostomy, based on severity.

c. Subglottic stenosis: May require surgical 
intervention. (For additional detail, please refer to 
the chapter on Airway Disorders.)

d. Airway granulomas: May require surgical 
intervention.

e. Pseudopolyps: May require surgical intervention.
f. “BPD spells”: These occur due to trachea-/

bronchomalacia, as infants may have increased airway 
compliance. This may cause impaired clearance of 
secretions and tracheal collapse resulting in limitation 
of expiratory flow [104,105]. These infants clinically 
present with significant airway obstruction and severe 
cyanosis [104]. The spells are managed with sedation 
and/or muscle relaxants with increasing PEEP, 
depending upon severity. Morphine (0.05–0.1 mg/kg) 
or fentanyl (1–3 µg/kg) can be used for the short term. 
Side effects include respiratory depression. For chronic 
sedation, suggested to use lorazepam (0.05–0.1 mg/
kg/dose q 4–6 hourly) or midazolam (0.05–0.1 mg/
kg/dose q 2–4 hourly). For paralysis, consider using 
pancuronium bromide 0.1 mg/kg/dose; repeat as 
needed.
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 The primary strategy for managing “BPD spells” is 
sedation (morphine) and/or muscle relaxation. They 
generally do not respond well to ventilator changes of 
increasing PIP/PEEP or bronchodilators. Use of beta-
agonists may increase large airway instability in infants 
with tracheomalacia and bronchomalacia. However, 
PEEP can be increased by 1–2 cm H2O in the short 
term, along with an increase in Ti. See Fig. 27.21.

3. Pneumonia: It is difficult to diagnose “pneumonia” in 
neonates due to lack of a universally accepted definition. 
Bacterial tracheitis presents with respiratory deterioration 
(increasing ventilator settings and FiO2 requirements)  
in an intubated infant, associated with increased and 
thick secretions. Tracheal aspirate culture usually has  
evidence of “many” (>2+) inflammatory cells with 
culture suggesting growth of a particular species. 
This may be treated with nebulized gentamicin or 
tobramycin, twice a day, for 5–7 days. Repeat tracheal 
aspirate cell counts/culture can be sent to confirm 
improvement. If treating systemically, first line treatment 
is ampicillin + gentamicin. The second line treatment 
should be as per the sensitivity pattern in the local NICU. 
(Refer to the chapter on Infection Control and Ventilator 
Associated Pneumonia Prevention for additional detail.)

4. Necrotizing tracheobronchitis: This is a rare 
complication of prolonged invasive mechanical 
ventilation. The exact etiology is not completely 
understood; however; impaired submucosal blood flow, 
inadequate humidification and/or exposure to high 
airway pressures have been suggested as contributing 
factors [106–108]. The clinical presentation is of acute 
obstructive respiratory failure with severe hypoxia. The 
diagnosis is usually made by tracheal endoscopy, which 
may also be therapeutic if tracheobronchial aspiration 
successfully relieves the obstruction [106,107].

5. Electrolyte abnormalities due to diuretic use: 
Hyponatremia, hypokalemia, and hypocalcemia and 
osteopenia (secondary to calciuria). This is most 
commonly seen with furosemide.

Bronchoscopy indications in an 
infant with established BPD
1. Airway evaluation in infants where repeated extubation 

attempts have been unsuccessful.
2. Persistent atelectasis.
3. Isolated or localized hyperinflation.
4. Anatomic evaluation of airway if congenital and/or 

acquired anomalies are suspected.

Tracheostomy indications
There are limited data for indications for tracheostomies in 
patients with BPD. Most are done for “severe BPD” indicated 
for chronic respiratory failure in infants unable to wean off 

ventilator support. Tracheostomy is usually considered in 
patients requiring prolonged mechanical ventilation usually 
in infants who are >100 days old. In one study, the average 
was 118 days and a weight of 2877 g [109]. The overall goal 
is to reduce the severity of respiratory distress including “BPD 
spells,” perhaps an earlier discharge home, and improve long-
term neurodevelopmental outcomes [3,109].

Pulmonary outcomes

It is important to keep in mind that many of the studies 
addressing pulmonary outcomes include preterm infants 
born before extensive use of antenatal steroids and surfac-
tant and many survivors of BPD with neurological impair-
ment may not be able to perform lung function tests.

Morbidity
Infants with BPD have higher rates of re-hospitalizations 
(up to 50%) in the first year of life [110,111]. Respiratory 
symptoms in patients with BPD persist beyond the first 
2 years of life into the preschool years [112], adolescence, 
and early adulthood [113,114]. They are also more likely to 
have chest wall abnormalities [115]. It is unclear whether 
BPD severity or prematurity per se influences the persis-
tence and severity of symptoms.

Radiologic findings
Chest radiograph and computed tomography (CT) scan 
abnormalities persist into adolescence and adulthood, with 
CT being more sensitive. Chest X-ray changes included mild 
hyperexpansion, blebs, interstitial thickening, peribronchial 
cuffing, and pleural thickening [116]. CT scan findings com-
prised of multifocal areas of hyperaeration, well-defined lin-
ear opacities, and triangular subpleural opacities [117–119]. 
A more severe clinical course correlates with greater radio-
logic abnormalities [118]. A CT scan scoring system has been 
proposed and may help with BPD prognosis [120].

Pulmonary function
Patients with BPD continue to have significant impairment 
and deterioration in lung function into late adolescence and 
adulthood [121–125]. This is particularly important as per-
sistent airway obstruction in childhood has been correlated 
with development of chronic obstructive pulmonary disease 
in adulthood [126]. Studies have shown none to significant 
reduction in exercise capacity in children with BPD when 
compared with healthy term infants or preterm infants 
without lung disease [127,128], which may be improved 
with an exercise training program [129]. Lung abnormali-
ties that may persist into adulthood include airway obstruc-
tion, airway hyper-reactivity, and emphysema [130,131].
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Neurodevelopmental outcomes
Although preterm infants have an increased risk of neu-
rodevelopmental impairment, BPD is an additional risk 
factor [132]. This is probably a result of multiple contrib-
uting factors including frequent episodes of hypoxia, poor 
growth, and, potentially, PN steroids [132]. Infants of 
<1500 g BW with BPD have greater fine and gross motor 
skill impairment as well as cognitive function and language 

delay compared with those without BPD [133,134]. Chil-
dren with severe BPD have worse outcomes and require 
more interventions at 8 years of age than do children with 
mild or moderate BPD [135]. BPD does not seem to be 
associated with a specific neuropsychological but, rather, a 
global impairment. The spectrum of neurodevelopmental 
impairment seems to correlate well with BPD disease sever-
ity [111].

Summary of treatment

Therapeutic intervention Current status
Early phase (up to 1 postnatal week)

Oxygen supplementation A wide variation in the acceptable oxygen saturation levels exists across cen-
ters but it is generally <95% (suggested: 87%–93%)

Ventilatory strategy Avoid intubation; if intubated, give “early” surfactant
Use short inspiratory times (0.24–0.4 s), rapid rates (40–60 per min) and 
low PIP (14–20 cm H2O), moderate PEEP (4–6 cm H2O), and tidal volumes 
(3–6 mL/kg)
Extubate early to (S)NIPPV/nasal CPAP
Blood gas targets: pH 7.25–7.35
PaO2: 40–60 mmHg; PaCO2: 45–55 mmHg
High-frequency ventilation for “rescue” if conventional ventilation fails

Methylxanthines Improves successful extubation rate
Decreases BPD

Vitamin A If considering use, dose is 5000 IU administered intramuscularly 3 times/
week for 4 weeks; one additional infant survived without BPD for every 
14–15 infants who received vitamin A

Fluids Restrictive fluid intake may decrease BPD

Nutrition Provide increased energy intake

Evolving phase (>1 PN week to 36 weeks PMA)

Oxygen supplementation Same as for early phase

Ventilatory strategy Avoid endotracheal tube ventilation; maximize noninvasive ventilation [(S)
NIPPV/nasal CPAP] for respiratory support
Blood gas targets: pH 7.25–7.35; PaO2: 50–70 mmHg; PaCO2: 
50–60 mmHg

Methylxanthines Same as for early phase

Vitamin A Same as for early phase; if using, continue for 4 postnatal weeks

Steroids Dexamethasone is effective in weaning off mechanical ventilation when 
used “moderately early” and “delayed”
Increased incidence of neurologic sequelae with early use (<96 h)

Diuretics Furosemide: may use daily or every other day with transient improvement 
in lung function
Spironolactone and thiazides: chronic therapy improves lung function, 
decreases oxygen requirement
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Therapeutic intervention Current status

Nutrition Same as for early phase

Established phase (>36 weeks’ PMA)

Oxygen supplementation

Ventilatory strategy

Steroids
Diuretics
Beta-agonist

Anticholinergics

Nutrition
Immunization

For prevention of pulmonary hypertension and cor pulmonale; a wide 
variation in the acceptable oxygen saturation levels exists across centers, but 
it is generally ∼95%
Blood gas targets: pH 7.25–7.35; PaO2: 50–70 mmHg; PaCO2: 
50–65 mmHg
Oral prednisolone may be helpful in weaning oxygen
Chronic therapy as for evolving phase; no clear duration of therapy
Transient relief: increased compliance and reduced pulmonary resistance; 
no significant effect on incidence or severity of BPD
Used in combination with beta-agonists in infants with bronchospasm; 
increased compliance and decreased respiratory system resistance
Same as for early phase
Prophylaxis against RSV and influenza decreases incidence of hospital read-
missions and morbidity

Criteria for discharge on oxygen:
Infants who remain oxygen dependent at time of dis-

charge but are otherwise well may be eligible for discharge 
on home oxygen. Babies who are discharged on oxygen 
usually fit the following criteria:
1. At least 36 weeks post-conceptual age [136,137]
2. No acute medical problem
3. No apnea
4. Immunized [138]
5. Optimal weight gain [139]
6. Without aggressive retinopathy of prematurity: stabilized 

or in regression without continuous SpO2 monitoring for 
at least 1 week prior to the expected date of discharge and 
stable on O2 flow rate of 0.5 L/min [140,141]

7. With satisfactory intermittent SpO2 spot check 
downloads 2–3 times/week.

Home therapy/follow-up 
management [142]

The target range for SpO2 (functional) levels is 90%–95% 
[140,141]. The suggested parameters to wean oxygen flow 
are as follows.

If SpO2 samples are 90%–95% more than 50% of the 
time, do not alter oxygen flow.

If SpO2 samples are >95% more than 50% of the time, 
then decrease flow.

If SpO2 samples are <90% more than 50% of the time, 
then increase flow.

Mild BPD

Baby girl Y was born at 27 weeks gestation to a 28-year-old 
G6P3L2 mother with h/o incompetent cervix who presented 
to the hospital in preterm labor. Mother delivered the baby 
precipitously via spontaneous vaginal delivery. Baby received 
positive pressure ventilation at delivery for primary apnea, to 
which she responded well. Apgars were 6 at 1 min of life and 
8 at 5 min of life. She was transferred to the NICU on CPAP 
5 0.3 FiO2. Initial blood gas was 7.24/45/67/18/−5. Baby 
required increasing FiO2 up to 0.4 and developed respiratory 
distress with tachypnea and retractions. She was intubated 
and given surfactant (Curosurf). Chest X-ray was done after 
surfactant administration and is shown in Fig. 27.22.

Baby remained intubated on low settings for 12 h and 
was extubated to CPAP 5 with FiO2 of 0.25. Post-extubation 
capillary blood gas was 7.30/35/35/17/−8. She was loaded 
on caffeine 20 mg/kg and started on maintenance dose of 
5 mg/kg/day. The baby remained nil per os (NPO) on TPN 
through the first week of life. She was started on trophic feeds 
with donor breast milk on day of life (DOL) 8 and reached 
full feeds by DOL 22 and TPN was discontinued at that time.

She continued to be on CPAP 5 for the first week of life. 
However, she developed worsening episodes of apnea with 
bradycardia and desaturations that required escalation of 
respiratory support to NIPPV. Her caffeine dose was also 
increased up to 7.5 mg/kg/day. She continued to be on 
NIPPV from DOL 7 to DOL 17 with FiO2 ranging from 0.21 
(room air) to 0.28. On DOL 17 she was weaned to CPAP 5 
and then continued on it till DOL 30 with FiO2 ranging from 
0.22 to 0.3. Beyond that baby was weaned to nasal cannula 
2 L/min at a FiO2 of 0.21 (room air) and remained on it till 
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34 weeks PMA. Her caffeine was discontinued at 35 weeks’ 
PMA. At 36 weeks’ PMA baby was not on any respiratory 
support and was diagnosed with mild BPD. Chest X-ray at 
36 weeks’ PMA did show changes of BPD (Fig. 27.23). She 
received an echocardiogram at this time to evaluate for PH, 
which revealed normal cardiac function and anatomy.

Severe BPD

Baby boy R is a 24 + 4/7 week gestation male born to a 
21-year-old G1P0 mother who presented to the hospital 
with preterm premature rupture of membranes and deliv-
ered via C section for non-reassuring fetal heart rate. Baby’s 
Apgars were 1, 3, 4, and 7 at 1, 5, 10, and 15 min of life. 
He needed chest compressions and 3 doses of epineph-
rine during resuscitation and was intubated in the delivery 
room. Initial ventilator settings on SIMV were PIP/PEEP of 
20/5, rate of 40, Ti 0.40 s, and a FiO2 0.7. First ABG was 
6.88/81.1/77.7/14.5/−20.7 and patient was given one dose 
of Survanta 4 mL/kg for significant RDS and FiO2 require-
ment. Umbilical venous catheter was placed and X-ray 
obtained on DOL 1 is shown in Fig. 27.24.

For severe metabolic acidosis on the initial blood gas, baby 
received volume resuscitation and sodium bicarbonate correc-
tion. Capillary blood gas at 12 h of life was 7.31/43/44/20/−3. 
He was started on dopamine for hypotension, which was dis-
continued on DOL 2. He was also noted to be neutropenic on 
admission and was treated for presumed sepsis with antibiot-
ics for 7 days. On DOL 3 echocardiogram was obtained which 
revealed a large PDA that did not respond to multiple courses 
of medical treatment over the next 2 weeks. Baby remained 
intubated and NPO during this period. Trophic feeds were 

Fig. 27.22 DOL 1. Mild diffuse granular appearance of the 
lungs consistent with surfactant deficiency.

Fig. 27.24 Patchy Bilateral Atelectasis in a Premature 
Infant Likely Secondary to Surfactant Deficiency. Umbilical 
venous catheter is in the right atrium.

Fig. 27.23 The 36 Weeks’ PMA. Diffuse granular opacities 
are again seen throughout the lungs consistent with chronic 
lung disease of prematurity. No focal consolidation, pleural 
effusion, or pneumothorax is identified. The cardiothymic 
silhouette remains within normal limits.
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Congenital Diaphragmatic Hernia
Jayasree Nair, MD, Satyan Lakshminrusimha, MD

Congenital diaphragmatic hernia (CDH) is an uncommon 
birth defect that occurs due to migration of intraabdominal 
contents to the chest through a defect in the diaphragm. 
Due to improving antenatal care, approximately two-thirds 
of these defects are recognized by antenatal imaging and 
referred to tertiary centers for delivery. The overall survival 

continues to be low at approximately 70% with long-term 
respiratory and nutritional morbidity such as pulmonary 
hypertension (PH) and gastroesophageal reflux (GER).

Demographics: The incidence of CDH varies in reports 
from 1.93 to 3.5/10,000 live births [1–3]. Although uncom-
mon, it accounts for 8% of all major birth defects [4]. Male 
predominance and effects of ethnicity, higher maternal 
age, smoking, and alcohol use during pregnancy have also 
been observed [2]. About 40%–60% of CDH are associated 
with other abnormalities [5–7]. These include genetic syn-
dromes as well as other nonsyndromic cardiac and non-
cardiac anomalies. Assessment of the extent of associated 
anomalies helps in planning postnatal management and 
prognostication as they may be associated with higher mor-
tality rates [8].

Survival rates: Survival from CDH has improved to over 
60%–80% depending on the level of care, availability of 
extracorporeal membrane oxygenation (ECMO), and the 
presence of associated anomalies, especially cardiac and 
genetic defects [9,10]. Population-based studies reporting 
regional outcomes without being confined to tertiary care 
centers, however, still report an overall survival close to 70% 
[11]. This may not include the “hidden mortality” from preg-
nancies that are terminated. A single-center review of fetal 
outcomes of prenatally diagnosed CDH before 24 weeks of 
gestation revealed that >70% of CDH associated with other 
anomalies underwent termination of pregnancy [12].

Pathophysiology

Depending on the location of the diaphragmatic defect, 
CDH is classified into Bochdalek hernia (posterolateral), 
Morgagni (anterolateral), or central. An anterior hernia can 
be associated with Pentalogy of Cantrell.
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CHAPTER POINTS

•	 Pulmonary hypoplasia and pulmonary hypertension in 
varying degrees are usually seen in infants with CDH.

•	 Initial high PVR at birth subsides in the “honeymoon 
period” followed by worsening with pulmonary 
venous and arterial hypertension and cardiac 
dysfunction.

•	 Immediate intubation with “gentle ventilation,” 
reduced oxygen exposure and judicious use of 
pulmonary vasodilators and vasopressors are the 
cornerstones in management of CDH

•	 As surgery tends to worsen PH, it is prudent to wait 
for relative stability with improving pulmonary and 
systemic hemodynamics prior to repairing the defect.

•	 Consider ECMO as a treatment option if there is 
failure to respond to optimal medical therapy with 
pulmonary vasodilators and vasopressors
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Bochdalek hernia accounts for ∼70% of all CDH and has 
been extensively studied in animal models [13].

Morgagni hernias are anterior, retrosternal, or parasternal 
in location and are seen in less than 20%–25% of CDH. 
In these defects, abdominal viscera herniate through small 
foramen of Morgagni, which have been described as weak 
areas from an embryological perspective [14] adjacent 
to the lower end of the sternum. Infants with trisomy 21 
have a higher likelihood of having a Morgagni hernia [15]. 
Another extremely rare type of CDH involves a central ten-
don defect, and accounts for <2% of CDH [16]. The extent 
of the defect varies from a small defect of the posterior rim 
to diaphragmatic agenesis. The size of the defect influences 
management especially the surgical technique that will be 
discussed in detail later in this chapter. Complete agenesis 
usually requires a patch to repair the defect [8].

Most CDH are unilateral with a left-sided preponderance 
(85%) [17]. Bilateral defects are very rare and usually fatal. 
Right-sided defects are associated with a poorer prognosis, 
usually related to migration of the liver into the thorax and 
complexities of repair.

Effects on lung and heart
Pulmonary hypoplasia, in varying degrees is a pathogno-
monic feature of CDH (Fig. 28.1). Bilateral pulmonary 
hypoplasia is seen in CDH with the lung on the ipsilat-
eral side affected more severely than the contralateral 
side. Initially, hypoplasia was thought to be a response 
to the migration of intraabdominal contents into the tho-
rax through the diaphragmatic defect leaving the left lung 
with very little space to grow. More recently, it is recog-
nized that lung growth is also affected at the same time in 
embryogenesis, leading to pulmonary hypoplasia. A “dual 
hit” hypothesis in which abnormal development is fol-
lowed by compression causing lung hypoplasia is widely 
accepted [18]. This would also explain why both lungs are 
hypoplastic in CDH. Other disruptions in lung structure 
and function that are also seen in association with CDH 
include hypoplasia and immaturity of the acinus [19] and 
surfactant abnormalities.

Pulmonary hypertension, often severe and resistant to con-
ventional therapy, is almost always seen in infants with 
CDH. The lung vasculature undergoes significant remod-
eling with hypertrophy of the pulmonary arteries and 
reduced size of the pulmonary vascular bed, contributing 
to the “fixed” or irreversible component of PH. Altered 
vasoreactivity and “hyperresponsiveness” of the pulmo-
nary arteries observed in this condition is thought to be 
mediated by endothelin-1 (ET-1) [20] and constitutes the 
“reversible” component of PH in CDH. Nitric oxide (NO) 
plays a role in influencing ET-1 action through the enzyme 
endothelial nitric oxide synthase (eNOS) in animal models 
as well as human studies [21].

Left ventricular (LV) structure and function: Reduced size 
and flow through the left heart are commonly seen in 
fetuses with CDH [22]. LV end-diastolic diameter in CDH 
fetuses was found to be 32% smaller than in controls 
(Fig. 28.1) [23]. Severity of LV hypoplasia may be corre-
lated with severity and size of left-sided CDH [24]. Persis-
tent PH of the newborn (PPHN) and pulmonary arterial 
hypertension observed in CDH is associated with impair-
ment of right ventricular (RV) function. Pulmonary hyper-
tension may be worsened by the presence of significant LV 
dysfunction. Diagnosis of this condition is important for 
prognosis as well as treatment options as inhaled NO may 
worsen postcapillary or pulmonary venous hypertension in 
infants with LV dysfunction [25].

Genetic basis
CDH may be seen as an isolated anomaly or as part of an 
identified genetic syndrome with other associated abnormal-
ities. However in the majority of CDH (∼80%), no definite 
causative factors are identified, suggesting that these infants 
may have a multifactorial or nongenetic etiology [26].

Chromosomal aneuploidies, copy number variants and 
cytogenetic rearrangements involving many chromosomes 

Fig. 28.1 Lung and Heart in CDH. Bilateral lung hypoplasia 
due to altered lung development and compression from the 
herniated contents is commonly seen in CDH. Pulmonary 
hypertension, with fixed and reversible components, is 
characteristic of CDH and is often resistant to conventional 
therapy. This contributes to RV dysfunction. Additionally, LV 
hypoplasia and dysfunction may be seen, which could influence 
management plans. Copyright: Satyan Lakshminrusimha.
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are identified in 10%–35% of all infants with CDH [26]. 
Infants with Trisomy 13 constitute 2%–5% of CDH cases 
while infants with trisomy 21 tend to have a higher inci-
dence of Morgagni hernia.

Several syndromes are associated with CDH. These 
include Cornelia de Lange, Marfan’s syndrome, Cutis laxa, 
Matthew-Wood, Pentalogy of Cantrell, Apert, Beckwith-
Wiedemann, CHARGE, and Fryns syndromes.

Identification of a genetic cause may influence prognosis 
in an infant. Karyotype could identify chromosomal abnor-
malities; more recently whole exon sequencing (WES) of 
patient as well as parents is being evaluated. Genetic coun-
seling and follow-up is essential for identifying risk in 
future pregnancies in the family.

Antenatal diagnosis and monitoring

In the last few decades, with improved antenatal surveil-
lance, 50%–68% CDH are diagnosed on antenatal ultra-
sounds, especially those with associated anomalies [27,28]. 
However, some cases are diagnosed postnatally, either due 
to inadequate antenatal surveillance/limited ultrasound 
imaging or due to a “late” presentation of a CDH.

Antenatal prediction of outcome

Early detection during the antenatal period facilitates 
delivery at a tertiary center with pediatric surgical as well 
as neonatal intensive care expertise that can efficiently 
manage infants with this challenging condition. Identifi-
cation of reliable prenatal prognostic factors is important 
for counseling the parents regarding possible outcomes 
and available treatments, including fetal therapies. Ultra-
sound is the commonest modality of diagnosis. Further 
investigational modalities include fetal echocardiography 
and fetal MRI that help in identification and quantification 
of individual prognostic markers as shown in Table 28.1. 
In the last decade, fetal MRI is being increasingly utilized 
to estimate liver position as well as total and relative lung 
volume. Commonly used antenatal prognostic factors are 
listed in Table 28.1 and have been studied more extensively 
with left-sided CDH (Fig. 28.2).

Lung-to-head ratio (LHR) (Fig. 28.3) was initially pro-
posed in 1996, when Metkus et al. noted that survival rate 
was 100% for those infants with CDH whose right lung-to-
head circumference ratio (LHR) was greater than 1.35 [31]. 
However, as lung and head grow with gestation, utility of 
this absolute ratio as proposed is limited by varying mea-
surements at each gestational age. This drawback led to the 
modified ratio called observed to expected lung-to-head ratio 
(O/E LHR), with several formulas proposed for calculation 
[32]. O/E LHR normalizes LHR to expected lung volumes 

at that gestational age and values less than 25% have a poor 
predicted survival, while those more than 45% have a more 
than 75% survival [33].

Liver position

Another important factor in prognostication is the posi-
tion of the liver. The presence of the liver in the chest cavity 
(liver-up) confers a poor prognosis with increased need for 
ECMO and decreased survival rates [35,36]. More recently, 
quantifying the amount of liver herniating into the chest 
is found to be superior to simply classifying it as liver-up 
or liver-down in predicting morbidity and mortality [37].

The position of the stomach in relation to thoracic struc-
tures has also been evaluated. A grading scale of 0–3 with 
multiple levels of progressively aberrant fetal stomach posi-
tion was proposed by Kitano et al. who concluded that right 
thoracic stomach herniation was associated with a poor 
prognosis. In addition, a combination of these prognos-
tic markers holds greater significance than a single marker 
alone. In infants with intrathoracic liver herniation, LHR 

Table 28.1  Antenatal and postnatal factors associated 
with poor prognosis in CDH (Fig. 28.2)

Antenatal Postnatal

Bilateral, right Severity of pulmonary 
hypertension

Large size Presence of LV 
dysfunction

Lower gestational age at 
diagnosis

Initial arterial blood 
gases with low PaO2 
and high PaCO2

LHR, O/E LHR Patch repair (size of 
the defect at surgery)

Liver in chest Higher scores (scoring 
systems)*

Stomach position grades 3 and 4

Associated anomalies esp. cardiac

Low lung volume by fetal MRI

*Multiple scoring systems have been described, most recently one 
by the Japanese CDH study group [29] based on APGAR score 
at 1 min and best OI ≥8. Based on these criteria, patients were 
classified into three risk categories. The 90-day survival rates in 
categories 1–3 were 10, 88, and 52%, respectively (P < 0.001). 
Another scoring system used very low birth weight, absent or low 
5-min Apgar score, presence of chromosomal or major cardiac 
anomaly, and suprasystemic pulmonary hypertension as components 
to discriminate between a population at high risk of death (∼50%) 
intermediate risk (∼20%), or low risk (<10%) [30].
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at 22–28 weeks predicted postnatal survival better than in 
infants with no liver herniation [38].

MRI measurements of total lung volume and observed-to-
expected total fetal lung volume (o/e TFLV) are reliable prog-
nostic indicators of mortality and need for ECMO [39]. 
Improved MRI techniques have allowed increased accuracy 
in quantifying ipsilateral as well as contralateral lung vol-
umes. MRI calculation of lung volumes also has the advan-
tage of decreased interobserver variability and therefore 
greater accuracy [40]. In a meta-analysis, a threshold of 
o/e TFLV <25% predicted neonatal mortality [41]. Polyhy-
dramnios is seen in many infants with CDH and a recent 
abstract suggested increased risk for intra uterine fetal 
demise and increased duration of hospital stay in CDH 
infants with antenatal polyhydramnios [42].

Predicting severity of PH in CDH

Besides predicting overall outcomes in CDH, these 
abovementioned prognostic markers have been useful in 
predicting pulmonary morbidities specifically fetal lung 
volumes and liver herniation. A recent study of ultra-
sound markers in CDH associated an LHR <1, thoracic 
liver, and aberrant stomach position with delayed time to 

resolution of PPHN in infants with CDH [43]. Evaluation 
of fetal pulmonary vasculature by power Doppler imaging 
in infants with CDH has shown that infants with fewer 
than three pulmonary artery divisions had an increased 
risk of death than those with more pulmonary artery divi-
sions [44]. The modified McGoon index (MGI)—calcu-
lated by the ratio of the diameters of pulmonary arteries 
and the descending aorta—is another echocardiographic 
measure of pulmonary vasculature that has been used in 
predicting neonatal outcomes and severity of PPHN. A 
value of 1.25 has been used as a cutoff to predict mortal-
ity in CDH [45]. Assessment of pulmonary vascular reac-
tivity to oxygen using fractional moving blood volume 
has been evaluated in fetuses with normal lung develop-
ment and pulmonary hypoplasia in CDH [46]. However, 
prenatal prediction of severity of PH is still not very well 
established.

Monitoring. Due to a risk of intrauterine demise (2%–
8%) in infants with CDH [47], close monitoring is required 
with frequent visits to check fetal well-being. The risk of 
demise is higher if additional anomalies are detected.

Timing and mode of delivery. The CDH Study Group 
database retrospectively analyzed mode of delivery in 
3906 infants with prenatally diagnosed CDH. They noted 
no differences in patient characteristics, requirement for 
ECMO, length of hospital stay or intubation, requirement 
for O2 at 30 days or overall survival in the different groups 
of vaginal (induced or spontaneous) and cesarean sec-
tions (emergent or scheduled) [48]. However, outcomes 
were strongly associated with the GA at birth with lower 
GA having worse outcomes. Similar results were seen pre-
viously by Hutcheon et al. who noted decreased neona-
tal and infant mortality with advancing gestation, from 
25 and 36% at 37 weeks of gestation, respectively, to 17 
and 20% at 40 weeks of gestation [49]. Appropriate tim-
ing for delivery should be decided on a case-by-case basis, 
with an attempt to continue pregnancy until 38–39 weeks 
while ensuring fetal well-being.

Fetal surgery. Prenatal intervention in CDH has been 
attempted to improve pulmonary outcomes. Initial studies 
in fetal lambs prompted open repair in fetuses; however, 
these trials observed poorer outcomes and higher risk of 
prematurity in the infants who underwent fetal surgery. 
Further studies in the lamb CDH model demonstrated 
that tracheal occlusion led to improved lung growth as 
there was no egress of lung fluid. Initial attempts at tra-
cheal occlusion used devices and sutures that had the 
potential for tracheal damage. In addition, higher risk of 
prematurity remained as the pregnant women underwent 
multiple surgeries, initially to place the occluder devices 
and later an EXIT procedure when they went into labor. 

Fig. 28.2 Prognostic Factors in Left-Sided CDH. Extent of 
pulmonary hypoplasia, low LHR, the presence of liver in chest, 
and size of defect are some important prenatal predictors. 
Severe pulmonary hypertension, respiratory failure, and the 
presence of LV dysfunction are poor prognostic factors noted 
postnatally. Copyright: Satyan Lakshminrusimha.
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More recently, the FETENDO and FETO trials have utilized 
fetal endoscopic tracheal occlusion, now being used as a 
percutaneous procedure under local anesthesia with mini-
mum morbidity to the pregnant mother. Tracheal occlusion 
has been shown to reduce the number of type II pneumo-
cytes and hence affect surfactant production. The use of tra-
cheal balloons endoscopically to plug the trachea at about 
27–30 weeks, followed by unplugging them endoscopi-
cally at around 34 weeks allows some surfactant generation 
prior to spontaneous onset of labor. In addition, prenatal 
steroids have also been used in conjunction with tracheal 
occlusion to accelerate fetal lung maturity. While the initial 
trials of tracheal occlusion did not show improved mor-
tality and morbidity, more promising numbers with better 
and less invasive techniques are being reported by centers 
in Europe. Compared to expectant management, FETO 
increased survival in severe (O/E LHR <25%) CDH from 

24% to 49% with left-sided lesions and from 0% to 35% in 
right-sided CDH [50].

In addition to the usual risks of fetal surgery such as pre-
mature rupture of membranes, bleeding, abruption, and 
preterm labor, infants undergoing tracheal occlusion also 
were noted to have local effects of tracheal occlusion includ-
ing vocal cord paresis. In addition, almost all the infants 
undergoing tracheal occlusion are postnatally noted to have 
tracheomegaly, which does not seem to cause any signifi-
cant long-term problems and improves over time [51].

Currently, there are two randomized clinical trials 
enrolling moderate and severe cases in multiple centers 
in Europe, Australia and North America (TOTAL trial and 
FETO trials with multiple NCT numbers). Although there 
is evidence of improving outcomes in severe cases, fetal 
tracheal occlusion therapy is currently not recommended 
outside a clinical trial [52].

Fig. 28.3 Lung-to-Heart Ratio (LHR). LHR and observed-to-expected LHR are an important calculation on antenatal ultrasounds 
that helps in prognostication. Measurement of LHR is depicted in this figure. Adapted from Chandrasekharan PK, Rawat M, 
Madappa R, Rothstein DH, Lakshminrusimha S. Congenital Diaphragmatic hernia—a review. Matern Health Neonatol Perinatol 
2017;3:6 [34]. Copyright: Satyan Lakshminrusimha.
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Summary for antenatal management once a CDH 
is diagnosed
•	 Referral to a tertiary care center used to managing 

infants with this condition with facilities for pediatric 
surgery, high-frequency ventilation (HFV), pulmonary 
vasodilator therapy, and ECMO.

•	 Antenatal ultrasounds to assess severity of CDH based 
on O/E LHR, liver and stomach position, side of CDH, 
and so on. MRI, if available, may be of benefit to 
determine fetal lung volume.

•	 Diagnosis and evaluation for other associated 
anomalies, including cardiac anomalies with fetal 
echocardiograms.

•	 Genetic analysis/counseling.
•	 Antenatal steroids for fetuses with CDH at risk of 

delivery <34 weeks.
•	 Delivery once fetus is 38–39 weeks with appropriate 

mode of delivery depending on individual 
characteristics with cesarean sections reserved for 
standard obstetric indications.

Postnatal presentation of CDH

With improved antenatal screening, most CDH are usually 
born through a planned delivery under controlled situa-
tions. However, previously undiagnosed CDH may present 
with respiratory distress at or soon after birth. Milder cases 
may present later as infants with respiratory or gastrointes-
tinal symptoms prompting a radiological evaluation. Very 
small defects may present later in life with respiratory issues.

Classical signs associated with CDH at birth are respi-
ratory distress with difficulty in ventilation and signs of 
PPHN–cyanosis, labile oxygenation due to intracardiac 
shunting, and systemic hypotension. On examination, 
a scaphoid abdomen with bowel sounds auscultated in 
the chest and heart sounds displaced to the right (with a 
left-sided CDH) would usually make the clinician suspect 
CDH. Often, a chest X-ray is obtained in an infant with 
respiratory distress and a diagnosis is established. The 
severity of presenting symptoms depends on the severity of 
pulmonary hypoplasia and PH. Arterial blood gas analysis 
typically reveals hypoxemia and acidosis.

Hemodynamics in CDH and cardiac dysfunction

In infants with CDH and PH (CDH–PH), the physiological 
postnatal fall in pulmonary vascular resistance (PVR) does 
not occur. PVR remains high causing the thin-walled RV to 
dilate with the increased pressures. This leads to the classic 
echocardiographic signs of flattening of the interventricular 
septum and later to leftward displacement. Under chronic 
stress, the RV starts to undergo structural remodeling 

leading to hypertrophy. RV diastolic dysfunction is com-
mon in CDH [53]. In addition, as previously mentioned, 
infants with CDH may already have a component of LV 
dysfunction. The combination of progressive RV enlarge-
ment and septal bowing along with decreased LV filling due 
to persistently high pulmonary pressures precipitates sig-
nificant LV dysfunction [54]. This causes systemic hypoten-
sion due to reduced LV output and is one of the hallmark 
signs of severe PH in CDH. Recognition of left and right 
ventricular dysfunction helps direct treatment focusing on 
the specific pathology detected in each infant, especially in 
the choice of pulmonary vasodilator as well as inotropes. In 
fact, the presence of cardiac dysfunction could be a signifi-
cant factor influencing prognosis and severity in CDH [53].

Natural course of CDH–PH (Fig. 28.4)

A review of over 3000 infants by the CDH study group 
revealed ∼70% incidence of PH on an echocardiogram per-
formed on the first day after birth [55]. Over 70% of infants 
in this study continued to demonstrate evidence of PH on a 
second echocardiogram at a median of 24 days after birth. 
A “honeymoon period” has also been reported in the initial 
24 h when infants appear to have relatively better oxygen-
ation. This period is commonly followed by a worsening 
of symptoms, onset of cardiac dysfunction and pulmonary 
venous and arterial hypertension [56]. Symptoms of PH are 
likely to worsen postoperatively, even in infants who are well 
controlled prior to surgery. In addition, many infants with 
CDH have a subacute or “late PH” that will be discussed in 
a later section. Later in childhood, these infants will require 
close follow-up for monitoring and detection of chronic PH.

Management

Over the last few decades, the focus of CDH management 
has shifted from immediate surgical intervention to post-
natal stabilization and surgery when medically stable. Man-
agement of CDH–PH and cardiac dysfunction along with 
appropriate “lung protective” ventilator strategies form 
the cornerstones of treatment before and after surgery. 
This change in strategy has improved outcomes for infants 
with CDH managed with a combination of gentle ventila-
tion, reduced oxygen exposure and appropriate inodilators 
(Fig. 28.5) [56].

Delivery room:
1. Immediate gastric decompression with an orogastric 

tube, endotracheal intubation and avoidance of bag 
mask ventilation are recommended for infants with 
known CDH presenting with respiratory distress. End-
tidal CO2 detector is used to confirm endotracheal tube 
placement. Recently, the CDH Euro consortium has 
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suggested spontaneous breathing as an initial option 
at birth in infants without respiratory distress who 
have better predictive markers [52]. Use of adequate 
sedation has been suggested prior to intubation to 
reduce stress [52]; however, paralytics/neuromuscular 
agents have not shown any benefit and may further 
decrease lung compliance [57]. An orogastric tube 
placement and continuous suction is necessary in most 
infants.

2. Monitoring of heart rate as well as pre and postductal 
oxygen saturations are recommended. A preductal 
pulse oximeter probe is usually placed on the right 
upper limb and postductal on either of the lower 
limbs or the left upper limb. The CDH EURO 
consortium published an expert opinion in which 
they recommend preductal SpO2 of 80%–95% in 
the delivery room [52] and avoiding hyperoxia. In 
fact, during the first 2 h after birth, preductal oxygen 
saturations >70% are acceptable as long as the infant 
is otherwise stable and improving [58].

3. There are no data or recommendation on the role of 
delayed cord clamping in CDH but this approach may 
be beneficial by increasing oxygen carrying capacity of 
blood. However, as most currently practiced protocols 
involve immediate endotracheal intubation, there may 
be logistic difficulties in delaying cord clamping and 
this approach needs to be investigated further.
Surfactant therapy in CDH: Currently, surfactant use is not 

recommended for infants with CDH [52,59]. A retrospec-
tive analysis by the CDH Study Group showed that infants 

who received surfactant therapy had a lower survival rate 
(57.3% vs. 70.0%, P = 0.0033) and had an increased likeli-
hood of ECMO (69.8% vs. 50.6%, P = 0.04) and develop-
ment of chronic lung disease [60]. However, if chest X-ray 
demonstrates lung fields consistent with surfactant defi-
ciency, especially in preterm infants with CDH, surfactant 
may be considered.

Vascular access: Since infants with CDH are very likely to 
require ventilator support, it is prudent to obtain central 
vascular access. Preductal oxygenation is best assessed with 
blood gases drawn via a right radial arterial catheter. How-
ever, postductal/umbilical arterial catheters are acceptable 
if a preductal site is not available. Umbilical venous cathe-
ters may be placed for intravenous/inotrope delivery; how-
ever, repositioned anatomy of the umbilical vein in infants 
with CDH (liver-up) may cause difficulties in appropriate 
placement [61]. If an umbilical venous line is not placed, 
consider placement of a percutaneous intravenous central 
catheter (preferably a double-lumen) for nutrition and 
vasoactive medications.

Monitoring and general principles of care:
•	 An initial chest X-ray will confirm the diagnosis, position 

of the endotracheal tube and ensure adequate lung 
expansion (8–9 ribs expansion on contralateral side).

•	 Infants with CDH should have continuous invasive 
blood pressure monitoring through an indwelling 
arterial catheter or frequent noninvasive blood pressure 
measurements to detect systemic hypotension.

•	 Measures of adequate perfusion include pH >7.2, 
lactate <5 mmol/L, and a urine output of >1 mL/kg/h 

Fig. 28.4 Natural Course and Management Options in CDH. Initial high PVR at birth subsides in the “honeymoon period” followed 
by worsening with pulmonary venous and arterial hypertension and cardiac dysfunction. Later stages are characterized by a subacute 
or late PH along with effects of chronic ventilation and oxygen toxicity. IV PGE1 and Milrinone may be an option in infants with early 
evidence of LV dysfunction. Gentle ventilation should be practiced to minimize deleterious effects on the already hypoplastic lungs. 
Pulmonary vasodilator therapy remains the cornerstone of subacute or late PH management. Copyright: Satyan Lakshminrusimha.
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[52]. Acidosis (pH <7.2) may worsen PH and 
preferably avoided.

•	 Blood gases should be drawn frequently to maintain 
appropriate CO2 and PaO2 targets. Arterial blood 
gases can be used to calculate oxygenation index (OI) 
which can assist the clinician in determining need for 
therapy with pulmonary vasodilators (such as inhaled 
nitric oxide [iNO]) and ECMO. Please see detailed 
ventilation suggestions based on OI described later 

in this chapter. Infants without indwelling arterial 
catheters can be similarly assessed using oxygen 
saturation index or OSI [62].

•	 An echocardiogram should be done on admission to 
assess cardiac function and extent of PH along with 
evaluation for associated cardiac anomalies. Follow-up 
echocardiograms can be scheduled based on clinical 
condition and guided by available protocols. It is 
common practice to obtain 1–2 echocardiograms 

Fig. 28.5 Management Guidelines in CDH. Immediate intubation with “gentle ventilation,” reduced oxygen exposure 
and judicious use of pulmonary vasodilators and vasopressors are the cornerstones in management of CDH. Adapted from 
Chandrasekharan PK, Rawat M, Madappa R, Rothstein DH, Lakshminrusimha S. Congenital Diaphragmatic hernia—a review. 
Matern Health Neonatol Perinatol 2017;3:6 [34]. Copyright: Satyan Lakshminrusimha.
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in the first week in infants with CDH on respiratory 
support with additional ones in the postoperative 
period and prior to discharge [53]. The presence of and 
severity of PH and the direction of shunts at the atrial 
and ductal level must be recorded.

•	 Head ultrasound has also been recommended in these 
infants as an initial screen and to rule out associated 
abnormalities. It is important to document absence 
of significant intracranial lesions in infants with CDH 
who might possibly need ECMO.

•	 Minimal stimulation techniques including 
maintaining a quiet environment, swaddling when 
possible and minimal handling is encouraged in 
infants with PH.

•	 Sedation needs can be monitored using standardized 
scoring systems per unit protocol. Nonpharmacological 
measures (ear muffs, covering the eyes, minimal 
stimulation, quiet room) as well as medications like 
fentanyl, morphine, and midazolam have been used 
when indicated. Paralytics are not usually recommended 
as they have been associated with worse outcomes [63].

•	 Supportive management includes provision of 
adequate nutrition using appropriate IV fluids or 
TPN (to include dextrose, amino acids, and calcium), 
constitution of which can be guided by serum 
electrolyte panels obtained as needed.

•	 Maintaining normothermia, appropriate diagnosis 
and management of electrolyte abnormalities such 
as hypocalcemia, hypoglycemia, and hyperglycemia 
are important supportive measures in infants with 
PH [56].

Respiratory management and mechanical 
ventilation

Infants with CDH have hypoplastic lungs with abnormal 
architecture. Gentle ventilation with avoidance of oxygen 
toxicity and volutrauma to both ipsilateral and contralat-
eral lungs are the mainstays of ventilation in infants with 
CDH. Additionally, the presence of abdominal organs in 
the chest limits physical space for the lungs to expand. 
These lung protective strategies targeting peak pressures of 
<25 cmH2O are recommended to reduce ventilator-associ-
ated lung injury [64] and have replaced the hyperventila-
tion protocols that were in practice in the 1980s and 1990s.

Mode of ventilation. There is significant debate on the 
best mode of initial ventilation for infants with CDH. The 
multicenter randomized VICI trial did not show any sig-
nificant differences in the combined outcome of mortality 
or BPD between conventional (CV) and HFV groups. How-
ever, infants in the CV group did have a shorter ventilation 
time and lesser need of ECMO [65]. Initial ventilator set-
tings for CV included a relatively low PEEP of 3–5 cmH2O 

and PIP of 20–25 cmH2O [65]. Improved secondary out-
comes in the CV group in this trial support gentle ventila-
tion and use of CV as an initial option.

Oxygenation. Target oxygen saturations of 80%–95% 
(preductal) and ≥70% (postductal) are recommended. Per-
missive hypercapnia (tolerating partial pressure of carbon 
dioxide PaCO2 <65 mmHg and an arterial pH >7.2) is an 
essential component of this strategy and was first described 
in management of patients with PH by Wung et al. [66]. 
Practice guidelines of the CDH EURO consortium recom-
mend minute ventilation targeting PCO2 of 50–70 mmHg, 
while similar guidelines of the American Pediatric Surgical 
Association recommend PCO2 <60 mmHg [67]. On CV, if 
a PIP of >25–28 cmH2O is necessary to achieve target satu-
rations and PaCO2 <65 mmHg, use of alternative strategies 
such as rescue HFV is recommended [52,67].

High-frequency oscillatory (HFOV) as well as jet ventila-
tion (HFJV) have been used in CDH, both as initial and 
rescue modes. HFOV is more commonly used and some 
guidelines still recommend it as an initial ventilation 
option [67]. However, both the CDH consortium and the 
American Thoracic Society Guidelines recommend HFOV 
as a rescue mode [51,63], if poor lung compliance, low vol-
umes, and poor gas exchange complicate the clinical course 
necessitating higher pressures [52,67] (>25–28 cmH2O) 
on CV. Ventilator settings should target PCO2 and satura-
tion targets described above. In general, a mean airway 
pressure (MAP) of 11–17 cmH2O [52], frequency of 10 Hz, 
and a ∆P of 30–50 cmH2O based on chest rise is recom-
mended [52,58] as initial settings.

HFJV is preferred by some centers for rescue therapy. The 
PEEP is usually set 1–2 cmH2O higher than the value on 
CV and the MAPs similar to or slightly lower than HFOV 
are used. There are no trials comparing jet ventilation to 
CV in CDH.

Volume-targeted ventilation may help reduce ventilator-
associated lung injury in neonates [68]. While there are no 
specific guidelines for volume ventilation in infants with 
CDH, the general ventilation guidelines referenced earlier 
with a target volume of 4 mL/kg, should help guide the 
clinician in units that are using this modality.

Ventilator weaning. Weaning ventilator support should 
also target criteria mentioned above. PIP or ∆P may be 
reduced initially followed by MAP/PEEP and frequency/
rate. FiO2 should be weaned based on saturation targets as 
well as PaO2. Extent of PH and iNO use also plays a role in 
determining appropriate FiO2 weaning strategies. However, 
since it is possible to continue effective delivery of iNO 
through noninvasive means [69], noninvasive ventilation 
remains an option for extubating infants with CDH after 
surgery [58], while still delivering pulmonary vasodila-
tors. Practically, infants are extubated only after surgical 
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repair and stabilization of PH postoperatively by measures 
described below.

Appropriate oxygen exposure in CDH–PH. Hypoxia 
may increase PVR and worsen PH, while hyperoxia is 
known to induce production of free radicals that could 
also worsen PH and BPD. Appropriate oxygen saturation 
targets, pre and postductal as mentioned above, are a useful 
guide to the clinician in setting FiO2 values. After stabiliza-
tion, maintaining saturations in the mid-1990s and main-
taining a preductal PaO2 range of 55–80 mmHg on blood 
gases has been recommended [58]. Changing ventilation 
modes, appropriate management of PH using medications 
and ECMO should be considered if inadequate oxygen-
ation is noted in these infants.

Summary of ventilator support 
based on OI and clinical course 
of disease

OI of 15–25

Initial stage. Currently in our unit, gentle ventilation 
with CV, volume guarantee mode is preferred with initial 
settings as shown in Table 28.2. Some units do admit these 
infants with prenatally diagnosed CDH on to high-fre-
quency ventilation with HFOV, initial settings as described 
in Table 28.2. HFJV is a less commonly used, but usual 
settings include a low PEEP of 6–7 cmH2O and MAP 
10–11 cmH2O and rate 360/min. In general for all modes, 
target preductal oxygen saturations >70% are acceptable as 
long as infant improving and stable, with a recommended 
initial FiO2 of less than 1.0 to maintain preductal SpO2. 
Additional tests done at this stage include a chest X-ray and 
an echocardiogram to detect presence and extent of PH and 
cardiac dysfunction.

Maintenance phase. Continued gentle ventilation on 
same mode as above with modifications targeted at main-
taining appropriate expansion on chest X-ray, target satu-
rations as mentioned below and permissive hypercapnia 
(Table 28.3).

Surgery is usually performed in this stage when PH is 
relatively stable or absent and infant is on stable ventilator 
settings. Usually a deterioration is anticipated after surgery, 
both in terms of ventilator requirements and PH. Echocar-
diogram and CXR should be repeated postop and manage-
ment titrated based on similar targets of target expansion, 
SpO2 targets and permissive hypercapnia. If OI increases 
above 25, please see management in the next section.

Weaning phase. If infant remains stable after surgery 
and settings can be weaned a general weaning protocol is 
shown in Table 28.4.
1. Targeting same SpO2 and blood gas parameters (PaCO2 

50–65) as above.
2. Noninvasive ventilator modes such as NIPPV and CPAP 

may play a role in the weaning process after surgery 
(nasal ventilation may increase stomach distension and 
compromise respiratory status before surgery).

3. Infants could also be extubated to high-flow nasal 
cannula or regular nasal cannula as tolerated.

OI 25–40

Initial phase. If infant appears sicker with a high OI, set-
tings on the conventional ventilator can be increased as 
shown in Table 28.5. “Rescue” HFOV can be used to stabi-
lize infant as well as described below.
•	 Infants with an OI in this range will most likely 

have evidence of PH on echocardiogram which is 
recommended early if there is clinical instability. iNO 
could be begun at this point, though definitive evidence 

Table 28.2  Suggested initial ventilator settings for infants with CDH (OI 15–25)

Ventilatory mode PEEP Tidal volume/Amp/PIP Rate/Frequency FiO2

Conventional ventilator, 
volume guarantee

3–5 cmH2O 4 mL/kg 40/min Lowest FiO2 
to achieve 
preductal 
saturations 
of >70%

Conventional ventilator 
SIMV/PC PS

3–5 cmH2O 20–25 cmH2O 40/min

HFOV MAP 11–12 cmH2O 24–28 8–10 Hz

Table 28.3  Ventilatory targets during maintenance 
phase for infants with CDH

Modality Target

Chest X-ray Contralateral expansion of 8–9 ribs

FiO2 Target oxygen saturations of 80%–95% 
(preductal) and ≥70% (postductal)

Blood gas PaCO2 <65 mmHg and an arterial pH >7.2



501

ChapterCongenital Diaphragmatic Hernia | 28 |

of benefit is lacking. If capability of administering other 
vasodilators exist, then sildenafil could be beneficial. 
Evidence of cardiac dysfunction would take the clinician 
toward PGE1/milrinone therapy. These are described 
later in this chapter as well as in a later chapter.

•	 Treatment of concomitant hypotension warrants 
treatment with agents such as Vasopressin as described 
below.

•	 Hydrocortisone therapy, especially with evidence of 
low blood pressures and/or low cortisol levels, could 
be considered.

Maintenance phase. With the ventilator management 
as described, most infants will stabilize, though some may 
show evidence of worsening OI. If OI >40, management is 
described in the following section.

Ventilation targets in this stage include those described 
in Table 28.3. Again, surgery may occur in this phase if 
there is hemodynamic stability without escalating support 
or worsening PH on serial echocardiograms. Worsening 
clinical condition leading to OI >40 is a possibility postop-
eratively and requires frequent blood gas monitoring and 
assessment of hemodynamic parameters.

Weaning phase. Once the infant has been stabilized, 
weaning is attempted following the same parameters as 
shown in Table 28.4.

OI >40

A high OI >40 reflects very severe disease and likely refrac-
tory PH. An OI ≥40 presents for at least 3 h is an indica-
tion for ECMO. Optimizing medical management at this 
time may help stabilize the infant’s clinical condition sig-
nificantly or could potentially provide time while arranging 
transfer to a regional ECMO center.
•	 Our usual practice would involve admitting these 

infants onto HFOV with similar settings as mentioned 
in Table 28.5. Volume guarantee CMV remains an 
alternative.

•	 Immediate echocardiogram would help direct PH 
treatment, iNO if available is started immediately 
and additional medications are added as warranted. 
Optimizing PH therapy is imperative especially in 
centers where ECMO is not available.

•	 Vasopressin, stress doses of hydrocortisone as well as 
other vasopressors such as milrinone and dopamine 
may be used. Specific indications in CDH are listed for 
each agent later in this chapter.
Surgery in these infants with high OI: There is no 

definitive optimal time of surgery–general consensus if 
to operate once infant is “relatively stable.” If possible, 
infants with high OI >40 should be transferred to an 
ECMO center and surgery performed either on ECMO or 
after decannulation.

Table 28.4 Suggested ventilator weaning protocol for infants with CDH after surgical repair

Ventilatory 
mode

Order of 
weaning PEEP

Tidal volume/
PIP/Amp Rate/Frequency FiO2

Conventional 
ventilator

TV/PIP first, then 
PEEP and rate

3–5 cmH2O Wean to 4 mL/kg 
or PIP <25

40/min

Wean FiO2 to 0.6, 
then attempt to 
wean iNO

HFOV Amp first then 
MAP and 
frequency

MAP 11–12 cmH2O 24–28 8–10 Hz

Table 28.5 Suggested initial ventilator settings in CDH with severe disease (OI ≥ 40)

Ventilatory mode PEEP Tidal volume/Amp/PIP Rate/Frequency FiO2

Conventional ventilator, 
volume guarantee

4–5 cmH2O 4–6 mL/kg 40/min
Lowest FiO2 to achieve 
preductal saturations of 
>70%Conventional ventilator 

SIMV/PC PS
4–5 cmH2O 20–25 cmH2O 40/min

Rescue HFOV indications PIP > 25–28 cmH2O to 
keep PCO2 < 65

8–10 Hz Not attaining preductal 
saturation targets

HFOV 11–17 cmH2O 30–50 cmH2O 10 Hz Lowest FiO2 to achieve 
preductal saturations of 
>70%
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However, if ECMO is unavailable or not an option, opti-
mal timing of surgery has to be decided on a case by case 
basis. Since most of the mortality from CDH occurs due to 
uncontrolled PH, management of PH takes priority. While 
there is no absolute contraindication to operating in a criti-
cal infant, this decision must be taken by the surgeon, neo-
natologist, and cardiologist after complete discussions with 
the infant’s family.

Complications of mechanical 
ventilation in CDH

A general review of complications of mechanical ventila-
tion is provided in another chapter in this book. Briefly, 
due to pulmonary hypoplasia, the risk of air leaks and 
pneumothoraces remains high, especially if high pressures 
are used during ventilation. However, less than optimal 
expansion will precipitate ventilation perfusion mismatch 
and worsening PH.

Hemodynamic support

Due to the high occurrence and risk of hypotension, these 
infants should have close monitoring of blood pressures 
in the range appropriate for gestational and postnatal age. 
Prior approaches included raising systemic blood pressure 
to reduce right-to-left shunting. While there is no evidence 
to support this, it is important to maintain “normal” or 
physiological systemic blood pressures. The presence of 
hypotension or markers of inadequate tissue perfusion 
should prompt the use of 1–2 volume boluses. Crystal-
loid solutions such as normal saline or ringer lactate can 
be used for this purpose. Anemia or abnormal coagula-
tion profile should prompt use of packed red blood cells 
or fresh frozen plasma. An echocardiogram or sometimes 
a targeted neonatal echocardiogram should be obtained 
to assess ventricular filling, systolic and diastolic function, 
status of the ductus arteriosus, and extent of PH. Further 
management should involve use of appropriate inotropes 
and vasopressors. Use of a “targeted approach” to cardio-
vascular therapy has been suggested based on the presence 
of left, right, or biventricular dysfunction on ECHO [53]. 
Common agents used to manage hypotension in the NICU 
include dopamine, dobutamine, and norepinephrine. 
However, these agents increase both systemic and PVR and 
should be used with caution in infants with severe PH. Mil-
rinone and vasopressin have been found to have specific 
advantages in infants with CDH and PH and are discussed 
in detail below.

Diagnosis and management of CDH–PH. Evidence of 
PH on echocardiogram includes demonstration of elevated 
right ventricular systolic pressures (RVSP) as indicated by 

tricuspid regurgitation jet and its ratio to the systolic blood 
pressure. An RVSP that is more than 1/2 SBP indicates 
moderate and more than 2/3rd SBP indicates severe PH 
[70]. Other indicators of elevated pulmonary arterial pres-
sure include right-to-left or bidirectional shunts through 
the patent ductus arteriosus and the patent foramen ovale. 
In addition, bowed position of the septum, dilation and 
hypertrophy of the RV also indicate PHT [70]. Details about 
echocardiography in persistent PPHN are described in 
another chapter in this book.

Pulmonary vasodilators

Inhaled nitric oxide (iNO)

The use of iNO in CDH–PH is controversial. The presence 
of PH on echocardiogram and failure to maintain target 
preductal saturations is an indication to begin therapy 
[52]. iNO is a potent “selective” pulmonary vasodilator 
that acts though the cyclic GMP pathway to cause pul-
monary vascular smooth muscle relaxation. It works by 
selectively being delivered to aerated alveoli, hence it is 
important to ensure adequate lung recruitment for effec-
tive drug delivery. While the role of iNO is well estab-
lished in PPHN, infants with CDH in the “acute” or 
early stage of PH may not respond to this medication. 
The “NINOS” trial in 1997 [71] randomized 53 infants 
with CDH to receive iNO or placebo. While there was 
no difference in the combined outcome of ECMO and/
or death between the groups, there were a significantly 
larger number of infants in the iNO group who went on 
to ECMO [71]. This study published over 20 years ago 
suggested that infants with CDH do not respond well to 
iNO, unlike other neonatal populations with PH, such 
as idiopathic PPHN or meconium aspiration syndrome. 
Although this was a small study using treatment strate-
gies such as hyperventilation and alkalization that are 
no longer used now, the results showing a lack of benefit 
from iNO have been replicated in other studies [72] as 
well as a Cochrane meta-analysis [73]. In spite of these 
results, iNO continues to be tried in infants with CDH–
PH and its use has shown an increase in the United States 
[74]. This increase has not affected ECMO utilization or 
mortality rates in CDH [74].

Current CDH treatment recommendations include a 
trial of iNO at 20 ppm for a short period of time, follow-
ing which it should be discontinued if no improvement is 
noted [52,64]. Infants with an OI of at least 15–25 with 
echocardiographic evidence of PH without postcapillary 
or pulmonary venous hypertension with left ventricular 
dysfunction are ideal candidates for a trial of iNO. The 
presence of left ventricular dysfunction and pulmonary 
venous hypertension can be determined with an echocar-
diogram [25]. Failure to respond to iNO is attributed to 
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the presence of LV dysfunction suggested by a left-to-right 
shunt at the atrial level and a right-to-left shunt through 
the ductus [75]. Additionally, presence of pulmonary 
venous hypertension in some infants with CDH indicates 
that they may not improve saturations in response to iNO. 
In these suspected nonresponders, it may be prudent to 
evaluate other therapies to manage CDH–PH such as mil-
rinone to treat LV dysfunction ± prostaglandin E1 infusion 
to maintain a patent ductus arteriosus to reduce preload 
on the right ventricle. Patients with isolated PPHN physi-
ology without LV dysfunction with preductal desaturations 
with right-to-left shunts at the ductal and atrial level may 
benefit from iNO for improvement in oxygenation and/or 
pre-ECMO stabilization [75].

Dose: 10–20 ppm (usually 20 ppm).
Indications:

1. CDH with hypoxemic respiratory failure with OI 
>15–25

2. Evidence of PH with left to right (or bidirectional 
shunt) at atrial and ductal (if patent) level

3. Reduce right ventricular afterload
Relative contraindications:

1. Left ventricular dysfunction (with poor output and 
ductal dependent systemic circulation)

2. Pulmonary venous (postcapillary) PH

Other pulmonary vasodilators

Sildenafil, a PDE5 inhibitor that is widely used in manage-
ment of PPHN and pediatric PH. Sildenafil has not been 
well studied in infants with CDH. Available literature in 
the form of case reports suggests a possible role in man-
aging CDH–PH, both in IV [76] and enteral form [77], 
by decreasing PVR. Recently, the CDH EURO guidelines 
included IV sildenafil as an option in recommendations 
for treatment of CDH–PH [52]. During acute preopera-
tive phase of CDH–PH, it is difficult to administer enteral 
pulmonary vasodilators as many patients are on continu-
ous orogastric decompression. The FDA issued a black box 
warning against the use of Sildenafil in pediatric patients 
based on reports of higher mortality with chronic use; how-
ever, this was noted with high doses which are not used in 
the neonatal population.

Dose:
1. Intravenous—continuous infusion is preferred. The 

typical preferred dose is a load of 0.4 mg/kg over 3 h 
followed by a continuous infusion of 1.6 mg/kg/h. 
In infants with poor intravenous access, intermittent 
boluses of 0.25–0.5 mg/kg/dose infused over 
30–60 min every 6–8 h can be used.

2. Enteral—preferred mode for chronic, postoperative 
CDH–PH. Initially, sildenafil can be started at 
0.5 mg/dose every 6–8 h and gradually increased to a 
maximum of 3 mg/kg/dose q 6–8 h.

 Indications:
a. Adjunct therapy (usually IV) to inhaled NO for 

CDH–PH.
b. Primary therapy for CDH–PH—preferred drug for 

chronic therapy for postoperative CDH–PH.
 Relative contraindications:

a. Systemic hypotension that is not responsive to 
inotropic therapy.

b. Prior history of untoward reactions including 
persistent priapism.

c. In some patients, sildenafil therapy is associated 
with severe GER; lowering the dose of sildenafil 
may be beneficial in some patients with CDH with 
severe reflux.

d. In preterm infants with CDH, some centers do not 
use sildenafil if severe retinopathy of prematurity 
(ROP) is present. However, there is no evidence to 
support this practice.

Bosentan is a nonselective endothelin receptor A and 
B antagonist that is being used as an adjuvant in treating 
infants with PPHN. The role of endothelin in pathogen-
esis of CDH–PH has been described earlier in this chap-
ter. A recent Cochrane meta-analysis concluded that there 
is inadequate evidence to support the use of endothelin 
receptor antagonists either as stand-alone therapy or as 
adjuvant to iNO in PPHN in term and late preterm infants 
[78]. While there are no studies that have reported on use 
of Bosentan specifically in CDH, this remains a possible 
treatment option that needs further research [79] especially 
in the late or chronic PHT seen in these infants. Use of this 
medication in acute stages of PHT would be difficult as it 
is only available in oral form and liver toxicity remains a 
concern. At present, its use is restricted by the manufactur-
ers and requires a special informed consent to be obtained 
from the physician as well as the parent.

Dose—1–2 mg/kg/dose usually twice a day.
Indications—it is used in the management of persistent, 

chronic PH as adjuvant therapy to sildenafil.
Contraindications—liver dysfunction.
Prostacyclin (PGI

2
) analogues in various formulations 

(iloprost, epoprostenol, treprostinil, and beraprost) and 
delivery routes (oral, IV, subcutaneous, and inhaled) are 
being evaluated in treatment of pediatric PHT [79]. This 
drug acts by activating the enzyme adenylate cyclase, 
increasing production of cyclic AMP (cAMP) producing 
vasodilation. A small study in nine patients with CDH 
from 1993 found that prostacyclin was an effective pulmo-
nary vasodilator and improved OI without affecting overall 
outcome [80]. They suggested that it could be used as a 
“bridge” to ECMO in CDH with severe PHT.

Dose: Epoprostenol—IV 1–3 ng/kg/min initial dose fol-
lowed by maintenance of 50–80 ng/kg/min.

Inhaled 50 ng/kg/min initial dose followed by mainte-
nance of 25–50 ng/kg/min.
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Inhalation therapy has the advantages of reduced systemic 
side effects. Inhaled iloprost used alone or as combination 
therapy in acute PH has shown promising results [81].

Dose: 2.5–5 µg/breath.
Subcutanous and IV: Trepostinil have been well studied 

in adults with PH. In young children, subcutaneous trepos-
tinil is well tolerated and has the additional advantage of 
not requiring IV access during chronic therapy. Some cen-
ters are using this medication in combination therapy to 
treat late PH.

Treprostinil: SQ or IV initial dose of 1.25–2 ng/kg/min 
followed by maintenance of 50–80 ng/kg/min.

Indication for prostacyclins—It can be used in the man-
agement of persistent, chronic PH as an adjuvant therapy 
to sildenafil.

Precautions: Systemic hypotension may be seen with IV 
route and BP must be monitored while administering these 
medications. While the inhaled route has fewer systemic 
effects, drug delivery by this route remains variable, increas-
ing the risk of rebound PH [82].

Prostaglandin E1: The American Thoracic Society 
Guidelines on pediatric PHT recommend Prostaglandin 
E1 as an option to maintain patency of the ductus arte-
riosus and improve cardiac output in CDH with PH or RV 
failure [64]. By maintaining a PDA, it facilitates a “pop 
off” for the overloaded RV in cases of severe PHT [83]. 
It has potential for use with milrinone in targeting CDH 
infants with LV dysfunction and RV-dependent systemic 
circulation [75]. It is available in IV as well as inhaled 
routes.

Dose: Continuous IV infusion: Initial dose of 0.05–
0.1 mcg/kg/min; maintenance: 0.01–0.4 mcg/kg/min.

Indications: To maintain ductal patency especially in 
infants with PH and RV failure.

Precautions: This drug can cause apnea, especially in 
infants <2 kg at birth. This effect is usually seen within the 
first hour of infusion and is rare at doses <0.15 mcg/kg/min.

Milrinone
Milrinone, a phosphodiesterase 3 (PDE3) inhibitor, has 
been found to be beneficial in treating infants and neo-
nates with PHT. It acts by increased cAMP to cause sys-
temic vasodilation but also has inotropic and lusitropic 
effects [53]. It has been suggested as first-line therapy in 
infants with CDH who have echocardiographic evidence 
of LV dysfunction and hypotension [53]. However, it does 
have the potential to worsen hypotension in the initial 
period and hence is titrated up to a steady state. A volume 
bolus has sometimes been recommended prior to begin-
ning a milrinone infusion [34]. A case series by Patel 
et al. evaluated use of this medication in CDH and noted 
significant improvement in RV function and OI, without 
any demonstrable decrease in PA pressures [84]. While 

several studies and case reports have shown improve-
ment in severe PPHN with milrinone therapy, there are 
no other studies published in CDH. Yet, its use in the 
United States in term and preterm infants continues to 
rise [85]. A phase 2 multicenter RCT evaluating milrinone 
in CDH is currently approved and about to begin enrol-
ment (NCT02951130).

Dose: About 0.25–0.75 mcg/kg/min as a continuous 
infusion with an optional load of 30–75 mcg/kg. The com-
monest side effect is systemic hypotension.

Vasopressin
Recently, vasopressin is being evaluated for its role in 
managing hemodynamics in infants with CDH who have 
refractory hypotension. Besides acting as a systemic vaso-
constrictor and raising the blood pressure, vasopressin 
simultaneously vasodilates the pulmonary circulation. 
These dual actions suggest that vasopressin may have a 
unique role in management of sick neonates with CDH 
but requires further evaluation in larger studies. A retro-
spective analysis in 13 patients with CDH at a single cen-
ter who met ECMO criteria, concluded that 6 infants no 
longer required ECMO after vasopressin initiation [86]. 
Use of a vasopressin analogue terlipressin in treating 
infants with CDH has also been described in case reports 
[87,88].

Dose: Very limited data available: GA ≥37 weeks: Con-
tinuous IV infusion: Initial: 0.1 milliunits/kg/min, increase 
in 0.1 milliunits/kg/min increments every hour as needed 
for clinical response to a maximum dose of 1.2 milliunits/
kg/min [89].

Indication: Refractory PH and hypotension.
Precautions: Hyponatremia is commonly noted and 

requires close monitoring and correction. Unrecognized 
water intoxication and hyponatremia could lead to altered 
sensorium and seizures. Additionally, extravasation of this 
drug may lead to severe vasoconstriction and localized tis-
sue necrosis; hence, appropriate needle/IV placement must 
be ensured prior to starting this therapy.

Role of hydrocortisone 
supplementation/adrenal 
insufficiency in CDH
In a retrospective study, Kamath et al. noted that low ran-
dom cortisol levels (≤15 µg/dL) were associated with 
increased severity of illness [90]. They recommended that 
infants with CDH should be evaluated for adrenal insuffi-
ciency and steroid supplementation, while an option needs 
further evaluation with larger studies. In infants with CDH 
who have resistant hypotension, hydrocortisone should be 
considered [52].
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Extracorporeal membrane 
oxygenation
CDH is one of the three commonest indications for neo-
natal respiratory ECMO in the ELSO registry. CDH also has 
the worst prognosis and survival among them (51%) [91]. 
Failure to respond to optimal medical therapy with pul-
monary vasodilators and vasopressors leads the clinician to 
consider ECMO as a treatment option.

Indications for ECMO:
The following indications are commonly used for initia-

tion of ECMO in CDH:
1. Severe hypoxemia: An OI >40 for 3 h, high-pressure 

settings on the ventilator (PIP >28 cmH2O), inability 
to maintain saturation targets (<85% preductal and 
<70% postductal)

2. Inability to ventilate in spite of optimal ventilator 
settings: Acidosis (pH <7.15) and hypercapnia (PaCO2 
>65–70 mmHg)

3. Signs of hypoperfusion: Serum lactate >5 mM/L and 
systemic hypotension with evidence of low urine 
output (<0.5 mL/kg/h for 12–24 h) unresponsive to 
fluid and vasopressor therapy
These are general indications for ECMO use in the CDH 

Euro consortium guidelines [52]. However, center-specific 
guidelines vary and would determine individual treatment 
based on additional criteria such as weight (typically birth 
weight >2 kg) and gestational age (typically >34 weeks of 
gestation) as well.

Type of ECMO: There is considerable debate on the type 
of ECMO that is optimal in treating infants with CDH. Both 
veno-arterial (VA) and veno-venous (VV) ECMO use has 
been described, with each one having some benefits and 
some disadvantageous. VA ECMO is more commonly used, 
relatively “simpler” to perform using a carotid artery and 
a jugular vein and helps to stabilize hemodynamics rap-
idly by supporting the failing heart as is often seen in sick 
infants with CDH. VV ECMO has the advantages of sparing 
ligation of the carotid artery and maintaining a pulsatile 
flow with additional advantages of pulmonary vasodila-
tion and improved coronary artery perfusion [92]. It may 
also filter microemboli in the ECMO circuit. Direct com-
parison of VA and VV ECMO have shown no difference in 
outcome measures such as mortality [92,93]; however, VV 
ECMO had lower neurological and increased renal compli-
cations [93]. While infants on VV ECMO were also noted to 
require more inotropes, a recent case report suggests utiliz-
ing a combination of PGE1 for ductal patency and optimal 
lung recruitment strategy on VV ECMO as a new therapeu-
tic approach [94]. The American Pediatric Surgery Associa-
tion guidelines conclude that while VA ECMO remains the 
preferred option, there is no difference in survival between 
the two modes and VV ECMO is preferable in selected cases 
due to lower neurological complications [67].

Duration of ECMO: Average time on ECMO for neonates 
with CDH is 10 days [91]; however, infants with this condi-
tion constituted the majority of ECMO runs over 21 days 
[95]. It is generally recognized that optimal time on ECMO 
is <2 weeks and longer ECMO runs are associated with 
worse outcomes and risk of complications [96,97].

Surgical management of CDH
Optimal timing of surgery in infants with CDH remains 
a topic of debate. While no longer “emergent,” surgery is 
required for repairing the defect, allowing space for ipsilat-
eral lung expansion and for establishing enteral nutrition. 
As surgery tends to worsen PH, the neonatologist and the 
surgeon wait for relative stability/improving pulmonary 
and systemic hemodynamics prior to repairing the defect. 
Unfortunately, this may not always be possible in the sick 
infant with CDH and surgery in the initial few days, sur-
gery on ECMO as well as after decannulation have been 
described. The focus now is on individualizing care based 
on the clinical status of each infant. Studies evaluating 
“early” vs. “delayed” surgery have not shown any difference 
in ECMO/death [98,99]. CDH study group data suggest 
that a majority of infants are repaired after 48 h [100]. On 
ECMO, surgery may have the additional risk of excessive 
bleeding. While no consensus exists on preferred timing 
of repair in patients who are placed on ECMO, a review 
by APSA recommends early repair on ECMO as it may 
improve survival [67]. However, a recent study found better 
outcomes with higher survival and fewer complications in 
CDH patient who underwent surgery after decannulation 
[101].

Type of surgery: Traditionally, surgical repair of diaphrag-
matic hernia was done by an open surgery through a sub-
costal incision. Thoracic as well as abdominal approaches 
have been described [102]. Size of the defect as well as clini-
cal condition of the infant plays a major role in determin-
ing whether the surgeon performs a primary closure or uses 
a synthetic patch (e.g., GORE-TEX) to close the defect. Large 
defects usually undergo a patch repair. Infants on ECMO or 
those who are on multiple vasodilators and pressors tend 
to have larger defects and may also predominantly require 
patch repair. Additionally, use of muscle flaps to close the 
defect instead of synthetic patches has been described 
[102]. Patch repair is associated with a significant risk of 
reherniation as compared to primary anastomosis. Thora-
coscopic techniques are now being used more frequently 
due to advantages of decreased recovery time [103] and 
smaller scars [34]. Some of them may need to be converted 
to open repair during surgery [104]. Additionally, reports 
suggest an increased risk of recurrence following the use 
of minimally invasive techniques for repair [67,103,104]. 
Infants who undergo this procedure should have careful 



506

Section Clinical Management| V |

monitoring of blood gases and ETCO2 as there is a risk of 
hypercarbia and acidosis [102,105].

Late PH in CDH
A significant number of infants with CDH are noted to 
have persistence of PH after the initial acute period. In 
fact, presence of PH at 2 weeks predicted poorer short-
term pulmonary outcomes and death [106]. Many of these 
infants continue to require mechanical ventilation. Treat-
ment modalities for these infants include all the therapies 
mentioned earlier including iNO and other pulmonary 
vasodilators. Treprostinil has also showed promise in case 
reports of late PH in CDH [107]. However, further research 
is needed in this field to enhance outcomes.

Follow-up of infants with CDH 
complications and morbidities

General follow-up guidelines

Over the last few decades, there has been a better under-
standing of the complex needs of CDH survivors. This 
recognition comes as decades of research have identified 
several long-term complications and morbidities in infants 
who have survived to discharge. These infants may be fol-
lowed up in multidisciplinary CDH clinics or incorporated 
into a hospital’s “high-risk” multidisciplinary follow-up 
clinic [108]. Follow-up for these infants usually requires 
a pediatric surgeon, pediatric cardiologist, pulmonolo-
gist, a developmental pediatrician and a gastroenterologist 
along with therapists and nutritionists [108]. The American 
Academy of Pediatrics has published guidelines for postdis-
charge follow-up of infants with CDH through 16 years of 
age [109] which can be individualized to each patient based 
on their specific needs. Observations on long-term follow-
up from these clinics also facilitate research on benefits of 
specific neonatal interventions and ultimately lead to bet-
ter clinical practices. System-wise, the common morbidities 
encountered by survivors with CDH are listed below.

Respiratory complications

With better ventilation strategies and advances in care, 
more neonates with CDH are surviving the initial neona-
tal period. These infants, besides having some pulmonary 
hypoplasia and pulmonary vascular abnormalities are also 
likely to suffer from effects of prolonged mechanical ven-
tilation. Both obstructive and restrictive lung disease may 
occur. Panitch et al. in their study of CDH survivors con-
cluded that their lung function remained abnormal in first 
3 years [110]. Recurrent respiratory infections remains a 

common morbidity causing readmissions and infants with 
CDH are often placed on palivizumab prophylaxis for RSV 
[108]. While studies specifically evaluating use of palivi-
zumab in this patient population are lacking, moderate-to-
severe PH and ECMO use are qualifying conditions in the 
AAP guidelines for use of palivizumab. Liver involvement, 
patch repair, need for pulmonary vasodilators and ECMO, 
and prolonged duration of ventilation were also identified 
as risk factors for poorer respiratory outcomes.

Chronic PH

Infants with CDH continue to have pulmonary vascular 
abnormalities and hypertension persisting after hospital 
discharge. Cardiac catheterization has revealed pulmonary 
arterial as well as venous stenosis [25]. Chronic vasodilator 
therapy remains the mainstay of treatment; however, these 
infants have a high mortality and morbidity rate [75].

Gastrointestinal outcomes

Anatomical and functional abnormalities of the GI tract in 
CDH may lead to the significant gastroesophageal reflux 
seen in infants, older children, and adults with this condi-
tion. The CDH EURO consortium recommends prophylac-
tic antireflux medication along with enteral feed initiation 
[52]. GERD treatment can be maximized with medical 
therapy and multiple medications, but for infants with 
persistent symptoms, decreased growth and feed aversions, 
surgical treatment with fundoplication and/or gastrostomy 
tube (GT) insertion may be considered. Failure to thrive 
remains a major concern for these infants in the first year 
and there seems to be a trend toward earlier placement of 
GT [111].

Surgical issues

Recurrence or reherniation may be seen in up to 15% of 
CDH survivors postdischarge [112,113]. Infants with patch 
repair for large hernias have a higher recurrence risk, espe-
cially in the first year. Bowel obstruction remains another 
complication that may be encountered in these infants, 
potentially as a result of intestinal adhesions.

Chest wall deformities and scoliosis are recognized in 
this population [112], likely arising as a result of abnor-
malities during development. Some may be severe enough 
to require surgical correction later.

Neurodevelopmental morbidities 
and outcomes

Abnormalities in neurodevelopment including neurocog-
nitive and functional delays and behavioral issues are fre-
quently observed in CDH survivors [108], necessitating 
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frequent follow-up with a developmental pediatrician. Lon-
ger duration of mechanical ventilation may predispose the 
infant to motor abnormalities at 1 year [114]. As in other 
high-risk conditions, early intervention programs, appro-
priate developmental therapies, and identification of spe-
cific problems during close follow-up in the first 5 years are 
essential to enhance neurodevelopmental outcomes. The 
AAP follow-up guidelines also include recommendations for 
neuroimaging prior to discharge and then as needed [109]. 
Neurological morbidities such as infarctions and hemor-
rhages are more common in infants who have undergone 
ECMO, placing them at higher risk for adverse neurode-
velopmental outcomes. Incidence of sensorineural hearing 
loss (SNHL) was high in CDH survivors but of late has been 
decreasing [115,116], likely reflecting improved respiratory 
practices and judicious antibiotic use. Besides the use of oto-
toxic medications, need for ECMO, prolonged ventilation 
and reflux have been associated with SNHL in CDH. A sub-
set of patients may also have conductive hearing loss [116] 
or develop late SNHL [117] in later childhood. Hence, close 
follow-up of all CDH survivors for hearing loss is essential.

Future directions and therapies

Antenatal
Stem cells in CDH: Amniotic fluid-based stem cells have been 
studied in experimental models of CDH. These multipotent 
cells are postulated to cause lung growth by direct differen-
tiation into different alveolar and vascular cell types as well 
as immune modulation [118,119]. However, these remain in 
the experimental stage and would need additional research 
and safety studies prior to being applied in practice [120].

Sildenafil, used antenatally in a nitrofen rat model 
of CDH, decreased the extent of PH and altered lung 
microstructure without causing adverse effects on retina 
or brain of the rat pups [21]. Increased VEGF and eNOS 

as well as enhanced vasodilation were noted in the pups 
with CDH. Additionally, another recent study investi-
gating timing of administration concluded that when 
given at a gestational age corresponding to 20 weeks of 
gestation in humans, antenatal sildenafil use attenu-
ated vascular remodeling by decreased muscularization 
of smaller arteries in the lung [121]. These encouraging 
results warrant further research and evaluation of antena-
tal sildenafil as a therapeutic management in infants with 
prenatally diagnosed CDH [120].

Vitamin A: The role of retinoic acid in normal diaphragm 
development has been described earlier in this chapter. 
In addition, deficiencies in retinoic acid receptors [122] 
can be seen in CDH. Most studies showing benefits from 
vitamin A administration have been done in the nitrofen 
model of CDH, which involves changes in the retinoic acid 
pathway. Although some advantages in lung structure and 
maturation are seen [123], inconsistent results are obtained 
in nonnitrofen animal models. While decreased vitamin A 
levels can be seen in infants with CDH [124], no human 
studies are available to review on this topic. Currently, it 
remains an experimental therapy.

Antioxidants like vitamin E and n-acetyl cysteine have 
shown some promise in the nitrofen rodent model of CDH 
[125]; however, these also have not been studied in humans.

Postnatal
Several medications are being investigated in adult phase II 
and III trials for PH. These include newer medications tar-
geting the endothelin (Macitentan), NO (Riociguat), and 
prostacyclin (Selexipag) pathways [70]. A tyrosine-kinase 
inhibitor imatinib has been found to improve hemody-
namics in adults with PH. While there are no large studies 
evaluation its benefits in CDH, it has been studied antena-
tally in a nitrofen model of CDH [126] and postnatally in 
an infant with CDH and intractable PHT [127,128]. More 
clinical trials are needed to improve management of this 
orphan disease.
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Care of Extremely Low Birth Weight Infants
Narendra Dereddy, MD, Kirtikumar Upadhyay, MD, Ramasubbareddy Dhanireddy, MD

Introduction

Infants born with a birth weight less than 1000 g are defined 
as extremely low birth weight (ELBW) and are typically 
born at gestational age of 27 weeks or younger. With recent 
advances in neonatal care, survival of these extremely pre-
term infants has improved and with it the challenges of 
management of associated morbidities have also increased. 
In the mid-1960s, ELBW infants had a survival rate of ∼5% 

(i.e., mortality rate was 95%) [1]. In 1960, infants who were 
born at 28 weeks of gestation were considered “previable,” 
whereas the survival rate for ELBW infants born between 23 
and 28 weeks of gestational age in the United States today 
is ∼75% [2]. Age of viability is considered to be 23 weeks 
of gestation currently with a survival rate of about 30% 
[3]. There are reports of survival with intensive care even at 
22 weeks of gestation, but the reported survival at this gesta-
tion is extremely low (<5%) and the neurodevelopmental 
outcomes are poor. The rate of preterm deliveries at the edge 
of viability is increasing; often because of the increased use 
of artificial reproductive technologies (Table 29.1).

The management of ELBW infants is a multidisciplinary 
team effort and outcomes are dependent on the quality of 
evidence-based care provided by this team comprising the 
nurses, respiratory therapists, dieticians, pharmacists, physi-
cal/occupational therapists, social worker, and physicians with 
support from many other departments of the hospital. In this 
chapter, we present the current evidenced-based practices to 
help improve the outcomes of these extremely preterm infants.

Prenatal management

Prenatal consultation
Parents anticipating preterm delivery should be met by the 
neonatologist and provided counseling. When delivery is 
expected at extremely preterm gestations (22–25 weeks of 
gestation), the obstetrician and the neonatologist should 
meet with the parents together when possible and should 
explain the expected course of their premature infant. In the 
United States, National Institute of Child Health and Devel-
opment (NICHD) calculator can be used to give guidance to 
the family on the outcomes at various gestational ages based 
on the gender, expected birth weight, singleton or multiple 
pregnancy, and receipt of antenatal corticosteroids (CSs) [4] 
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CHAPTER POINTS

•	 Care of the ELBW infant in the first hour of life  
(The Golden hour) is very important in improving their 
survival and outcomes.

•	 Prenatal corticosteroids, early surfactant use, 
and optimal ventilation strategies to avoid both 
volutrauma and atelectrauma reduce the severity of 
RDS and duration of mechanical ventilation.

•	 Early and aggressive nutrition with adequate 
provision of calories and protein to mimic intra-
uterine growth, improves both short term outcomes 
and long term neurodevelopment.
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(at https://www.nichd.nih.gov/epbo-calculator/Pages/epbo_
case.aspx). When available, local survival and developmen-
tal outcome data should be provided to the parents to help 
them make decisions.

Prenatal steroids
Prenatal CS before anticipated preterm birth is an important 
antenatal therapy that had improved the outcomes of pre-
term infants. Either betamethasone (two 12-mg doses given 
intramuscularly 24 h apart) or dexamethasone (four 6-mg 
doses intramuscularly every 12 h) should be used. A single 
repeat course should be considered if more than 14 days 
have elapsed since the first course and delivery is expected 
within the next 7 days in women who are at less than 34 
0/7 weeks of gestation. Rescue course could be provided as 
early as 7 days from the prior dose based on the clinical sce-
nario. There are robust data to support their use for antici-
pated preterm delivery between 24 0/7 and 33 6/7 weeks 
of gestation. Some observational studies and data from the 
NICHD Neonatal Research Network showed reduction in 
death, intraventricular hemorrhage (IVH), periventricular 
leukomalacia (PVL), and neurodevelopmental impairment 
(NDI) at 18–22 months for infants who had been exposed 
to antenatal CSs and born at 23 0/7 through 23 6/7 weeks 
of gestation [5–8]. At 22 0/7 through 22 6/7 weeks of gesta-
tion, no significant difference in these outcomes was noted 
(90.2% vs. 93.1%). Hence, prenatal CS may be considered 
for pregnant women starting at 23 0/7 weeks of gestation 
who are at risk of preterm delivery within 7 days, based on a 
family’s decision regarding resuscitation.

Magnesium for neuroprotection
Several clinical trials have evaluated the use of intravenous 
magnesium sulfate for neuroprotection in preterm births [9–
12]. Although none of the individual trials found evidence 
of improvement in the primary outcome of death or cerebral 
palsy, meta-analysis showed that prenatal administration of 
magnesium sulfate reduces the occurrence of cerebral palsy 
when given with neuroprotective intent (relative risk [RR], 
0.71; 95% confidence interval [CI], 0.55–0.91) [13]. American  
College of Obstetricians and Gynecologists (ACOG) rec-
ommends individual institutions should develop specific 
guidelines regarding whom to treat, treatment regimens, and 
monitoring in accordance with one of the larger trials [14]. 
At our institution, we use MgSO4 for neuroprotection for 
30 weeks and lower gestational ages and preterm delivery is 
expected within 24 h. The doses used are a loading dose of 
4 g followed by a maintenance dose of 2 g/h for up to 12 h.

Delivery room care of the ELBW 
neonate (Fig. 29.1)

Temperature maintenance
Hypothermia after delivery is common, particularly in 
ELBW infants and is associated with increased mortality 
and morbidity, including respiratory distress syndrome 
(RDS), metabolic derangements, and IVH [15–18]. ELBW 
infants have a tendency to become hypothermic due to 
high surface area to volume ratio, lack of subcutaneous 
fat, poorly keratinized immature epidermis, and lack of 
brown adipose tissue. Maintaining appropriate body tem-
perature (36.5–37.5°C) in the delivery room (DR) is one 
of the important supportive therapies for ELBW infants 
that can improve their outcomes using minimal resources. 
With each fall in axillary temperature by 1°C, there is 28% 
increase in neonatal mortality [19].

DR temperature should be maintained at 77–79°F (25–
26°C) prior to the infant’s delivery and during resuscitation. 
Radiant warmer should be turned on to 100% power prior to 
delivery and all the surfaces that the infant is going to come 
in contact with should be warm to prevent conductive heat 
losses. Chemical warming blankets/mattresses should be 
used when available. Infant’s head should be covered with 
a prewarmed double cap soon after birth. They should also 
be covered with polyurethane sheet or bag up to the neck 
without prior drying to prevent evaporative heat and main-
tain humidity [20–22]. This measure will have the added 
benefit of preventing insensible water losses. Commercially 
available materials like neowraps (Fisher and Paykel, USA) 
are commonly used in the United States, but any transparent 
polyurethane material or bag can be used for this purpose. 

Table 29.1  Evolution of neonatal–perinatal medicine

1940–50 Infants <1 kg were classified as stillborn

1950s Introduction of Apgar scores made these 
infants live-born but previable and allowed to 
die without technologic intervention

1960s 1 kg limit persisted until the widespread use of 
mechanical ventilation in the late 1960s

1970s Limit of viability started rolling back

1980s Survivors with GA of 24 weeks and BW of 
500–600 g were rare

1990s Introduction of Surfactant/antenatal steroids
Survivors with GAs of 24 weeks and BWs of 
500–600 g were common

2000s Limit of viability rolled back further up to 24 
weeks of gestational age and 500 g birth weight

2010s Pushing the edge of viability to 22 weeks.

BW, Birth weight; GA, gestational age.

https://www.nichd.nih.gov/epbo-calculator/Pages/epbo_case.aspx
https://www.nichd.nih.gov/epbo-calculator/Pages/epbo_case.aspx
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Prewarmed transport incubators should be used to transport 
the infant to the NICU. Once in the NICU, these infants 
should be cared in an incubator with 70%–80% humidity 
for the first week of life and 40%–50% afterward.

Placental transfusion after birth
Allowing extra blood transfusion soon after birth from 
placenta increases the neonate’s blood volume, improves 
left ventricular (LV) contractility, and hence hemodynamic 
stability [23–25]. The two methods employed for placental 
transfusion after birth are delayed umbilical cord clamping 
and umbilical cord milking, with the former being well-
studied and commonly used.

Delayed umbilical cord clamping

A recent systematic review indicates that delaying cord 
clamping (DCC) up to 3 min in vigorous preterm babies 
significantly reduces hemodynamic instability, improves 
cerebral circulation, reduces IVH all grades, necrotizing 
enterocolitis (NEC), and the need for transfusions, although 
peak serum bilirubin was higher in the transfused group. 
However, no clear differences were found in the primary 

outcome of death, severe IVH or PVL [26]. International Liai-
son Committee on Resuscitation (ILCOR) and ACOG have 
recently recommended delaying umbilical cord clamping in 
vigorous term and preterm infants for at least 30–60 s after 
birth [27]. Infant should be held at or below the level of the 
placenta although a recent trial in term infants born vagi-
nally and placed on the maternal chest or abdomen did not 
find any difference in the volume of placental transfusion. 
Hence, skin-to-skin contact soon after delivery is appropriate 
while waiting for delayed cord clamping. In case of C-sec-
tion, infant can be laid on the maternal abdomen or the legs 
or can be held by the obstetrician close to the level of the 
placenta. While waiting for cord clamping, the neonatal and 
obstetric teams should evaluate the baby’s tone and breath-
ing and initial steps of resuscitation such as drying, clearing 
the airway, and stimulating the infant should be performed. 
Infant should be wrapped in a clear polyethylene plastic 
sheet or placed in a plastic bag to prevent hypothermia. 
Current recommendations are to proceed with immediate 
cord clamping if the infant needs further resuscitation, but a 
recent study by Katheria et al. showed that ventilation while 
awaiting DCC was feasible without any adverse effects [28]. 
If the placental perfusion is impaired in conditions such as 
placental abruption, cord clamping should not be delayed.

Fig. 29.1 Delivery Room Management of ELBW Infants.
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Umbilical cord milking

Umbilical cord milking or stripping achieves placental 
transfusion in a rapid time frame, usually less than 10–15 s 
compared to DCC [29–31]. It may have advantages when 
the infant is depressed at birth and needs immediate resus-
citation. However, umbilical cord milking has not been 
studied as rigorously as delayed umbilical cord clamp-
ing. A recent meta-analysis involving 501 preterm infants 
comparing umbilical cord milking with immediate cord 
clamping found that infants in the umbilical cord-milking 
groups had higher hemoglobin levels and decreased inci-
dence of IVH with no increase in adverse effects [32]. The 
method of umbilical cord milking varied considerably in 
the trials in terms of the number of times the cord was 
milked, the length of milked cord, and whether the cord 
was clamped before or after milking. Another recent trial 
evaluating infants born before 32 weeks of gestation found 
that among those infants born by cesarean delivery, umbili-
cal cord milking was associated with higher hemoglobin 
levels and improved blood pressure compared with those 
in the delayed umbilical cord clamping group, but the dif-
ferences were not seen among those born vaginally [33]. 
Currently, there is insufficient evidence to either support 
or refute umbilical cord milking in term or preterm infants 
but should be considered in preterm infants who needs 
resuscitation and cord clamping cannot be delayed.

Respiratory support in the DR
ELBW neonates frequently require respiratory support in the 
DR due to poor respiratory drive, poor muscle strength, and 
structurally and functionally immature lungs. Goal of respira-
tory support in the DR should be to maintain airway patency, 
establish and maintain an adequate functional residual 
capacity (FRC) and adequate ventilation. They are frequently 
intubated and given positive pressure ventilation (PPV) 
through an endotracheal tube (ETT). Although it helps in the 
DR stabilization, PPV, more so invasive mechanical ventila-
tion can result in lung injury from barotrauma, volutrauma, 
and predispose these infants to chronic lung disease [34,35]. 
Noninvasive modes of respiratory support (nasal CPAP) in a 
spontaneously breathing infant can avoid lung damage and 
are being increasingly used in extremely preterm infants.

CPAP

CPAP should be the initial respiratory support to all ELBW 
infants with respiratory distress. It helps the spontaneously 
breathing preterm infant by several mechanisms: (1) it main-
tains airway patency by splinting and dilating the upper air-
way, thereby preventing obstructive apnea; (2) reduces the 
work of breathing by decreasing airway resistance and by 
stenting the compliant chest wall of the preterm infant; and 
(3) improves ventilation perfusion matching by maintaining 
FRC and by preventing repeated alveolar collapse and expan-
sion; it reduces protein leak and hyaline membrane formation 
[36,37]. CPAP should be maintained at all times in nonintu-
bated infant including during transport from the DR. Several 
large randomized controlled trials (COIN, SUPPORT, and 
VON DR management trials) compared the early CPAP strat-
egy with immediate intubation and surfactant administration 
[38–40]. In all these trials, early CPAP use with selective intu-
bation and surfactant administration had similar outcomes 
compared to early intubation with surfactant administration 
and mechanical ventilation. In a pooled analysis of RCTs, 
early CPAP use was associated with a small but statistically 
significant reduction in BPD or death compared to early-intu-
bated group. There was increase in the incidence of air leaks in 
the CPAP group in the COIN trial where a PEEP of 8 cmH2O 
was used; hence, we recommend an initial PEEP of 5 cmH2O 
and increase up to 6 cmH2O if there is poor response.

PPV in the DR

In infants requiring PPV due to either apnea or poor response 
to CPAP, use of T-piece resuscitator is recommended to be 
able to monitor the pressures being delivered [41]. A starting 
PIP of 16–18 cmH2O is recommended and can be adjusted 
based on response. When self-inflating or flow inflating 
bags are used for delivering PPV, a manometer should be 
used to monitor the pressures being delivered [42,43]. Vis-
ible chest rise is not always seen in ELBW infants and exces-
sive pressures may be used if chest rise is used as criteria 
for effective PPV. A second resuscitator should listen for 
breath sounds to evaluate for effective PPV. If prolonged 
PPV is required (greater than 5 min) or if the infant is not 
responding to mask PPV, infant should be intubated and 
once stable, surfactant should be administered.

Suggested initial settings for PPV in the delivery room

FiO2 PEEP (cmH2O) Ti (s) PIP (cmH2O) Rate

Initial settings 0.3 5 0.3 18* 40–60

Escalate if no 
response

In increments of 0.1 (increase 
to 1.0 if needing chest 
compressions)

6–7 0.35 Increase if there is no 
adequate air entry 
increments of 2 up to 25

40–60

*For infants below 25 weeks of gestation, consider lower PIP.
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Sustained lung inflation

Sustained lung inflation (SLI) is a lung recruitment strategy 
in the DR where high inflation pressure is maintained for 
a prolonged period soon after birth to clear the lung fluid 
and establish a FRC [44]. RCTs comparing SLI to intermit-
tent PPV (IPPV) in extremely preterm infants have used 
inspiratory pressures between 20 and 30 cmH2O sustained 
for 10–15 s and used for one to three breaths [45–49]. 
The results of these trials are mixed with some showing 
a short-term improvement, while others did not find any 
difference. A meta-analysis of these trials did not show a 
significant difference in the rates of BPD or death between 
the SLI and the IPPV groups [50]. Till further data are avail-
able, we do not recommend SLI for lung recruitment and 
advocate early use of CPAP for this purpose.

Sustained lung inflation parameters

PIP Duration Breaths

20 cmH2O 15 s 1–3

Use of oxygen and pulse oximeter in the 
delivery room

Oxygen should be judiciously used in ELBW infants as 
they have poor antioxidant defense mechanisms. Free 
radicals from excess O2 can cause lung damage by inflam-
mation and subsequent fibrosis [51,52]. FiO2 should be 
titrated based on the preductal pulse oximetry to tar-
get saturation goals in the reference range based on the 
study by Dawson and coworkers and recommended by 
ILCOR [53–55]. Pulse oximetry is now widely employed 
in the DR to objectively evaluate newborn postnatal arte-
rial oxygen saturation and is recommended by ILCOR. 
The sensor is preferably put on the right hand or wrist to 
evaluate oxygenation of preductal blood. Sensor should 
be protected from intense light to avoid false readings. 
Reliable readings can be mostly achieved within 60–90 s 
after birth. Extremely preterm infants may take longer to 
achieve the target O2 saturation as the reference values are 
based on term infants and moderately preterm infants. 
As long as the heart rate is improving, we suggest using 
oxygen conservatively. Meta-analysis of RCTs comparing 
initial administration of low (0.21–0.3) versus high FiO2 
(0.65–1.0) showed no significant difference in the BPD 
rates or mortality rates between the two groups [56–60]. 
The 2015 ILCOR recommends starting resuscitation for 
preterm infants with a low FiO2 concentration between 
0.21 and 0.30 and titrating based on preductal oxygen 
saturations. Oxygen should be titrated up to 100% before 
escalating the infant’s resuscitation to chest compressions 
and/or epinephrine administration [27].

Preductal O2 saturation targets in the first 10 min of 
life [27]

Time after birth (min) Target SpO2 range

1 60%–65%

2 65%–70%

3 70%–75%

4 75%–80%

5 80%–85%

10 85%–95%

Surfactant administration

Introduction of surfactant as an efficient therapy for RDS in 
the early 1990s resulted in a significant reduction in neona-
tal mortality and early respiratory morbidity [61]. Surfactant 
administration in extremely premature infants with inade-
quate endogenous surfactant reduces the alveolar surface ten-
sion, prevents atelectasis and hyaline membrane formation. 
Both animal-derived and synthetic surfactants are available. 
Animal-derived surfactants are superior to synthetic ones but 
some of the second-generation synthetic surfactants are at 
least not inferior to the animal-derived surfactants [62]. Por-
cine-derived surfactant showed better outcomes compared 
to the bovine minced lung surfactant, likely because of the 
higher initial dose of surfactant protein B used in porcine-
derived surfactant studies [63]. Newer synthetic surfactants 
containing peptide analogs of surfactant protein B and C 
are currently being studied [64,65]. The timing of surfactant 
administration for the prevention and/or treatment of RDS 
are controversial. It can be administered prophylactically 
within minutes after birth, or as a rescue treatment after the 
signs and symptoms of RDS manifest. Both prophylactic and 
early rescue treatments (within 2 h after birth) have compa-
rable outcomes [66]. Recent studies have supported initial 
CPAP therapy without prophylactic surfactant administra-
tion in managing RDS in ELBW infants [67]. There is a high 
CPAP failure rate in these infants, especially those born at or 
below 26 weeks of gestation. If the infant needs endotracheal 
intubation for resuscitation or due to respiratory failure, sur-
factant should be administered. Despite the early use of sur-
factant, the incidence of BPD has not changed. This might 
be due to structural immaturity of the premature lungs and 
the lung injury caused by PPV. To minimize mechanical ven-
tilation and hence lung injury leading to BPD, INSURE tech-
nique (intubation, surfactant, and rapid extubation to CPAP) 
has been proposed [68]. But ELBW infants have a high failure 
rate with INSURE and may need continued invasive mechan-
ical ventilation. To completely avoid ET intubation and 
PPV, recently studies have used a thin catheter or a feeding 
tube inserted into the trachea under direct visualization 
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and administering surfactant in the spontaneously breath-
ing infant. These minimally invasive surfactant treatment or 
less invasive surfactant administration techniques (MIST and 
LISA) have shown improved short-term outcomes, but no 
difference in the long-term outcome of BPD [69–73].

Golden hour (Fig. 29.2). The phrase “The Golden Hour” 
is a term borrowed from emergency and cardiovascular med-
icine and refers to the first hour of an infant’s life following 
delivery. During this time period of an infant’s life, there is 
a profound and critical transition period of adaptation that 
takes place. Analyses of videotaped resuscitations suggest 
that management during this period of transition in very low 
birth-weight infants may impact long-term outcomes, and 
that care during this time frame should be optimized. Com-
ponents of “Golden hour” for ELBW infants should include 
thermoregulation, respiratory management (judicious oxy-
gen use, establish and maintain FRC: CPAP and early surfac-
tant administration), early intravenous access for initiation 
of glucose and amino acid infusions and early administra-
tion of antibiotics where indicated. Quality improvement 
initiatives following the golden hour approach have shown 
improvements in outcomes such as admission temperature, 
BPD, and ROP in ELBW infants [74–76].

Management of RDS

ELBW infants with RDS may require respiratory support 
ranging from nasal cannula oxygen to high-frequency 
ventilation. The following strategies in ELBW infants will 
help minimize volutrauma from mechanical ventilation 
and decrease the incidence of bronchopulmonary dys-
plasia.

Early caffeine therapy
Inadequate respiratory effort and drive can contribute to 
failure of noninvasive ventilator strategies in ELBW infants. 
A loading dose of caffeine (10 mg/kg of caffeine base) 
should be administered as soon as possible (within an 
hour of birth preferably). The caffeine for apnea of prema-
turity trial showed a significantly less BPD in the caffeine 
group and is probably attributable to the less PPV in the 
infants in the caffeine group [77]. Two small RCTs showed 
caffeine administration with in first few minutes compared 
to first 2 h showed improved short-term respiratory out-
comes in the early caffeine group [78,79].

Fig. 29.2 Golden Hour Components for ELBW Infants. IWL, insensible water loss; PIP, positive inspiratory pressure.
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Gentle ventilation strategies
Despite early surfactant use and CPAP use, a significant 
proportion of ELBW infants require mechanical venti-
lation. Even short durations of mechanical ventilation 
with high intrathoracic pressures and tidal volumes can 
cause overstretching of the lung tissues resulting in lung 
injury. Volutrauma results in local inflammatory response, 
edema followed by healing with fibrosis resulting in 
changes of BPD. It can also result in pulmonary air leaks 
such as pneumothorax or PIE. It should be stressed that 
while volutrauma can be harmful to the premature lung, 
atelectrauma should also be avoided as it can also cause 
respiratory failure from leaking of the fluid into the col-
lapsed air spaces and hyaline membrane formation. Hence 
in these infants, gentle ventilation strategies to minimize 
volutrauma and lung injury should be adapted. The com-
pliance of a canalicular lung in an ELBW infant is lower 
compared to the saccular/alveolar lung of a term infant. 
Also the time constant of the poorly compliant lung with 
RDS is low and hence lower inspiratory times with high 
respiratory rate are well tolerated. Tidal volumes should 
be monitored when available and volumes in the physi-
ologic range (4–6 mL/kg) should be targeted. Higher tidal 
volumes results in volutrauma while lower volumes can 
cause atelectasis as well as hypercapnia due to dead space 
ventilation and worsening ventilation perfusion imbal-
ance. Adequate PEEP (generally 4–6 cmH2O based on 
the chest X-ray findings) should be used to prevent atel-
ectrauma. Peak inspiratory pressure and tidal volumes 
should be weaned before weaning respiratory rate. If the 
infant is requiring higher peak pressures to maintain ven-
tilation (PIP of 25 cmH2O and above in an ELBW infant) 
and the pressure volume loops show flattening or breaking 
at higher pressures, high-frequency ventilation should be 
considered.

Permissive hypercapnia
Permissive hypercapnia involves allowing PCO2 to be 
higher than the physiological normal values (>45 mmHg), 
thereby allowing ventilation using lower tidal volumes and 
preventing ventilator-induced lung injury (VILI). PCO2s 
of 45–55 mmHg as long as the pH is 7.25 and higher are 
well tolerated by preterm infants. It facilitates weaning 
from mechanical ventilation and earlier extubation thus 
breaking the vicious cycle of mechanical ventilation → 
Lung injury → More mechanical ventilation. Since pre-
term infants have some degree of proximal renal tubular 
acidosis (RTA) and do not have renal compensation capa-
bility of conserving bicarbonate in response to respiratory 
acidosis, acetate can be given in the fluids to compensate 
for respiratory acidosis. Although it is commonly prac-
ticed and can minimize VILI, Carlo and coworkers found 

no difference in a RCT in the incidence BPD between the 
permissive hypercapnia groups (>52 mmHg) and the 
control groups (<48 mmHg) [80]. Thome et al. compared 
a higher PCO2 target of 55–75 mmHg with slight permis-
sive hypercapnia (40–60 mmHg) and found no difference 
in the incidence of BPD or death between both the groups 
[81]. In the COIN trial, infants in the CPAP group were 
intubated only if arterial pH was less than 7.25 with a par-
tial pressure of arterial carbon dioxide (PaCO2) of more 
than 60 mmHg. CPAP infants received less mechanical 
ventilation and fewer infants in the group were O2 depen-
dent at 28 days. Meta-analysis of four trials that compared 
permissive hypercapnia with normocapnia enrolling 693 
ELBW infants did not show any difference in the incidence 
of BPD or adverse outcomes such as mortality, IVH, PVL, 
NEC, ROP, and neurodevelopmental outcomes between 
the permissive hypercapnia and normocapnia groups 
[82]. We recommend PCO2 of 45–55 mmHg for arte-
rial blood gas and 45–60 mmHg for capillary blood gas, 
with a pH target of 7.25 and higher in intubated infants. 
A higher PaCO2 could perhaps be acceptable in infants 
on noninvasive respiratory support to avoid invasive 
mechanical ventilation as long as their work of breathing 
is not excessive and their oxygen requirements are reason-
able (<50% O2).

Suggested target blood gas values in ELBW infants

Target blood gases in ELBW infants with 
RDS

Capillary blood gas

 Target pH 7.20–7.40

 Target PCO2 45–60 mmHg

Arterial blood gas

 Target pH 7.25–7.4

 Target PaCO2 45–55 mmHg

SpO2

 Target 90%–95%

 Alarm limits 85%–95%

Synchronized mechanical ventilation
Advances in technology have allowed us to use patient 
triggered ventilation where mechanical ventilator breaths 
are synchronized with infant’s spontaneous respiratory 
effort [83]. Current ventilators use changes in the flow in 
the ventilator circuit to detect infant’s respiratory efforts. 
Synchronized ventilation has been shown to reduce 
hypoxemic events, decrease work of breathing, decrease 
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sedative/analgesia use, and shorter duration of mechani-
cal ventilation, while improving gas exchange compared 
to nonsynchronized modes such as continuous or inter-
mittent mandatory ventilation [84–86]. Most commonly 
used modes of patient triggered ventilation in neonates are 
Synchronized Intermittent Mandatory Ventilation (SIMV), 
Assist Control (AC) and Pressure Support Ventilation 
(PSV). Each of these modes can be used with volume guar-
antee option.

SIMV

The respiration rate of the ventilator is fixed to the set rate. 
Between the ventilator inflations, the baby can breathe 
spontaneously on the positive end-expiratory pressure 
level and in some ventilators can be supported by addi-
tional inspiratory pressure to overcome the resistance of 
the ETT. The set ventilator inflations per minute are syn-
chronized with the spontaneous respiration of the baby. 
The duration of the inspiration (inspiratory time) is fixed 
and determined by ventilator setting. In case of an apnea 
most of the available ventilators are time cycled and ven-
tilate the patient with the set rate determined by set TI 
and TE.

A/C

Each breath is assisted by the ventilator with a predefined 
level of peak inspiratory pressure. The duration of the inspi-
ration (inspiratory time) is fixed and determined by venti-
lator setting. The respiration rate can be controlled by the 
patient. In case of apnea, most of the ventilators are time 
cycled and ventilate the patient with the set rate.

PSV

PSV is similar to A/C with the exception that the dura-
tion of the inspiration (inspiratory time) is automatically 
adjusted to the patient’s inspiratory time. End of inspira-
tion is determined by the diminution of inspiratory flow 
below 15% of the peak inspiratory flow of the same cycle. 
Therefore, the patient can control the respiration rate and 
the inspiratory time.

At higher respiratory rates in the acute phase of RDS, 
all these modalities provide similar support. During the 
weaning phase, as respiratory rate is decreased, work of 
breathing is increased in SIMV as fewer breaths are fully 
supported and infant has to work against the resistance of 
the ET. Addition of pressure support to the spontaneous 
breaths mitigates this effect to some extent. RCTs compar-
ing AC with SIMV in the recovery phase of RDS showed 
faster weaning with AC mode of ventilation. Greenough 
and coworkers recently published a meta-analysis of 22 
randomized or quasirandomized control trials of various 

ventilation modes in newborns (mostly preterm infants) 
[87]. Both AC and PSV modes compared to SIMV were 
associated with a trend toward shorter duration of wean-
ing from mechanical ventilation, but there was no differ-
ence in the incidence of BPD or death with these modes. 
Shefali-Patel et al. found no differences between A/C and 
PSV modes on the duration of weaning or work of breath-
ing [87].

Volume-targeted ventilation
Continuous flow, time cycled, pressure limited ventilation 
is the most commonly used ventilator mode in neonates 
as small tidal volumes cannot be reliably delivered in these 
small infants. Volumes delivered in this mode depend on 
the peak inspiratory pressure, inspiratory time, lung com-
pliance and resistance, and the resistance of the ETT. This 
results in a wide range of breath-to-breath tidal volume 
variations which puts the preterm lungs at risk of over dis-
tension as well as atelectasis. Improved lung compliance 
after surfactant administration can lead to over distension 
and hypocarbia. Improvement in the ventilator micropro-
cessor technology has allowed us to use volume-targeted 
ventilation. Volume guarantee ventilation is a mode of 
volume-targeted ventilation where the microprocessor 
compares exhaled tidal volumes from the previous breath 
and increases or decreases the pressures to achieve the tar-
get tidal volume. Targeting tidal volumes results in uni-
form volumes and as the lung compliance improves, peak 
pressures required to achieve the tidal volumes decrease 
allowing for auto weaning. Tidal volumes in the range 
of 4–6 mL/kg of body weight seem to be most appropri-
ate in preterm infants with RDS. Care should be taken to 
minimize the dead space of the ETT in ELBW infants by 
trimming the ETT (trim to leave about 2 in outside the 
lip). Infant with BPD may require higher tidal volumes 
due to increased dead space from the dilated airways. In a 
recent systemic review and quasi-RCTs of volume-targeted 
ventilation compared to pressure limited ventilation 
showed infants in the volume-targeted ventilation modes 
had reduced duration of mechanical ventilation, reduced 
incidence of BPD, failure of primary mode of ventilation, 
hypocarbia, severe IVH, pneumothorax, and PVL [88].

High-frequency ventilation
High-frequency ventilation involves using very low tidal 
volumes at supraphysiological frequencies with the 
aim of minimizing volutrauma to the immature lung. 
High-frequency oscillatory ventilator (HFOV) and high-
frequency jet ventilator (HFJV) are the two types of high-
frequency ventilators commonly used in clinical practice. 
Earlier RCTs comparing HFOV and conventional venti-
lation (CV) showed no difference in the pulmonary or 
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neurodevelopmental outcomes. A recent Cochrane review 
by Cools et al. comparing elective HFOV and CV showed 
a small reduction in CLD, but the evidence was weakened 
by inconsistency of the effect across trials [89]. There was 
increased incidence of pulmonary air leaks in the HFOV 
group, whereas the risk of severe retinopathy of prematu-
rity (ROP) was significantly reduced. Although there was 
an increased risk of severe grade IVH and PVL in some 
studies, the overall meta-analysis revealed no significant 
differences in effect between HFOV and CV [90,91]. Most 
trials did not find a significant difference in long-term neu-
rodevelopmental outcome with HFOV [92,93], although 
one recent trial showed a significant reduction in the risk 
of cerebral palsy and poor mental development [94]. Data 
from the UK oscillatory study group showed better lung 
function in the HFOV group compared to the CV group 
[94]. Studies comparing HFJV and conventional mechani-
cal ventilation are few. Keszler et al. found that HFJV to be 
more effective compared to CV in the treatment of new-
borns with pulmonary interstitial emphysema (PIE) with 
faster radiographic resolution of PIE with HFJV [95]. Also 

HFJV resulted in improved ventilation at lower peak and 
mean airway pressures. The same group in a separate RCT 
found a reduced incidence of BPD when HFJV was com-
pared with CV for uncomplicated RDS, although there 
was no difference in the incidence of air leaks [96]. Long-
term pulmonary and neurodevelopmental outcomes after 
HFJV have not been reported. We use HFOV and HFJV as 
rescue therapies when tidal volumes greater than 6 mL/
kg (or PIP > 25–28 cmH2O) at maximal rate (60/min) 
cannot achieve adequate ventilation, with HFJV preferred 
over HFOV when PIE is present.

Suggested ventilator management 
of RDS (Fig. 29.3)

Initial (recruitment) phase

The goal of ventilation in this early phase is to minimize 
volutrauma, prevent atelectasis, and maintain FRC. Also 
goal should be to extubate the infant to noninvasive respi-
ratory support when possible.

Fig. 29.3 Suggested Algorithm for Respiratory Support in ELBW Infants With RDS.
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Suggested initial conventional ventilator parameters

Type of ventilation PEEP (cmH2O) Ti PIP (cmH2O) Tidal volume Rate

Volume guarantee or 
PRVC

5 0.25–0.35 s PIP limit of 2–4 cmH2O 
above prior settings

5 mL/kg 40

Pressure control 
ventilation

5 0.25–0.35 s Start at 14–16 (adjust 
pressures to target volume 
of 5–6 mL/kg)

Monitor 
volumes 
delivered

40

PRVC, Pressure-regulated volume control. AC or PSV modes are preferred over SIMV.

Suggested conventional ventilator adjustments

Ventilator parameter Increase Decrease Maximum Minimum

PEEP (cmH2O) By increments of 1 for 
FiO2 > 40% or atelectasis 
or lung expansion < 8 
ribs on chest X-ray

If FiO2 < 30% or lung 
expansion > 10 ribs on 
chest X-ray

8 4

PIP (cmH2O) By 1–2 cm for high PCO2 Wean by 1–2 cm for low 
PCO2

25 12

Tidal volume  
(VG/APV/PRVC modes)

Increase by 0.5 mL/kg for 
high PCO2

Wean by 0.5 mL/kg for 
low PCO2

6 mL/kg 4 mL/kg

Respiratory rate (breaths/
min)

Increase by 5–10 for high 
PCO2

Decrease by 5 for low 
PCO2

60 20

Ti (s) By 0.05 for atelectasis 
and/or increased FiO2

To 0.25–0.3 for PIE or air 
trapping or in extremely 
preterm infants  
(23–25 weeks of gestation)

0.4 0.25 s

APV, Adaptive pressure ventilation; PRVC, pressure regulated volume control; VG, volume guarantee.

Suggested initial high-frequency oscillator (HFOV) parameters for ELBW infants

HFOV settings MAP (cmH2O) Amplitude IT Frequency (Hz)

Initial settings 2 cmH2O above the MAP being 
delivered on conventional 
ventilator (titrate based 
on oxygenation and CXR) 
(target lung expansion of 7–9 
intercostal spaces on X-ray)

Start at twice the MAP 
value and adjust to 
target a good chest 
vibration (titrate to 
achieve target PCO2)

33% 14–15 (may decrease for 
poor ventilation despite 
optimal amplitude)

Suggested adjustments for high-frequency oscillator parameters

Setting Increase Maximum Decrease Minimum

MAP (cmH2O) Increase by 1 cm increments for 
persistent FiO2 requirements >0.4 and/
or underexpanded lung fields on CXR 
(<8 ribs expansion)

20 Overexpansion (>10 
ribs expanded) or 
FiO2 < 30%

8
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Setting Increase Maximum Decrease Minimum

Amplitude (∆P) Increments of 2 units for hypercapnia 
(see target PCO2)

50 Decrease for 
PCO2 < 45 mmHg

16

Frequency (Hz) PCO2 < 45 mmHg (after weaning 
amplitude)

15 PCO2 > 55 mmHg 
(after adjusting 
amplitude)

12

Guidelines for high-frequency jet ventilator use in ELBW infants

Parameter Initial setting Increase Wean

Jet PIP (cmH2O) 2 cmH2O below conventional 
PIP and if was not ventilating 
well, start at or 2–4 cm above 
the conventional PIP

Increase as needed in 
increments of 2 cm for 
high PCO2

Wean as tolerated if PCO2 is within 
desired range
When weaning PIP, increase MAP 
by increasing PEEP if oxygenation 
is affected

Jet rate (per min) 420 Lower rates for severe PIE with 
hyperinflation (lower by 60: do not 
decrease below 300)

PEEP (cmH2O) 7–12 cmH2O Increase to improve 
oxygenation

Wean if FiO2 < 0.30 or if chest 
X-ray shows hyperexpanded lungs 
(>10 ribs)

Conventional rate 
(backup rate or 
sigh breaths)

5 breaths/min; drop to 
0–3 breaths/min once stable

Increase up to 10 as 
needed to reverse 
atelectasis. Should not 
remain >5 for more 
than 30 min

Minimize to prevent volutrauma
Avoid conventional breaths in the 
presence of air leaks

Conventional PIP As needed for adequate chest 
rise

Increase to reverse 
atelectasis

Minimize to prevent volutrauma

Jet I-time 0.02 s Increase up to 0.24 for  
inadequate ventilationConventional Ti 0.35–0.4 s

Stable phase

Once stable ventilator settings have been achieved (stable 
blood gases and oxygenation with adequate lung recruit-
ment) and infant’s lung disease severity does not allow quick 
weaning off invasive mechanical ventilator support; the goal 
should be to provide adequate nutrition, maintain good 
lung expansion, and wait for the pulmonary mechanics to 

improve before further weaning. Attempts to wean support 
prematurely can result in atelectasis and further worsening 
of respiratory status. If the infant is on volume control mode 
of ventilation, peak pressures would decrease once the pul-
monary compliance improves, signaling infant’s readiness for 
weaning respiratory support. On pressure control modes of 
ventilation, blood gases show improvement over time and 
pressures can be gradually weaned.

Goals during stable phase of RDS

Parameter Goal Respiratory mode Adjustment

Chest X-ray 8–10 ribs expansion and prevent  
atelectasis

NIPPV/Conventional ventilation/HFJV PEEP

HFOV MAP
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Parameter Goal Respiratory mode Adjustment

PaCO2 45–55 mmHg NIPPV/Conventional ventilation PIP, rate

HFJV PIP

HFOV Amplitude, 
frequency

SpO2/FiO2 90%–95%/<0.4 NIPPV PEEP

Conventional ventilation PEEP/Ti

HFJV PEEP

HFOV MAP

HFJV, High-frequency jet ventilator; HFOV, high-frequency oscillatory ventilator; NIPPV, noninvasive positive pressure ventilation.

Respiratory support—weaning phase

Once the compliance improves and respiratory mechanics 
improve, ventilator support should be gradually weaned 
with the aim to extubate. Infants on HFJV or oscillator can 
be weaned and extubated directly to CPAP or NIPPV, but 
often clinicians prefer to transition to conventional ventila-
tor before extubation.

Extubation criteria for infants on mechanical ventilation

Conventional 
ventilation

•	 FiO2 < 0.4
•	 MAP	< 10 cmH2O
•	 RR	< 30/min

High-frequency 
oscillator

•	 FiO2 < 0.4: PaCO2 < 55 mmHg
•	 MAP	< 10 cmH2O
•	 Amplitude	< 20

High-frequency  
jet ventilator

•	 FiO2 < 0.4: PaCO2 < 55 mmHg
•	 MAP	< 10 cmH2O
•	 Jet	PIP	< 20

Management of pulmonary air leaks

Preterm infants with RDS are prone to develop pulmonary 
air leak syndromes such as PIE, pneumothorax, pneumo-
mediastinum, and pneumopericardium. The cornerstone 
of management of these conditions is to decrease mean 
airway pressure (by lowering PIP, PEEP, and Ti), evacua-
tion of air if there is hemodynamic or respiratory compro-
mise and use of high-frequency ventilation for refractory 
air leaks. Tolerate higher FiO2 and higher PaCO2 values 
so as to decrease the MAP and minimize barotrauma 
and volutrauma. A sudden hemodynamic and/or respi-
ratory compromise in a ventilated infant should prompt 
the suspicion for pneumothorax. It can be confirmed by 
clinical exam (chest asymmetry, diminished breath sounds 
on the affected side, and shifted heart sounds to the unaf-
fected side), transillumination, or chest radiograph. Symp-
tomatic pneumothorax should be treated with needle 

aspiration (using a 23 or 25-gauge butterfly needle or 22 
or 24-gauge intravenous catheter) and/or chest tube drain-
age. Needle aspiration may be curative for infants either 
not on mechanical ventilation or those on low pressures 
on mechanical ventilation (MAP < 10 cmH2O); for infants 
on higher pressures on mechanical ventilation, it is a tem-
porizing measure and a chest tube should be inserted for 
continuing air leak. We typically discontinue suction to the 
chest tube once there is no air drainage for 24–48 h and 
leave it to water seal for another 12–24 h before removing 
it. Pneumomediastinum is often self-limiting and does not 
require specific drainage procedures. Pneumopericardium 
is the least common form of air leak and can cause fatal 
pericardial tamponade. Asymptomatic infants should be 
monitored closely for changes in pulse pressure and with 
frequent chest radiographs until pneumopericardium 
resolves. Symptomatic infants should be treated with 
needle pericardiocentesis followed by pericardial drain-
age tube placement for persistent tamponade. PIE often 
develops in the first 48 h after birth and is treated conser-
vatively by lowering the mean airway pressure and use of 
high-frequency ventilation. Unilateral PIE may improve by 
positioning the infant with the affected lung dependent 
or in refractory severe localized PIE by selective bronchial 
intubation of the unaffected side.

Postextubation respiratory support

Postextubation from invasive mechanical ventilation, ELBW 
infants need to be supported by adequate PEEP to prevent 
atelectasis. Use PEEP level 1–2 cm above what was being 
used prior to extubation. PEEP can be delivered by a variety 
of CPAP devices such as bubble CPAP, flow driver CPAP 
devices or via high-flow nasal cannula (2–4 L/min). Non-
invasive PPV using RAM cannula has been used recently 
with good success and has been shown to decrease extuba-
tion failure compared to only CPAP use. We recommend 
extubating to CPAP first and recommend using NIPPV 
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only if the infant is having frequent apneas or if respiratory 
acidosis worsens. We start with NIPPV rate of 40 breaths/
min and peak inspiratory pressure of 20–24 cmH2O and 
wean based on blood gases. As most of the currently avail-
able NIPPV devices are nonsynchronized, we recommend 
weaning the rate and attempt CPAP once the infant has 
been stable on a rate of 20 breaths/min. 

Neurally adjusted ventilatory assist. Neurally 
adjusted ventilatory assist (NAVA) is a newer mode of syn-
chronized ventilation that can be applied for both inva-
sive and noninvasive forms of ventilation. NAVA delivers 
ventilatory assistance proportional to the respiratory effort 
and in synchrony to the patient’s effort [97]. A catheter 
inserted in the esophagus measures the electrical activity 
of the diaphragm (Edi) and relays it to the ventilator. Ven-
tilator then delivers synchronous breath with the electrical 
activity (once the Edi crosses the trigger level) and propor-
tional to the Edi. The pressure delivered is derived by the 
formula: NAVA level ×  (Edi signal − Edi min) + PEEP. 
When the Edi signal has fallen to 70% of its peak value, 
the patient is allowed to exhale and the ventilator no lon-
ger offers any assist until the next breath is initiated and 
the trigger level is again reached. Hence the delivered pres-
sure, inspiratory time and respiratory rate are determined 
by the infant. Studies have shown that NAVA improved 
patient–ventilator synchrony and improved short-term 

outcomes (lower FiO2, decreased frequency and duration 
of desaturations, lower PIP), but studies on long-term 
outcomes are lacking [98–100].

Management/prevention of 
nonrespiratory complications in 
ELBW infants

Preterm and acutely ill infants are at risk of stress from 
overstimulation in the NICU. Repeated handling for 
procedures and assessments/interventions can decrease 
hemodynamic stability and result in significant physio-
logic consequences such as blood pressure changes, alter-
ations in cerebral blood flow, hypoxia, and other stress 
behaviors. Rest periods of less than 60 min duration are 
ineffective and insufficient for the infant to complete a 
normal sleep cycle. Biorhythmic balance and physiologic 
homeostasis is essential for optimal outcome. The goal of 
a NICU caregiver is to alter the environment and caregiver 
stressors that interfere with physiologic stability, promote 
individual neurobehavioral organization and maturation, 
conserve energy, teach parents to interpret infant behav-
ior, and identify stressors and promote infant–parent 
interaction and caregiving.

We use following general guidelines in our unit for management of ELBW infants

Daily bedside care Guidelines

General care •	 All	patients	≤1000 g should have a stop sign placed on a porthole of isolette to 
remind staff about minimum stimulation and hand hygiene

•	 Gloves	after	hand	hygiene	are	to	be	used	prior	to	any	patient	or	line	contact
•	 All	care	should	be	clustered	and	done	twice	a	shift	unless	medically	necessary	

to intervene otherwise. All other disciplines involved in the care of the infant 
(respiratory therapist, physical therapist) should be informed at the beginning of 
the shift of the touch times to coordinate care

•	 All	labs	(heel	sticks,	peripheral	sticks)	should	be	coordinated
•	 Monitor	blood	loss	from	labs
•	 Monitor	total	daily	intake	(consider	flushes	and	medications)
•	 Monitor	urine	output	closely
•	 Monitor	for	hypernatremia,	hyponatremia,	and	hyperkalemia
(Target Na= levels: 135–145 meq/L: Target K= levels: 3.5–5.5 meq/L)
•	 Monitor	for	labile	blood	glucose	(target	glucose	levels	60–150	mg/dL)
•	 Weigh	infant	daily
•	 Maintaining	thermoregulation	should	be	done	safely	and	consistently
•	 Kangaroo	care	is	encouraged	and	should	be	part	of	care
•	 Infants	should	only	be	bathed	every	4	days.	Use	only	sterile	water	to	clean	skin
•	 Oral	care
•	 Isolettes	will	be	changed	out	once	a	week	and	reservoir	cleaned.	Filter	to	be	

changed when isolettes are cleaned
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Daily bedside care Guidelines

Skin care Prevent or minimize skin breakdown by
•	 Use	water-based	gel	leads
•	 Protect	skin	with	a	pectin-based	barrier	for	taping	intravenous	lines,	endotracheal	

tubes and temperature probes
•	 Minimize	tape	use
•	 Avoid	adhesives	and	adhesive	enhancements
•	 Avoid	using	alcohol

Temperature Minimize insensible water loss and maintain a thermoneutral environment by
•	 Use	of	a	prewarmed,	double-walled	isolette
•	 Place	the	temperature	probe	on	the	lateral	side	of	the	abdomen	(visible	at	all	times)	

so that it can be repositioned without being removed
•	 Set	servo	control	on	36.5°C
For hypothermic or extremely premature infants, the servo temperature may 
need to be increased above 36.5°C to rewarm the infant then weaned to stan-
dard range when normal skin temperature is obtained
Use of a saran-wrap blanket or plastic tent for infant less than 1000 g if needed. 
Avoid saran-wrap contact with skin
•	 Use	humidity	80%	and	wean	daily	by	5%–10%
•	 Prewarm	linens,	hands,	and	anything	else	that	may	touch	the	infant
•	 Use	portholes	to	provide	care	and	to	access	infant	instead	of	opening	the	top	or	

side of the isolette
•	 Room	temperatures	should	be	kept	at	22–26°C	(72–76°F)
•	 Recommend	using	clear	drapes	when	under	a	radiant	heat	source	(heat	can	

penetrate most clear drapes, but, not cloth or opaque drapes)

Respiratory support •	 Protect	the	infant’s	airway	and	use	caution	when	repositioning	to	avoid	
dislodgement. Always use “two for tubes rule” when turning patient or when 
providing kangaroo care (two caregivers to be present while changing infant’s 
position or while moving the infant)

•	 Wean	oxygen,	as	tolerated,	to	avoid	hyperoxia.	Maintain	SpO2 between the 
prescribed target range

•	 Humidify	respiratory	gases	to	minimize	insensible	water	loss	(37°C	with	100%	
relative humidity)

•	 Use	consistent	positioning	during	chest	X-ray	for	tube	placement
•	 Minimize	suctioning	to	only	when	indicated	clinically
•	 Monitor	closely	for	changes	in	breathing,	oxygenation,	and	ventilation	(by	

observing chest wall movement and auscultating breath sounds)
•	 Oxygen	monitoring
Target oxygen saturations 90%–95% with pulse ox alarm settings 85%–95%

Supportive care •	 Mimic	fetal	positioning,	provide	close	boundaries,	facilitate	hand	to	mouth	
movements, avoid rapid position changes for cerebral blood flow, turning slowly 
and gently

•	 Consult	physical	therapist	for	help	with	positioning
•	 Ensure	only	minimal	handling	and	stimulation	(use	bed	scale	and	clustered	care),	

maintain low environmental noise levels (<45 dBA), maintain low light in the 
environment and protect eyes when lights are used, incorporate cycled lighting 
after 32 weeks, avoid strong scented items such as lotions and wipes

•	 Teach	parents	how	to	use	gentle	touch	and	containment
•	 Assess	and	treat	pain.	Provide	comfort	measures	for	mild–moderate	procedures	

such as heel sticks
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Neutral thermal environmental temperatures for 
ELBW infants

Age

Temperature

At start (°C) Range (°C)

0–24 h 35.0 34.0–35.4

24–96 h 34.0 34.0–35.0

4–12 days 33.5 33.0–34.0

12–14 days 33.5 32.6–34.0

2–3 weeks 33.1 32.2–34

3–4 weeks 32.6 31.6–33.6

Smaller gestational age and younger infants require temperature at 
the higher end of the range within each category. Use humidity of 
70%–80% in the first week of life and wean daily by 5%–10% after the 
first week to 40%.

Hemodynamic instability and 
neonatal shock
Shock is defined as a physiologic state characterized by tis-
sue hypoxia due to reduced oxygen delivery and/or increased 

oxygen consumption or inadequate oxygen utilization. It 
is manifested by tissue hypoperfusion (e.g., cold extremi-
ties, acrocyanosis, and poor capillary refill), hypotension, 
and metabolic acidosis. Shock is often initially reversible 
but must be recognized and treated immediately to prevent 
progression to irreversible organ dysfunction. The etiology 
of neonatal shock can be organized based on the underlying 
pathogenesis: hypovolemic, distributive, cardiogenic, and 
obstructive shock. However, these processes are not mutu-
ally exclusive, and neonates with circulatory failure may 
have a combination of more than one form of shock.

Defining hypotension

There is no widely accepted definition of hypotension in 
extremely preterm infants. The wide range of observed BP 
values based on GA and postnatal age makes it challenging 
to determine hypotension based on a specific value. The 
graph below suggests blood pressure values for extremely 
preterm infants (<28 weeks of gestation) for the first 72 h 
of life (Fig. 29.4).

In our clinical practice, there is not a strict numerical thresh-
old for defining hypotension. Antihypotensive therapy is con-
sidered for infants in whom a reliable BP trend is inconsistent 

Fig. 29.4 Normal Blood Pressure (Systolic, Mean, and Diastolic) Based on Postnatal Age in ELBW Infants. The dotted line 
represents median and the solid lines represent 5th and 95th percentiles.
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with expected physiological changes, or when the infant 
develops clinical or laboratory evidence of poor perfusion. As 
a result, BP values are monitored frequently (either continu-
ously through a UAC or hourly with a BP cuff) in conjunction 
with ongoing assessment of peripheral perfusion.

Management of neonatal shock

Initial 
stabilization Guidelines

Airway/
breathing

•	 Neonates	in	shock	generally	are	in	
respiratory distress or are apneic 
and almost always require positive 
pressure ventilation, endotracheal 
intubation, and mechanical 
ventilation

Vascular access •	 Vascular	access	should	be	established	
and blood samples obtained for initial 
testing

•	 Central	lines	for	frequent	blood	
drawing and consistent vascular 
access should be considered

Fluid 
resuscitation

•	 Isotonic	crystalloid	infusion	of	20	mL/
kg over 10–15 min

•	 Further	aggressive	fluid	resuscitation	
is generally needed for patients with 
hypovolemic or distributive shock

•	 Excessive	isotonic	fluid	administration	
(>30 mL/kg) in preterm infants 
is associated with an increased 
risk of death and intraventricular 
hemorrhage. As a result, assessing 
the response to the initial fluid bolus 
is important to determine if further 
fluid resuscitation is warranted

Other 
evaluation and 
measures

•	 A	brief	review	of	the	history,	physical	
examination

•	 Basic	laboratory	tests	(electrolytes,	
blood gas, complete blood count, 
lactate, blood culture, renal and liver 
function tests, and type and cross)

•	 Chest	radiograph,	electrocardiogram,	
or echocardiography as necessary 
based on history and physician 
evaluation

•	 Start	empiric	antibiotics	after	
obtaining blood culture

•	 Correct	underlying	hypothermia,	
electrolyte abnormalities, acidosis, 
and altered glucose homeostasis

•	 Initiate	appropriate	therapies	if	
suspected congenital heart disease, 
pneumothorax/tamponade, acute 
blood loss, suspected arrhythmias, etc.

Subsequent therapy. For patients who remain hypo-
tensive despite adequate fluid resuscitation, vasoactive 
agents may be useful in restoring adequate tissue perfu-
sion. Vasopressor therapy has little role in the manage-
ment of patients with purely hemorrhagic or hypovolemic 
shock. Following table describes commonly used vasoac-
tive agents in management of shock in ELBW infants. The 
pharmacokinetics of the various vasopressor agents are 
considerably more variable in neonates compared with 
older patients and it is challenging to accurately predict 
the effects of these medications on myocardial contractil-
ity, heart rate, and systemic vascular resistance. There are 
no definitive data demonstrating that one agent is more 
efficacious over another.

Vasopressor 
agents Guidelines

Dopamine •	 Dose	dependent	effect:	5–20	mcg/
kg/min

•	 Infants	with	distributive	shock	who	
do not respond adequately to fluid 
resuscitation, dopamine should 
be infused beginning at a rate of 
5 mcg/kg/min with titration up to a 
maximum of 20 mcg/kg/min

•	 Dopamine	can	also	be	used	for	the	
management of cardiogenic  
shock

•	 Dopamine	clearance	is	much	lower	
in patients with renal or hepatic 
failure, and careful titration is 
necessary

Dobutamine •	 Dose:	5–20	mcg/kg/min
•	 Increases	cardiac	output	via	

improved myocardial contractility 
and increased HR

•	 More	useful	for	neonates	 
with cardiogenic shock  
refractory to dopamine or 
epinephrine

Epinephrine •	 Dose:	0.1–1	mcg/kg/min
•	 Increases	myocardial	contractility	and	

is a potent vasoconstrictor
•	 Sometimes	used	for	distributive	

shock that is refractory to dopamine 
or as a first-line vasoactive therapy 
for cardiogenic shock.

•	 There	are	limited	safety	and	efficacy	
data on epinephrine in neonates

•	 Higher	dose	can	increase	myocardial	
oxygen consumption and worsen 
the outcomes
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Vasopressor 
agents Guidelines

Milrinone •	 Dose:	0.25–0.75	mcg/kg/min
•	 Safety	and	efficacy	is	not	established	

in ELBW infants
•	 Phosphodiesterase	enzyme	inhibitor	

which improves myocardial 
contractility and reduces afterload 
through systemic vasodilation

•	 May	be	useful	for	some	causes	
of cardiogenic shock and right 
ventricular dysfunction

•	 Always	use	after	ECHO	and	in	
consultation with pediatric cardiologist

Hydrocortisone Dose: 0.5–1 mg/kg every 6–8 h
Useful for neonates with distributive 
(particularly septic) or cardiogenic 
shock that is refractory to fluid 
resuscitation and vasoactive therapy
May be useful for infants with known 
or suspected adrenal insufficiency
Dose should be gradually tapered 
over a period of at least 7–10 days

Intraventricular hemorrhage
IVH in preterm infants has decreased in recent years in most 
neonatal centers. The incidence ranges from 20% to 30% 
of VLBW infants [101] and more frequently (∼45%) seen 
in ELBW infants [102]. Majority of IVH occurs in the first 
3 days after birth while more than 50% of them within first 
24 h of life. The exact etiology remains unknown although 
poor cerebral autoregulation, germinal matrix with poor 
vascular support and increased fibrinolytic activity has 
been implicated. IVH is graded from 1 through 4. A grade 
1 represents a subependymal hemorrhage while a grade 2 
involves IVH without ventricular dilatation. A grade 3 IVH 
has blood in the ventricle but with concomitant ventricular 
dilatation. The most severe is a grade 4 IVH in which there 
is extension of the bleed into the brain parenchyma [103]. 
Premature infants with moderate-to-severe IVH (grade 
3–4) are at high risk of posthemorrhagic hydrocephalus, 
cerebral palsy, and mental retardation, while infants with 
mild IVH (grade 1–2) are at risk of developmental disabil-
ities [104]. The use of antenatal steroids has reduced the 
incidence of severe grade 3 or grade 4 IVH. IVH prevention 
bundles comprising transport in utero, use of antenatal ste-
roids, temperature regulation, midline head positioning for 
the first week of life, minimal handling of the infant, avoid-
ing rapid fluid infusion, bicarbonate infusion, and fluctua-
tions in blood pressures and PCO2 have been implemented 
with success in some recent studies [105,106]. Grade 1 and 

2 IVH can be monitored clinically, whereas grade 3/4 IVH 
should be monitored closely with daily head circumfer-
ence measurements and weekly to biweekly neurosono-
grams. Once significant hydrocephalus develops (defined 
as bifrontal index of >0.6 on head ultrasound), our prac-
tice is to place either a subgaleal shunt or ventricular access 
device for intermittent CSF removal. If the hydrocepha-
lus does not resolve with these procedures, a ventricular-
peritoneal shunt procedure is performed when the infant 
weights greater than 2 kg.

Retinopathy of prematurity
ROP is a developmental disease, which can be viewed as 
an arrest of normal retinal neuronal and vascular devel-
opment in the preterm infant; this results in pathological 
compensatory mechanisms that result in aberrant vascu-
larization of the retina and can progress to retinal detach-
ment. Prematurity is the most important risk factor for 
ROP [107]. The incidence of ROP is over 80% in infants 
less than 1000 g. The incidence of blindness approaches 
10% [108]. The international classification of ROP defines 
the location by zones, the extent by clock hours, and the 
severity by stages. Special pathologic features are defined by 
the terms plus disease and threshold disease [109]. The risk 
factors such as prematurity, hyperoxemia, hyperglycemia, 
sepsis, low IGF-1, blood transfusions, and poor postnatal 
weight gain have been implicated in development of ROP. 
The only effective prophylaxis for ROP is the prevention 
of prematurity. Meticulous oxygen monitoring has not 
provided a complete solution and various supplements 
such as vitamin E and selenium therapy have not proven 
effective [110]. All infants born less than 31 weeks of gesta-
tion should have an eye examination regardless of oxygen 
requirement. The first eye exam occurs at 31 weeks post-
menstrual age or at 4 weeks chronologic age, whichever is 
later. Frequency of eye examinations depends on the sever-
ity and rate of progression of retinopathy [111].

Retinopathy of prematurity screening protocol [111]

Gestational 
age at birth 
(weeks)

Age at initial  
examination (weeks)

Postmenstrual Chronologic

22 31 9

23 31 8

24 31 7

25 31 6

26 31 5

27 31 4
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Gestational 
age at birth 
(weeks)

Age at initial  
examination (weeks)

Postmenstrual Chronologic

28 32 4

29 33 4

30 34 4

Older 
gestational 
age, high-risk 
factors

4

Patent ductus arteriosus
Patent ductus arteriosus (PDA) is another common com-
plication of ELBW infants. The ductus arteriosus represents 
an embryological connection between the aorta and pul-
monary artery. This duct remains open after the first 5 days 
of life in 50% of all ELBW infants, often with increasing 
oxygen requirements and acidosis [112]. Infants can pres-
ent with bounding pulses, wide pulse pressure, and a clas-
sic machinery-type murmur due to augmentation of a 
left-to-right shunt resulting in increased pulmonary blood 
flow [113]. Prostaglandin inhibitors such as indometha-
cin and ibuprofen are mainstay of medical management. 
These medications constrict the smooth muscle of the duc-
tus arteriosus. However, dilemma in selecting appropriate 
patients with clinically significant PDA continues due 
to lack of evidence and potential adverse effects of cur-
rent treatment [114,115]. The efficacy of this treatment is 
greater when initiated within 10 days of life. As with many 
medications, complications with prostaglandin inhibitors 
include thrombocytopenia and impaired renal function. 
Prostaglandin inhibitors may further decrease blood flow 
to the bowel and some studies have reported a higher inci-
dence of spontaneous intestinal perforations and other GI 
symptoms with this treatment, especially when used in 
conjunction with corticosteroids [116,117]. Surgical clo-
sure of hemodynamically significant PDA is reserved for 
those infants who did not respond or would not be a can-
didate for medical management with deteriorating clini-
cal status often with increasing ventilator requirements 
because of increased pulmonary blood flow. Adverse 
effects include left vocal cord paralysis [118] and postcar-
diac ligation syndrome of unknown etiology, causing myo-
cardial dysfunction, and systemic hypotension requiring 
inotropic support in the immediate postoperative period 
[119,120]. Less invasive interventional catheter closure 
of PDA techniques have been showing promise in man-
agement of ELBW infants with better tolerance of proce-
dure, less likelihood of postcardiac ligation syndrome and 

improved postop respiratory outcomes; however, safety 
and efficacy of these procedures are not well established in 
ELBW infants [121,122]. Our NICU does not have a fixed 
protocol for the management of PDA. Our general prin-
ciple is to treat PDA medically, preferably after 7 days of 
life (to allow for spontaneous closure), if it is moderate 
to large in size and is symptomatic (e.g., mechanical ven-
tilator dependency, pulmonary edema, pulmonary hem-
orrhage, impaired renal function). We do not treat PDA 
regardless of the size or echocardiogram findings, if the 
infant is asymptomatic.

Sepsis (Fig. 29.5)
Sepsis remains one of the most common causes of neona-
tal morbidity and mortality in the preterm population. It 
is defined as any bacterial infection with systemic mani-
festations, documented by a positive blood culture. Neo-
natal sepsis can be classified into two categories based on 
postnatal age at onset: Early onset less than 7 days and late 
onset greater than 7 days. The incidence of sepsis varies 
between 1 and 8 cases per thousand live births. Prevalence 
increases inversely with lower gestational age affecting 
25–40% of ELBW infants. Mortality rates are 10%–30%. 
Currently, group B streptococcus, gram-negative bacilli and 
Listeria monocytogenes are most commonly associated with 
early onset sepsis, whereas enterococcus, coagulase-nega-
tive staphylococcus, and gram-negative bacilli are more fre-
quently responsible for late onset sepsis. Most episodes of 
early onset sepsis are caused by an ascending infection or 
acquired during vaginal delivery from bacteria colonizing 
the mother’s genital tract. The bacteria causing late onset 
disease may be transmitted either vertically during the peri-
partum period or horizontally from colonized caregivers 
[123]. Inadequate handwashing can be a major source for 
the spread of microorganisms from one patient to another 
[124]. The use of ETs, central venous, and arterial lines and 
Foley catheters also significantly increase the risk for neo-
natal infection. Leucopenia/leukocytosis, band/segmented 
neutrophil ratio of >0.2, low absolute neutrophil count, 
thrombocytopenia, or elevation of acute phase reactants 
such as CRP, procalcitonin, IL-6 could suggest an infectious 
process [125,126]. A blood culture is the gold standard to 
diagnose neonatal sepsis. If the clinical signs and symp-
toms are suggesting meningitis or if the blood cultures are 
positive, a lumbar puncture should always be performed. 
When the clinical suspicion of sepsis is high, empiric anti-
microbial therapy should be started immediately after 
obtaining the appropriate culture specimens. The choice 
of empiric therapy is based on several factors including 
time and setting of the disease, microorganism frequency 
and susceptibility in NICU, the site of the suspected infec-
tion and penetration of the specific antibiotic to that site, 
and hepatic and/or renal dysfunction. In the United States, 
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the most common pathogens responsible for early-onset 
neonatal sepsis are GBS and Escherichia coli [127]. A com-
bination of ampicillin and an aminoglycoside (usually 
gentamicin) is generally used as initial therapy, and this 
combination of antimicrobial agents also has synergistic 
activity against GBS and L. monocytogenes [128,129]. Third-
generation cephalosporins such as cefotaxime represent a 
reasonable alternative to an aminoglycoside. However, sev-
eral studies have reported rapid development of resistance 
when cefotaxime has been used routinely for the treat-
ment of early-onset neonatal sepsis [130] and extensive/
prolonged use of third-generation cephalosporins is a risk 
factor for invasive candidiasis [131]. Because of its excellent 
CSF penetration, empirical or therapeutic use of cefotax-
ime should be restricted for use in infants with meningitis 
attributable to gram-negative organisms [132]. Evidence-
based data has demonstrated a strong relationship between 
antenatal/postnatal infection and subsequent brain dam-
age in both preterm and term infants. Through a cytokine-
mediated pathway, white matter is especially vulnerable in 
the infant exposed to infection. PVL can result in spastic 
diplegia and other significant neurodevelopmental disabil-
ities [133]. Figure 29.5 shows our algorithm for suspected 
late-onset sepsis. Each unit should develop their own algo-
rithm based on local epidemiology and antibiograms. 
We do not routinely use antifungal prophylaxis in our 
extremely premature neonates, as the incidence of fungal 
infections is very low in our NICU. Antifungal prophylaxis 
with fluconazole may have a role in units with high inci-
dence of systemic fungal infections.

Necrotizing enterocolitis
NEC is an inflammatory process resulting from a com-
plex interaction of multiple factors in preterm infants 
that results in mucosal injury caused by ischemia, necro-
sis, and the host response to that injury [134]. The loss 
of mucosal integrity allows passage of bacteria and their 
toxins into the bowel wall and then into the systemic 
circulation, resulting in a generalized inflammatory 
response and overwhelming sepsis in the severe forms of 
NEC [135,136]. The incidence of NEC is approximately 
10% of all NICU admissions [137]. The onset of NEC 
symptoms usually present around 3 weeks of life, [138]. 
Mortality can be as high as 40% despite vigorous ther-
apy. Gut immaturity, infection, inflammatory mediators, 
ischemia, and enteral feeds have all been associated with 
NEC, although the etiology remains elusive despite sig-
nificant research [134]. Breast milk feeding reduces the 
incidence of NEC; however, exclusively breastfed infants 
have occasionally developed NEC. Bell et al. used a com-
bination of clinical and radiographic diagnostic bed-
side criteria, which could be used to gauge the severity 
of NEC [139]. Modified Bell’s criteria have extensively 
been used to describe various stages of NEC [140]. Stage 
1 includes nonspecific symptoms such as lethargy, hypo-
thermia, irritability, vomiting, abdominal distention, 
apnea, bile stain residuals, and bloody stools. Peritoneal 
signs such as abdominal distention, tenderness, and 
guarding are frequently observed. Hallmark of stage 2 
is pneumatosis intestinalis appearing as soap bubbles 

Fig. 29.5 Antibiotic Algorithm for Suspected Late-Onset Sepsis in ELBW Infants.
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or linear intramural streaks on X-ray, especially in the 
right lower quadrant of preterm infants and is pathog-
nomonic of NEC. Stage 3 denotes free abdominal air 
secondary to intestinal perforation. Portal air, which 
represents tracking of air through the bowel wall along 
the mesenteric vessels and into the portal system, can be 
associated with NEC. The presence of thrombocytopenia 
and metabolic acidosis is highly suggestive of necrotic 
bowel. Definitive NEC may require medical or surgical 
management based on the clinical presentation. Medical 
intervention typically includes abdominal decompres-
sion, bowel rest, broad-spectrum intravenous antibiot-
ics, and parenteral nutrition. We typically give bowel 
rest for 2–5 days for stage 1 NEC and 10 days for stage 
2 NEC. Surgical interventions are generally required in 
patients with intestinal perforation, fixed dilated bowel 
loop, or deteriorating clinical or biochemical status (e.g., 
shock or a decreasing platelet count, neutrophil count, 
or both). Surgical procedures may involve drain place-
ment, exploratory laparotomy with resection of dis-
eased bowel, and enterostomy with creation of a stoma. 
Surgical management has changed over the last decade 
[141]. More often than not peritoneal drain placement 
is preferred to stabilize these critically ill infants before 
considering surgery [142]. Late complications of NEC 
include intestinal strictures, bowel obstruction, and mal-
absorption. A certain amount of small intestine is neces-
sary for survival. Short-gut syndrome is not uncommon 
and full recovery can take months to years.

Fluids, electrolytes, and nutrition 
management
Premature ELBW infants require careful fluid, electrolyte, 
and nutritional management. Excess fluid intake in the first 
few days of life increases the incidence of BPD and PDA, 
whereas inadequate fluid intake results in hypovolemia, 
hypersomolarity, metabolic abnormalities, and renal fail-
ure. The following are the general principles we recom-
mend in ELBW infants.

Fluids

We suggest an initial fluid intake for ELBW infants cared 
in humidified incubator between 80 and 100 mL/kg/
day. For extremely immature infant born at 23–24 weeks 
of gestation and infants exposed to radiant heat for 
extended periods, fluids may be initiated at 120 mL/kg/
day. Fluids should be adjusted based on daily weights 
and serum sodium changes. Increase the fluid intake 
in increments of 10–20 mL/kg/day for hypernatremia 
(serum Na > 145 meq/L) or rapidly raising serum 
sodium. The table shows our suggested initial and 

subsequent parenteral nutrition initiation and advance-
ment guidelines.

Initial 
fluid goals 
by birth 
weight (g)

Fluid  
(mL/kg/
day)

Dextrose 
solution

Glucose  
infusion 
rate (mg/
kg/min)

<600 140 D5W 4.9

601–800* 120 D7.5W 6.25

801–1200 100 D7.5W 5.2

1201–1800 100 D10W 6.75

1801–2500 90 D10W 6.25

>2500 80 D10W 5.5

Parenteral nutrition initiation and advancement 
guidelines

Glucose Initial GIR of 4–6 mg/kg/min and 
advance by 1–2 mg/kg/min/day 
to a goal of 12 mg/kg/min. Serum 
glucose goal 60–150 mg%

Protein Initiate at 3 g/kg/day and advance 
by 0.5–1 g/kg/day to a goal of 3.5 g/
kg/day

Lipids Start at 0.5–1 g/kg/day and advance 
by 1 g/kg/day to a goal of 3 g/kg/day. 
Goal serum TG < 200 mg%

Sodium (Na) Do not add Na to fluids on the first 
day; wait until 48 h when Na begins 
to fall. Na+ is usually given as NaCl, 
but sodium acetate may be used to 
decrease metabolic acidosis from 
renal bicarbonate wasting in ELBW 
infants. Usual maintenance for Na+ is 
2–4 mEq/kg/day

Potassium (K) Do not add K to IV fluids for the 
first 1–2 days after birth, until urine 
output is well established and serum 
K level starts to decline. K may be 
given as KCl or K-acetate. Usual 
maintenance for K is 1–3 mEq/kg/day

Calcium Start at 2 meq/kg: advance to goal of 
3 meq/kg/day

Phosphorous Start at 1 mmol/kg. Advance to 
1.5 mmol/kg: Ca:P molar ratio of 1.3

Goal parenteral 
calories

95–100 kcal/kg/day
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Enteral feeding guidelines

Birth weight 
(g)

Beginning enteral 
feeds (first feed 
by 6–48 h) Feeding method Beginning volume

Increase by 
(increments)

<750 HM (EBM/DBM*) or 
preterm formula 24 cal

Enteral feeding q4 h 
(3 h continuous and 
1 h off)

Trophic feeds 10 mL/kg/
day for 3 days—bolus as 
small volumes for pump

10 mL/kg/day everyday up 
to a full enteral volume of 
150 mL/kg/day

751–1000 HM (EBM/DBM) 
or preterm formula 
24 cal**

10 mL/kg/day 10 mL/kg/day everyday 
up to a full enteral 
volume of 150 mL/kg/day

1001–1500 HM (EBM/DBM) or 
Preterm formula 24 cal

15 mL/kg/day 15 mL/kg/day everyday to 
a full enteral volume of 
150 mL/kg/day

*Use of DBM needs consent from mother or legal guardian.
**High protein preterm formula should be considered for infants <1000 g.

•	 All human milk feeds to be fortified when enteral 
feeding volume reaches 40 mL/kg/day.

•	 Add liquid protein to target enteral protein goal of 
4–4.5 gm/kg/day, when off TPN.

•	 Do not check for residuals between feeds unless clinical 
signs of abdominal distension/emesis/discoloration/
tenderness. Keep feeding tube vented to air between 
feeds when on continuous feeds (3 h on and 1 h off).

•	 When restarting feeds after brief period of NPO status 
(<48 h), try to resume feeds at last stopped volume.

•	 Use minimal enteral feeding (MEF) as much as 
possible, even if on pressor low dose, PDA treatment, 
blood transfusion, and so on. Physician discretion 
recommended.
Water and electrolyte homeostasis in newborn infants 

is influenced by physiologic adaptations following birth 
and developmental effects on the distribution of total 
body water and water loss. Fluid and electrolyte therapy 
must account for these factors in determining maintenance 
requirements and correction of any abnormalities.

Hypokalemia
Hypokalemia is defined as a serum potassium level of 
less than 3.5 mEq/L. It rarely a cause for concern until 
the serum potassium level is less than 3.0 mEq/L. It usu-
ally results from excessive losses of potassium. Com-
mon contributing factors include chronic diuretic use, 
renal tubular defects, or significant output from a naso-
gastric tube or ileostomy. It is usually asymptomatic; 
however, it can cause weakness and paralysis, ileus, uri-
nary retention, and conduction defects detected on the 
electrocardiogram (Fig. 29.6—e.g., ST segment depres-
sion, low-voltage T waves, and U waves). It should be 
corrected by increasing potassium supplementation by 
1–2 mEq/kg/day. In severe or symptomatic hypokale-
mia, KCl (0.5–1 mEq/kg) is infused intravenously over 
1 h with continuous ECG monitoring. Rapid admin-
istration of potassium chloride is not recommended, 
because it is associated with life-threatening cardiac 
dysfunction.

Fig. 29.6 Changes in EKG Associated With Hypokalemia in Lead V4 (A) and Lead II (B).
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Hyperkalemia (Fig. 29.7)
Hyperkalemia is defined as a serum potassium level of 
greater than 6 mEq/L measured in a nonhemolyzed speci-
men. Hyperkalemia is a potentially life threatening condi-
tion that is most commonly seen in the first few days of life 
in ELBW infants or infants with impaired renal functions. 
The risk factors need to be identified early and prompt 
treatment should be offered to aviod rapid deterioration in 
clinical status, cardiac arrhythmias, and/or death.

Risk factors for hyperkalemia in the neonate include: 
extreme prematurity (<27 weeks of gestation), low systemic 
blood flow, acute renal failure (most commonly perina-
tal asphyxia), sepsis, IVH, hemolysis secondary to ABO/Rh 
incompatibilities, excessive skin bruising, postblood transfu-
sion, severe metabolic acidosis, type IV RTA, and so on. Sug-
gestions to account for this phenomenon include potassium 
shifts from the intracellular to extracellular phase, oliguria, 
immaturity of the renal tubular mechanisms for potassium 
secretion and a reduced glomerular filtration rate.

EKG changes in hyperkalemia

Hyperkalemia severity EKG changes

Mild (5.5–6.6 meq/L) Peaked T wave
Prolonged PR interval

Moderate (6.5–8 meq/L) Loss of P wave
Prolonged QRS complex
S–T segment elevation

Hyperkalemia severity EKG changes

Severe (>8 meq/L) Progressive widening of 
QRS complexes
High-grade AV 
block, bundle branch 
blocks and fascicular 
blocks
Sine wave
Ventricular tachycardia 
and fibrillation

In nonhemolyzed 
blood, potassium level Management

Serum 
potassium > 5.5 meq/L 
but <6 meq/L without 
ECG changes and infant is 
asymptomatic

Monitor clinically; 
correct acidosis; 
stop all potassium 
supplementation; stop 
all medications causing 
hyperkalemia; cardiac 
monitoring

Serum potassium > 6 meq/L 
but <7 meq/L without 
ECG changes and infant is 
asymptomatic

Same as above.
In addition, monitor 
K+ 1–2 hourly using 
blood gas analyzer

Fig. 29.7 EKG Showing Prolonged PR Interval, Broad QRS Complexes, and Peaked T Waves in an Infant With Hyperkalemia.
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In nonhemolyzed 
blood, potassium level Management

Serum potassium > 7 meq/L 
with normal ECG

Same as above
In addition: administration 
of intravenous glucose 
and insulin (0.05 units/
kg human regular insulin 
with 2 mL/kg 10% dextrose 
in water), followed by a 
continuous infusion of 
insulin (0.1 units/kg/h 
with 2–4 mL/kg/h 10% 
dextrose in water)
If K+ rise persists: albuterol 
nebulization over 20 min 
(repeat as necessary)
Increase urinary excretion 
with intravenous 
administration of 
furosemide (1 mg/kg/dose) 
in infants with adequate 
renal function

Arrhythmias Same as above
In addition, give 
immediately
IV 10% calcium gluconate 
(100 mg/kg/dose) as a 
push over 1–2 min with 
EKG monitoring
Correct acidosis: give 
bicarbonate (4.2% 
NaHCO3) (0.5 meq/mL)
Dose (meq) = weight 
[kg] × base deficit × 0.3
(typical dose 1–2 mEq/kg 
over 30–60 min)
Give calcium gluconate 
before bicarbonate

Refractory hyperkalemia Same as above
Organize transfer to 
tertiary center
Discuss peritoneal dialysis
Pediatric nephrology 
consult

Neonatal hyperglycemia
It is often defined as blood glucose >125 mg/dL 
(6.9 mmol/L) or plasma glucose >150 mg/dL (8.3 mmol/L). 
However, these levels are frequently observed and may not 
require intervention. Most clinicians become concerned 

about hyperglycemia when plasma glucose concentration 
exceeds 180–200 mg/dL (10–11.1 mmol/L). However, 
higher levels of hyperglycemia are required to produce the 
hyperosmolality and osmotic diuresis that may be clinically 
important. Plasma osmolality increases by 1 mosmol/L for 
each 18 mg/dL increase in plasma glucose concentration. 
Hyperglycemia typically occurs when a newborn cannot 
adapt to parenteral glucose infusion by decreasing endog-
enous glucose production or increasing peripheral glucose 
uptake. This is usually related to an associated clinical con-
dition such as extreme prematurity or sepsis.

Our management guideline for hyperglycemia in ELBW 
infants is described below.

Blood glucose levels Management

If blood glucose 
level is >10 mmol/L 
(180 mg/dL)

Check urine for glucose (very 
low birth weight infants 
may have a lower renal 
threshold for glucose and 
are at an increased risk of 
osmotic diuresis related to 
hyperglycemia so checking 
for glycosuria at a lower 
glucose level may be prudent 
in these infants)
Document the glucose intake 
in mg/kg/min
Draw a lab sample to 
confirm hyperglycemia, but 
do not delay treatment

If the blood glucose 
level is
1. persistently (minimum 

of 2 samples 4 h 
apart) ≥ 11.1 mmol/L 
(200 mg/dL), or

2. persistently (minimum 
of 2 samples 4 h 
apart) ≥ 10 mmol/L 
(180 mg/dL) with 
persistent (2 samples) 
glycosuria

Consider decreasing glucose 
infusion rate (GIR) to 
4–6 mg/kg/min by decreasing 
volume and/or concentration. 
We do not recommend to 
infuse lower concentration 
fluid than D5W due to 
potential for hypoosmolarity 
and cerebral edema
Consider starting Insulin 
treatment
Initial therapy: bolus of 
insulin via a syringe pump 
over 15 min as a dose between 
0.05 and 0.1 units/kg
The blood glucose level is 
monitored every 30–60 min, 
and if it remains elevated, the 
insulin dose is repeated as a 
bolus every 4–6 h
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Blood glucose levels Management

If the glucose level remains 
elevated after three bolus 
doses, a continuous infusion 
is considered
Continuous infusion: 0.01 
and 0.05 units/kg/h
Adjust in small increments 
up to a maximum rate of 
0.1 units/kg/hour to maintain 
glucose levels of 150–200 mg/
dL (8.3–11 mmol/L)

The blood glucose concentration should be monitored 
within 30 min–1 h of the start of the infusion and after any 
change in the rate of glucose or insulin infusion. Glucose 
concentration should be monitored hourly until stable, 
and then less frequently.

Infusion rates are decreased in increments of 0.01–
0.05 units/kg/hour in response to glucose levels < 150 mg/
dL (8.33 mmol/L). Insulin infusion can be discontinued 
when the glucose level remains stable below 150 mg/dL 
(8.33 mmol/L) at the lowest infusion rate.

Plastic tubing used for infusion should be primed with 
insulin for at least 20 min before treatment because insulin 
nonspecifically binds to the tubing, resulting in decreased 
availability to the patient.

Outcomes of ELBW infants

The mortality of ELBW infants has dramatically declined 
over the last 50 years due to medical innovations in the 
management of neonates, particularly those born preterm. 
However, we are still struggling to achieve optimal respira-
tory and neurological outcomes in tiniest babies compared 
to their term counterparts [143,144]. Even though survival 
rates have reached a plateau in developed countries with 
significantly improved short-term morbidities in these 
infants [145]; a high prevalence of behavioral, emotional, 
and cognitive problems continue. Most outcome studies 
point to an inverse correlation with gestational age and 
birth weight. Other factors with negative correlations to 
outcome include intrauterine growth restriction, perinatal 
infections, BPD, severe IVH, PVL, posthemorrhagic ven-
tricular dilatation, surgical NEC, PDA, low socioeconomic 
status, and low level of maternal education and schooling.

The incidence of sudden infant death syndrome (SIDS) 
is 3 times higher in ELBW infants compared to term infants. 
This is more prevalent in infants with severe BPD [146,147]. 
Fifty percent of ELBW infants require readmission to hospi-
tal within the first 2 years and continue to need home health 

services for a decade [148]. Respiratory symptoms, such as 
wheezing, are common in childhood and airway obstruc-
tive limitations are observable to adulthood. Hypertension, 
gastroesophageal reflux and growth problems are prevalent 
in the first years. Though most ELBW do achieve normal 
growth and even approximate their genetic potential, their 
overall physical stature will be toward the lower range for 
height and weight [149,150]. The prevalence of cerebral 
palsy is estimated at 8.5%, with 4.4% nonambulatory at 
18–24 months. Hypotonia, minor motor incoordination, 
language, and developmental delays are common diagnoses 
impacting on mobility, function, and participation in social 
activities. A 20-year review of extremely preterm infants with 
birth weight less than 500 g at our center, showed survival 
of 28.7%. Severe disability defined by the presence of at 
least one of the following was observed in 34% of surviving 
infants at 24 months: bilateral blindness, hearing impair-
ment requiring amplification, cerebral palsy, or a mental 
developmental index (MDI) or psychomotor developmental 
index (PDI) score of less than 70 using the Bayley Scales of 
Infant Development II (BSID-II) and/or gross motor func-
tional classification system ≥ III [151]. Subtle and non-
specific neurocognitive disorders have been observed in 
50%–70% of nondisabled ELBW with normal intelligence, 
often emerging after starting school. These include disor-
ders with language, visual processing, attention and execu-
tive functions, autism-spectrum disorders, attention deficit/
hyperactivity disorders, and emotional disorders [149,152].

In summary, the take-home message regarding ELBW 
infants remains cautious optimism. We have come a long 
way in last few years and outcomes have significantly 
improved for these extremely preterm infants at the edge of 
viability. It is very heartening to know that more and more 
ELBW infants continue to survive today and participate in 
society alongside their term-born peers. Their indescribable 
struggle and sheer exhibition of resilience toward produc-
tive and meaningful life deserve our standing ovation.

Clinical cases

Case 1

A 22-year-old G1 P0 mother presented with preterm labor 
with cervical dilation of 4 cm at 25 weeks of gestation. She 
received good prenatal care and pregnancy was uneventful. 
She was started on a betamethasone course, magnesium 
sulfate for neuroprotection and tocolytics. Labor progressed 
and a 650-g female infant was delivered by vaginal route 
3 days later. NICU team was present in the delivery room. 
Delivery room temperature was increased prior to delivery 
to 26°C, radiant warmer was turned on, and all equipment 
were checked. Infant cried immediately after birth. She was 
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covered with a prewarmed blanket and cord clamping was 
delayed for 1 min while monitoring heart rate. After the 
cord was clamped, she was brought to the radiant warmer 
and placed on a chemical warming mattress and covered 
with a polythene wrap. Airway was positioned (slight neck 
extension-sniffing position) and cleared with a suction cath-
eter. Simultaneously, temperature probe and pulse oximeter 
probe were placed. After these initial steps, infant’s heart 
rate was >100/min, she was spontaneously breathing, 
but with severe subcostal and intercostal retractions. CPAP 
of 5 cmH2O was applied via mask and infant’s preductal 
SpO2 and heart rate were monitored. Supplemental O2 was 
started at 30% and gradually increased to 60% to achieve 
target SpO2. Infant’s work of breathing slowly improved but 
still was requiring 60% O2 and had significant retractions at 
10 min of life. Infant was electively intubated and surfac-
tant was administered. After surfactant administration, FiO2 
improved to 0.3. PPV was continued with PIP of 16 cmH2O, 
PEEP of 5 cmH2O, and a rate of 40/min. Infant was trans-
ported to the NICU in a prewarmed transport incubator. In 
the NICU, infant was placed in an incubator with humidity 
of 80% and on conventional ventilator, assist control, vol-
ume guarantee mode. Initial settings were tidal volume of 
3.2 mL (5 mL/kg), PEEP: 5 cmH2O, rate: 40/min, Ti: 0.35 s, 
and a peak pressure limit of 22 cmH2O. Umbilical venous 
and arterial lines were placed and labs including blood cul-
ture were drawn. D5W starter TPN (3 g% trophamine and 
10 meq/L of calcium) was started at 100 mL/kg/day along 
with intralipids at 0.5 g/kg/day. Initial blood glucose was 
50 mg% and the first blood gas was 7.30/50/70/−3. Infant 
was given a loading dose of caffeine (20 mg/kg) and started 
on maintenance caffeine (8 mg/kg/day). Blood gases were 
repeated every 8 h and rate was weaned to 30 and further 
down to 20/min. Peak pressure remained below 16 cmH2O, 
MAP measured on the ventilator was about 9 cmH2O and 
FiO2 requirements were <0.3. At about 24 h of life, infant 
was extubated to CPAP of 5 cmH2O. Infant remained on 
CPAP for another 2 weeks. PEEP was increased to 6 on D3 
of life for increasing FiO2 requirements, which was later 
weaned slowly down to 4 cmH2O. Infant was weaned to 
room air from CPAP and remained on room air till discharge. 
TPN was optimized to deliver calories of 100 kcal/kg/day. 
Feeds were started on Day 2 with mother’s expressed breast 
milk at 10 mL/kg/day. Trophic feeds were continued for 
2 days and then gradually advanced to a volume of 150 mL/
kg/day. Human milk fortifier was added at feeding volume 
of 40 mL/kg/day. Bottle feeds were started at 33 weeks of 
corrected gestational age and infant was able to take all 
oral feeds by 37 weeks. Head ultrasound on day 7 of life 
showed a right grade 1 IVH and the one at 36 weeks of cor-
rected gestational age was normal. ROP screening started 
at 31 weeks corrected gestational age and followed every 
2 weeks showed stage 1 disease in Zone 2 at its worst, but 
normalized later. Infant was discharged home with parents 
at 37 weeks corrected gestational age.

Case 2

A 35-year-old G3 P2 mother presents to the emergency 
department in preterm labor at 24 weeks of gestation and 
delivers a 520-g male infant precipitously. The neonatal 
team was called emergently to the ED. Infant was deliv-
ered limp and was apneic. After initial steps of resuscitation, 
infant continued to be apneic and bradycardic (HR < 60/
min). PPV was delivered with bag and mask (PIP: 18 cmH2O, 
PEEP: 5 cmH2O, and FiO2: 0.3). Infant did not respond to 
increase in pressures and FiO2. He was intubated with a 
2.5-Fr ET and PPV continued via ETT. Heart rate and SpO2 
slowly improved, but infant was still requiring >80% O2 
(Fig. 29.8). He was brought to the NICU and placed on 
conventional ventilator: SIMV mode, PIP: 18 cmH2O; PEEP: 
5 cmH2O, Ti: 0.35 s, and rate of 40/min. He required about 
80% O2 to maintain target O2 saturations. Surfactant was 
administered with improvement in O2 requirements to 30% 
(Fig. 29.9).

Initial blood gas showed respiratory acidosis 
(7.15/65/55/−4). After adjustments in respiratory rate and 
PIP, respiratory acidosis improved. FiO2 gradually increased 
again to about 50% at 24 h of life and infant was given a 
second dose of surfactant. At around 3 days of life, infant’s 
respiratory acidosis worsened (7.15/70/+4) and did not 
improve with escalation in PIP up to 24 cmH2O and pressure 
volume loop on the ventilator graphics showed plateauing 
beyond PIP of 20 cmH2O (Fig. 29.10).

Infant was switched to high-frequency oscillator (HFOV) 
with MAP of 14 cmH2O, amplitude 30 and 14 Hz with 

Fig. 29.8 Chest X-ray Showing Severe RDS With Air 
Broinchograms (Presurfactant Administration).
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improvement in ventilation. HFOV settings were adjusted 
to achieve adequate lung expansion (8–10 ribs lung expan-
sion) and target PCO2. Infant remained on the HFOV at 
3 weeks of life and ventilatory settings were unable to be 
weaned. He was on a MAP of 16 cmH2O, amplitude of 40, 
frequency of 13 Hz, and 40% O2. Based on the NICHD Neo-
natal Research Network BPD outcome calculator (https://
neonatal.rti.org/index.cfm?fuseaction=bpdcalculator.start), 
this infant had a 70% probability of developing moderate-
to-severe BPD. Hence, he was started on dexamethasone.

Fig. 29.9 Chest X-ray Showing Improved Aeration 
Postsurfactant Administration.

Fig. 29.10 Worsening of Lung Disease Necessitating 
Switching to High-Frequency Ventilation.

Neonatal BPD outcome estimator infants with GA 
23–30 weeks and birth weight 501–1249 g

Time 
period

Ventila-
tor type FiO2 Death

Severe 
BPD

Moder-
ate BPD

Mild 
BPD

No 
BPD

Day 21 HF vent 40 20.2 29.1 42.6 7.5 0.6

Probability of outcome (expressed as a percent).

After starting steroids, ventilation and oxygen-
ation improved and infant was extubated to NIPPV (PIP: 
20 cmH2O; PEEP: 7 cmH2O; Ti: 0.5 s; rate: 40/min) after 
5 days (Fig. 29.11). Over the next 4 weeks, infant was slowly 
weaned from NIPPV (rate was weaned by 5 every 2–3 days 
as tolerated to a rate of 10) to CPAP and subsequently to 
nasal cannula O2 (starting at 4 L/min and weaned to 1 L) 
and room air. Infant was discharge home at 39 weeks cor-
rected gestational age without any respiratory support.

Fig. 29.11 Chest X-ray Showing Improved Aeration and 
Decreased Opacities After Starting Dexamethasone.

Case 3

A 27-year-old G2 P1 mother presents with preterm prema-
ture rupture of membranes at 22 weeks of gestation. NICU 
team counseled the mother on the mortality, morbidity, and 
adverse neurodevelopmental outcomes associated with 
extreme prematurity. She wanted everything to be done for 
her infant if the she reaches 23 weeks of gestation. She 
developed chorioamnionitis at 23 weeks of gestation, went 
into preterm labor, and delivered a female infant weighing 
420 g. Infant was resuscitated by the neonatal team with 
APGARs of 2 and 5 at 1 and 5 min of life. She was intubated 

https://neonatal.rti.org/index.cfm?fuseaction=bpdcalculator.start
https://neonatal.rti.org/index.cfm?fuseaction=bpdcalculator.start
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Time Dose Frequency

Days 7 and 8 0.025 mg/kg/dose 12-hourly

Days 9 and 10 0.01 mg/kg/dose 12-hourly

At 8 weeks of life, infant was switched back to con-
ventional ventilator, as she was uncomfortable on the jet 
ventilator. Despite good nutritional support and a sec-
ond course of dexamethasone (6 weeks after the initial 
course), infant could not be weaned off mechanical ven-
tilation. At 40 weeks corrected gestational age, tracheos-
tomy and gastrostomy tube placements were performed 
(Fig. 29.13). Infant remained in the NICU on mechanical 
ventilation through the tracheostomy tube for another 
2 months and was discharged home on home ventila-
tion via tracheostomy (maximum ventilator settings after 
tracheostomy: PIP: 34 cmH2O, PEEP: 7 cmH2O, T i: 0.45 s, 
rate: 30/min) (home ventilator settings: PIP: 26 cmH2O, 
PEEP: 6 cmH2O, T i: 0.4 s, rate: 25/min, pressure sup-
port: 14 cmH2O). Over the next several months, home 
ventilator pressures were gradually weaned and infant 
eventually came off mechanical ventilation at the age of 
14 months.

and given surfactant in the DR. She was brought to the 
NICU and placed on conventional ventilator: SIMV mode, 
PIP: 16 cmH2O, PEEP: 5 cmH2O, Ti: 0.3 s, and rate of 40. He 
required about 80% O2 to maintain target O2 saturations 
and was given 2 additional doses of surfactant (Poractant 
alfa) at 12 h intervals. After 24 h of life, infant could not 
be ventilated well on conventional ventilator and hence 
was transitioned to high-frequency oscillator (PCO2 > 70 
even at PIP of 25 cmH2O and rate of 60/min). On the HFOV, 
she required high amplitude (>40) and lower frequency 
(12 Hz) for adequate ventilation. Oxygen requirement 
remained high at about 60%. Chest X-ray on D4 showed 
severe PIE (Fig. 29.12).

Infant was switched to HFJV and was maintained on the 
jet ventilator for 3 weeks with slight improvement in the 
PIE changes, but she remained on high pressures. She was 
given a course of dexamethasone (see the table for our 
unit protocol) with some improvement in ventilation, but 
still could not be weaned to extubation.

Dexamethasone course for BPD

Time Dose Frequency

Days 1–3 0.075 mg/kg/dose 12-hourly

Days 4–6 0.050 mg/kg/dose 12-hourly

Fig. 29.13 Chest X-ray Showing Changes of BPD With 
Areas of Atelectasis and Cystic Change.

Fig. 29.12 Chest X-ray Showing Severe Pulmonary 
Interstitial Emphysema in a 23-Week Preterm Infant.
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CHAPTER POINTS

•	 The cardiovascular and respiratory systems are 
intricately connected. Assessment and management 
should include integration of factors that influence 
the performance of both systems.

•	 Assessment of circulatory adequacy should be based 
on a comprehensive evaluation and not limited to 
blood pressure.

•	 The use of targeted neonatal echocardiography 
provides valuable insight and may enable therapy 
tailored to specific physiology.

The cardiovascular and respiratory systems are intricately 
interwoven from the earliest stages of fetal development. 
Synergy between these two systems is essential to ensure 
that the complex processes involved in delivery of oxygen-
ated blood is adequate to maintain cellular metabolism 
(Fig. 30A.1). Disease states may interrupt this process at 
any point and it may be difficult to identify the underlying 
pathophysiology. Both lung parenchymal disease and acute 
pulmonary hypertension present with hypoxemic respira-
tory failure in the perinatal period. Because of the close 
relationship between lung recruitment and aeration and 
pulmonary blood flow, many infants have a component of 
both pathologies contributing to their clinical presentation 

making it difficult to identify the magnitude of each com-
ponent. Additionally, after identification of a presumptive 
or definitive diagnosis, treatment aimed at one system may 
have significant impact on the other. Clinical assessment 
may be challenging as there is significant overlap between 
disease phenotypes. The current technology used for bed-
side monitoring is limited compared to those widely used 
in adults. Echocardiography may be an important adjunc-
tive tool. In this chapter, we aim to illustrate the intricate 
relationship between the respiratory and cardiovascu-
lar systems, present a physiologically driven approach to 
understanding how disease pathology and treatment of car-
diorespiratory disease interact and illustrate how echocar-
diography may be used to enhance physiologic definition 
and individualize therapy.

Cardiopulmonary interdependence

The transition
The transitional period is characterized by a dramatic 
change in both cardiovascular and respiratory function that 
must occur over a period of minutes to achieve survival. The 
combination of high pulmonary vascular resistance (PVR), 
low-resistance placental circuit, and presence of shunts 
results in a complex fetal circulatory pattern. Due to high-
downstream PVR, most of the fetal right ventricular output 
(90%) is diverted across the ductus arteriosus into the sys-
temic circulation to be oxygenated by the placenta. Low pul-
monary blood flow contributes little to left atrial pressure 
and this, when combined with high PVR, produces a sig-
nificant pressure gradient between the right and left atrium. 
The result is that a large proportion of highly oxygenated 
placental return flows right to left across the foramen ovale 
and makes a major contribution to left ventricular out-
put (LVO), hence cerebral and coronary flow. After birth, 
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separation of the placenta leads to a simultaneous increase 
in systemic vascular resistance (SVC), reduction in right 
atrial preload and therefore a dramatic reduction in right 
ventricular output, which may impact the systemic circula-
tion. If sustained, this may result in cerebral and myocar-
dial ischemia. The augmentation in pulmonary blood flow, 
secondary to postnatal lung recruitment, and the resultant 
escalation of pulmonary venous return replaces umbilical 
flow as the major contributor to delivery of oxygenated 
blood to the left atrium and hence, the primary contributor 
to LVO. For infants in whom this does not occur success-
fully, there may be significant consequences.

The contribution of lung aeration and pulmonary 
mechanics to successful transition cannot be underesti-
mated. Several factors are thought to result in the immedi-
ate postnatal augmentation of pulmonary blood flow that 
is required to offset the hemodynamic effects of placental 
separation. First, high-negative intrathoracic pressure due 
to lung inflation with sustained peak end-expiratory pres-
sure results in an increase in alveolar-capillary transmural 
pressure gradient and therefore an increase in capillary size 
in aerated regions. Second, as fetal lung fluid dissipates, an 
increasing proportion of the alveoli become oxygenated. 
Fetal lamb studies have shown that administration and 
withdrawal of oxygen independently mediates reduction 
and increase in pulmonary vascular tone, respectively, and 
therefore modulates pulmonary blood flow.

Though technically challenging due to limitations of 
cord length, maternal needs and the requirement for equip-
ment and personnel to be in close shared proximity with 
the obstetrical staff, ventilation prior to cord clamping is 
an area of active research [1,2]. Initiation of ventilation, 
with the resultant increase in pulmonary blood flow, prior 

to the removal of the placental source of left atrial preload 
may limit the duration of low cardiac output immediately 
following cord clamping. A period of placental transfu-
sion immediately following delivery prior to clamping of 
the cord is recommended by both neonatal and obstetric 
guidelines for otherwise stable preterm infants not requir-
ing resuscitation [3,4]. The associated reduced risk of 
intraventricular hemorrhage may relate to improved car-
diovascular stability with onset of spontaneous respiration 
prior to cord clamping. The value of delayed cord clamping 
for neonates requiring resuscitation and mechanical ven-
tilation has not been demonstrated, though theoretically 
these neonates may have an even greater need due to a 
delay in establishing pulmonary blood flow [1].

Impaired transition
When pulmonary blood flow fails to increase to a level suf-
ficient to provide adequate delivery of oxygenated blood 
to the systemic circulation the neonate may develop the 
clinical phenotype of acute pulmonary hypertension. 
There are significant cardiovascular consequences. High 
PVR contributes to high right ventricular afterload to which 
the neonatal myocardium, especially the right ventricle, is 
poorly adapted. This may directly result in RV dilation and 
impaired RV systolic performance. The impact on the LV 
is equally important but more complex. Poor pulmonary 
blood flow leads to impaired LV preload which may result 
in low cardiac output, particularly if atrial right-to-left 
shunt is small or absent. Further, poor preload may impair 
LV contractility by the Frank–Starling mechanism. Right 
ventricular changes may also have a significant impact on 
LV performance. The right and left ventricles are interlinked 

Fig. 30A.1 Factors That Contribute to Metabolic Homeostasis.
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with multiple shared fibers which results in ventricular 
interdependence [5]. Similarly, left ventricular contractility 
is dependent on its conformation and leftward deviation 
of the septum due to RV dilation and high right ventricular 
pressure results in impaired LV performance. Hypoxemia 
and low cardiac output may also contribute to impaired 
coronary artery flow and myocardial hypoperfusion. The 
end result may be poor systemic blood flow and shock 
which, if not promptly corrected, may be fatal.

Preterm infants, in particular, may be at increased risk 
of acute pulmonary hypertension early in their postna-
tal course. Both a higher frequency of lung disease which 
results in reduced alveolar recruitment and oxygenation and 
immaturity of biochemical pathways and enzyme systems 
may predispose premature infants to failure of transition. 
The cardiovascular consequences are similar to term infants, 
and additionally, the preterm myocardium presents unique 
challenges. Premature infants have less compliant ventricles 
due to a higher proportion of noncontractile tissue, disor-
ganized orientation of myofibrils, and immature calcium 
handling. This may lead to exaggerated impact of afterload 
on the RV. Dramatic changes in cardiac loading conditions 
such as a rapid drop in PVR with surfactant administration 
may be poorly tolerated by the LV and may precipitate acute 
systolic dysfunction. This may have important implications 
for outcomes because there is evidence that a period of low 
cerebral blood flow may precede intraventricular hemor-
rhage, suggesting that ischemia–reperfusion injury may be 
a contributor. The mortality for preterm infants with pul-
monary hypertension is significantly higher than matched 
patients who transition smoothly.

The impact of ventilation 
on the cardiovascular system

Unsupported inspiratory breathing occurs due to contrac-
tion of respiratory muscles to expand the lung and pro-
duce negative intrathoracic pressure. A gradient develops 
between the atmospheric pressure and the respiratory units 
and air flows down the pressure gradient into the lung. 
Negative pleural pressure transmits to the right atrium and 
an increase in abdominal pressure due to diaphragmatic 
contraction occurs. The result is an increase in the systemic 
venous to right atrial pressure gradient, hence an increase 
in venous return. This process is responsible for the varia-
tion in stroke volume that occurs with the respiratory cycle. 
The initiation of positive pressure ventilation significantly 
changes these relationships.

Impact on right heart filling

Ventilated breaths distend alveoli using positive intra-
thoracic pressure, the peak of which occurs which is at 

end-inspiration. Stretching of the alveoli is associated with 
increased transpleural pressure which transmits to the right 
atrium. Right atrial filling is preserved at moderate levels 
due to a concurrent increase in abdominal pressure [6]. At 
extremes of inflation, transpleural pressure, and therefore 
pericardial pressure, may be sufficiently high to compro-
mise atrial preload by limiting the ability of the chambers 
to distend [7]. The application of positive end-expiratory 
pressure reduces the tidal volume and peak inspiratory 
pressure required to ventilate the lung while maintaining 
mean airway pressure. Fewer areas of localized overex-
pansion, which may contribute to transpleural pressure, 
may occur due to homogenous lung recruitment. Though 
transpleural pressure remains above atmospheric through-
out the respiratory cycle, there is less overall impact on 
hemodynamics. Changes in airway pressure, mediated 
both by changing peak end-expiratory pressure and manip-
ulation of mean airway pressure on high-frequency modes, 
is associated with an inverse change in right ventricular 
output in neonates [8–10]. This is particularly important 
in patients with right ventricular dysfunction in whom pul-
monary blood flow may be dependent on maintaining a 
high gradient between right atrial and pulmonary artery 
pressure. Significant overdistension may be associated with 
low cardiac output in some neonates and the use of exces-
sive mean airway pressure should be avoided, particularly 
in hemodynamically compromised patients.

Impact on PVR

Throughout the lung of healthy newborn pulmonary 
venous pressure is greater than the intraalveolar pressure in 
areas of appropriate ventilation-perfusion matching. Alveo-
lar distension beyond pulmonary venous pressure leads to 
impaired flow through the adjacent pulmonary capillary 
bed and produces an increase in PVR. High-tidal volume 
ventilation in which alveoli are overdistended is associated 
with a sharp increase in pulmonary artery acceleration time 
due to increased resistance and is associated with increased 
right ventricular afterload [6]. At levels below functional 
residual capacity, derecruitment results in areas of localized 
alveolar hypoxia which is associated with hypoxic pulmo-
nary vasoconstriction. Additionally, small vessels become 
tortuous and may collapse resulting in further increase 
in PVR [11]. Right ventricular performance is particularly 
vulnerable to elevated afterload [12] and dramatic over or 
underrecruitment may cause negative impact. For patients 
who have preexisting pulmonary hypertension, myocardial 
dysfunction or significant lung disease with associated gas 
trapping or impaired gas exchange, changes in lung volume 
may also have an important impact on pulmonary blood 
flow, therefore cardiac output. The impact of augmented 
intrathoracic pressure on hemodynamics in critically ill 
neonates may be even greater.
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Impact on left ventricular performance

Given the dependence of pulmonary blood flow on air-
way pressure, an impact on left ventricular preload may 
be anticipated. Reduced left ventricular end-diastolic 
volume [13], stroke volume [13], and impaired sys-
temic perfusion [14] have been associated with excessive 
lung volumes. When PVR is sufficiently high to result 
in right ventricular dilation and dysfunction, left ven-
tricular function may also be impaired. Abnormal left 
ventricular shape due to septal flattening or paradoxi-
cal septal motion has a negative impact on myocardial 
performance [15] and may impair left ventricular filling 
[16,17]. Though the right ventricular effects predomi-
nate, right ventricular dysfunction may contribute to left 
ventricular dysfunction due to interdependent fibers [18] 
and changes in transpleural pressure may have an inde-
pendent impact on left ventricular afterload. This may be 
particularly important for patients with preexisting condi-
tions that make them especially vulnerable, such as severe 
left ventricular dysfunction. Negative pressure inspiration 
is associated with increased aortic transluminal pressure 
because the pleural pressure declines more significantly 
that the aortic pressure. The associated increase in left 
ventricular wall stress may be relieved with the applica-
tion of positive pressure [19].

Cardiovascular assessment

Clinical assessment
Making a distinction whether the etiology of hypoxia 
relates primarily to parenchymal versus cardiovascular 
etiology may be complex but is important. Treatments 
for cardiovascular disease such as inhaled nitric oxide 
(iNO) are unlikely to have maximum efficacy in the set-
ting of uncorrected atelectasis and therefore optimization 
of recruitment and carbon dioxide clearance are impor-
tant primary therapies for hypoxia. The presence of work 
of breathing suggests inadequate lung recruitment and is 
an important clinical clue. Arterial carbon dioxide, which 
is less susceptible to local effects due to poor tissue perfu-
sion than capillary or venous samples, in the normal range 
in the presence of significant hypoxia suggests inadequate 
pulmonary blood flow and should trigger investigation 
for pulmonary hypertension or congenital heart disease. 
Chest radiography is important to assess for alternate eti-
ologies (e.g., pneumothorax) and assess cardiac size and 
silhouette. All of these investigations, however, are nonspe-
cific; comprehensive echocardiography may be invaluable 
in establishing a definitive diagnosis and delineating the 
actual physiology. The role of neonatologists in perform-
ing comprehensive echocardiography and integrating 

hemodynamic information in critically ill neonates is a 
crucial component of refining the care.

Ensuring appropriate lung recruitment, minute venti-
lation, pulmonary and systemic blood flow require care-
ful attention to detail in the preterm or sick-term infant. 
With increased emphasis on lung protection, low tidal 
volume ventilation, the “open lung” strategy has become 
an important part of modern neonatal care. The focus of 
this approach is to attain and maintain lung volume above 
functional residual capacity using sustained inflation after 
a recruitment maneuver to open atelectatic lung units. Cli-
nicians may use a target fraction of inspired oxygen (FiO2) 
of less than 0.3 to indicate adequate lung recruitment 
based on animal [20] and neonatal data suggesting this as 
an appropriate target [21,22]. This presumes, however, that 
ventilation and perfusion matching may be accomplished 
using recruitment alone which may not be accurate for neo-
nates with concurrent abnormalities of pulmonary blood 
flow. Overdistension in an attempt to reduce FiO2 to below 
0.3 in patients with pulmonary hypertension is a dan-
ger when using this parameter in isolation. Additionally, 
though lung volume and mean airway pressure are strongly 
associated, compliance may be highly variable depending 
on the degree of intrinsic lung disease and other dynamic 
patient factors such as infant position [23]. Reduction in 
right ventricular output has been associated with increasing 
lung volume; however, serial measurements are required to 
determine the clinical relevance. Changes may significantly 
impact on pulmonary blood flow and frequent reassess-
ment is recommended. Diaphragm position in relation to 
posterior ribs on chest radiography, though a commonly 
used diagnostic test, lacks precision for assessment of lung 
volume [24]. Flow and pressure volume loops available on 
modern neonatal ventilators may provide valuable infor-
mation on recruitment and compliance, however, are not 
available on high-frequency modes. Determination of lung 
volume using magnetic resonance imaging (MRI) is widely 
used in prognostication for fetal patients with congenital 
diaphragmatic hernia, lung masses [25], and congenital 
heart disease [26]. Postnatal lung volume assessment using 
MRI has been explored in patients with diaphragmatic 
hernia [27] and patients with bronchopulmonary dyspla-
sia [28]; however, limited availability and experience and 
the need for transport restrict its clinical relevance to assess 
dynamic states of recruitment. Changes in echocardiogra-
phy measurements, a tool which is available in real time 
and at the bedside, may be useful.

The utilization of echocardiography 
in the neonatal intensive care unit
Echocardiography by the neonatologist is increasingly prac-
ticed in intensive care units across the world. Although the 
program name changes between regions (targeted neonatal 
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echocardiography [Pan-American region], clinician per-
formed ultrasound [Australasia], neonatologist performed 
echocardiography [Europe]), the fundamental principles 
which define the field are similar. In this chapter, we will 
refer to American Society of Echocardiography Guidelines 
for Targeted Neonatal Echocardiography (TnECHO), as it is 
the terminology our group is most familiar with, although 
either term would be appropriate. Distinct from echocar-
diography practiced by cardiologists in which the focus is 
on the diagnosis and management of major and minor 
structural heart disease, echocardiography by the neonatol-
ogist is utilized in conjunction with clinical assessment to 
identify and guide the intensive care treatment of deranged 
cardiovascular physiology. It is of paramount importance 
to emphasize that neonates with impaired oxygenation 
and/or systemic blood flow may have structural heart dis-
ease and therefore a full anatomic assessment should be 
performed and reviewed by a pediatric cardiologist either 
at the time of or before first echocardiography assessment 
by the neonatologist. There are several advantages, how-
ever, of the model in which the intensive care physician 
performs bedside echocardiography. First, the in-depth 
knowledge of transitional and neonatal physiology which 
is fundamental to neonatal intensive care practice is also 
important in the interpretation of echocardiography imag-
ing. Particularly during the transitional period, the evalua-
tion of echocardiography in isolation of the clinical status 
may be difficult and inaccurate. PVR may decline slowly 
after birth and, in the absence of hypoxemia, this may rep-
resent a variation of normal whereas in the hypoxic neo-
nate this may represent a pathological state. Second, the 
ability to make rapid, real-time assessment in acutely ill 
patients allows the titration of intensive care therapies with 
changes in physiology. Longitudinal monitoring is difficult 
within the current model of pediatric cardiology practice. 
Finally, the neonatologist is uniquely positioned to under-
stand the disease states given the nature of their training 
and clinical expertise. This allows echocardiography to be 
used optimally to understand the natural history of longer 
term conditions such as patent ductus arteriosus (PDA) or 
chronic pulmonary hypertension and to conduct research 
focused on understanding the normal variation in neonatal 
physiology and how this is modified by disease.

Standards for training and operating procedures are 
established in many areas of the world [29–31]. There 
is no published scientific evidence to support-specific 
requirements for number, type or frequency of imaging 
to constitute proficiency, hence there is significant hetero-
geneity in training programs. High-quality cardiac image 
acquisition, however, is difficult given the anatomic com-
plexity, dynamic nature, and the importance of precise 
measurements to interpretation. This is particularly true 
in preterm and sick-term neonates given the restrictions of 
size, air interference from invasive ventilation, and often 

patient lability. Hence, it is important that neonatologists 
performing echocardiography be highly experienced and 
diligent. Comprehensive assessment including measure-
ments in multiple imaging planes is recommended given 
the intrinsic operator and measurement error that may 
occur when relying on a single value for decision-making. 
The TnECHO specify essential and disease-specific imag-
ing sequences and measurements which are recommended 
in all studies [31]. Each measurement has advantages and 
limitations which must be understood by TnECHO practi-
tioners in order to avoid misinterpretation (Table 30A.1). 
In isolation, individual measurements have a variety of 
contributing factors including operator dependency and 
changes in loading conditions. When clinical assessment 
and a series of corroborating measurements are used to cre-
ate a pattern, TnECHO may provide valuable insight into 
pathophysiology.

The use of TnECHO as a tool for serial monitoring 
of changes in an individual patient allows comparison 
between measurements with therapy and over time. To 
apply TnECHO broadly and make determinations about 
deviation from normal on the first assessment, it is impor-
tant to define the reference ranges for each measurement 
over different gestational ages. The neonatal, and particu-
larly the preterm, cardiovascular system is unique due to its 
transitional state, immaturity, and the persistence of fetal 
shunts. It is, therefore, difficult to extrapolate pediatric or 
adult data to the neonatal heart. Published normative data 
for indices of right and left ventricular function and cardiac 
output of healthy term neonates in the transitional period 
is available [39,40]. For preterm infants, an additional 
layer of complexity relates to the lack of clear definition of 
what constitutes a “healthy” preterm. Some data describ-
ing changes in left and right ventricular functional indices 
have been published; however, continued work in this area 
is required.

Assessment of pulmonary pressure

Echocardiography evaluation of pulmonary hyperten-
sion should include (1) estimation of pulmonary pressure 
and PVR, (2) appraisal of the impact on right ventricu-
lar function, and (3) any impact on systemic circulation 
(Table 30A.2). Several techniques are recommended for 
evaluation of pulmonary arterial pressure. First, the esti-
mation, using the modified Bernoulli equation, of right 
ventricular systolic pressure (RVSp) using peak velocity of 
the tricuspid regurgitant jet if measurable and complete is 
commonly considered the most robust echocardiography 
measure of pulmonary pressure. This measure may not 
be reliable, however, if there is inadequate regurgitation 
or in the presence of RV dysfunction. It is important that 
the Doppler measurement of velocity is taken from a line 
of insonation parallel to regurgitant flow; poor Doppler 
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Table 30A.1  Advantages and limitations of TnECHO measurements used in the assessment of pulmonary 
hemodynamics [32]

Assessment Measurement Advantages Limitations

Established in clinical practice

RV systolic 
pressure

Peak velocity of TR jet •	 Calculation	of	RVSp	(modified	
Bernoulli equation)

•	 Incomplete	or	inadequate	TR	[33]
•	 Underestimated	by	RV	dysfunction	[33]
•	 Assumes	RA	pressure

Septal wall motion 
(eccentricity index [34])

•	 Direct	assessment	of	relative	
LVSp and RVSp over the 
duration of the cardiac cycle

•	 Relative	to	systemic	pressure;	systemic	
hypertension may underestimate RVSp

PDA shunt direction •	 Direct	assessment	of	relative	
systemic and pulmonary 
pressure over the duration of 
the cardiac cycle

•	 Absence	of	PDA

RV systolic 
performance

RV output •	 Reflects	volume	of	PBF	in	the	
absence of pulmonary to aortic 
shunt

•	 Angle	dependent
•	 Precise	annulus	measurement	may	be	technically	

difficult due to suboptimal visualization of PA

Systemic blood 
flow

LV output •	 Reflects	volume	of	SBF
•	 If	PDA	open,	only	preductal	

(CNS, coronary) SBF

•	 Angle	dependent;	requires	precise	placement	of	
sample volume

•	 Precise	annulus	measurement	dependent	on	
alignment of PLx plane

Qualitative assessment 
of LV filling; mid-cavity 
flow acceleration

•	 Easily	visualized,	rapid •	 Imprecise
•	 Detects	abnormalities	only	at	the	extremes	of	

filling

Evidence of utility in other populations (limited normative data, consider for longitudinal assessment)

Pulmonary 
vascular 
resistance

RVET:PAAT ratio •	 Predictive	of	PH	[35]
•	 Easily	measured,	not	angle	

dependent

•	 Influenced	by	poor	RV	performance
•	 Confounded	by	concurrent	TR,	PA	dilation,	

PDA shunt

Mid-systolic notching 
of PA Doppler 
waveform

•	 Associated	with	PH	[35]
•	 Easily	measured,	not	angle	

dependent

•	 Influenced	by	poor	RV	performance
•	 Confounded	by	TR,	PA	dilation,	PDA	shunt
•	 May	occur	in	high	flow	states	[35]

RV systolic 
performance

RV fractional area 
change

•	 Reflective	of	RV	ejection	
fraction on MRI [36] 
(adult data)

•	 Dependent	on	high-quality	imaging	windows	
for endocardial definition [37]

•	 Apical	four-chamber	FAC	influenced	by	septal	
motion [36]

TAPSE (tricuspid 
annular plane systolic 
excursion)

•	 Highly	reproducible	measure	
(longitudinal motion) [37]

•	 Feasible	in	most	patients	[38]

•	 Reflects	displacement	of	tricuspid	annulus	at	a	
single point; ≠ septal or outlet motion; ≠ RWM 
abnormalities [38]

•	 Angle	and	possibly	load	dependent	[38]

Tissue Doppler 
imaging

•	 Highly	reproducible	measure	
of longitudinal RV performance 
[38]

•	 Feasible	in	most	patients

•	 Reflects	displacement	of	tricuspid	annulus	at	a	
single point; ≠ septal or outlet motion; ≠ RWM 
abnormalities

•	 Affected	by	overall	motion	of	the	heart,	angle	
and load [36]

Research/investigational use
RV peak systolic strain •	 Allows	segmental	assessment	

of RWM abnormalities
•	 Influenced	by	image	quality
•	 Limited	normative	data

CNS, Central nervous system; FAC, fractional area change; LV, left ventricle; LVSp, left ventricular systolic pressure; MRI, magnetic resonance 
imaging; PA, pulmonary artery; PAAT, pulmonary artery acceleration time; PBF, pulmonary blood flow; PDA, patent ductus arteriosus; PH, 
pulmonary hypertension; PLx, parasternal long axis; RV, right ventricle; RVET, right ventricular ejection time; RVSp, right ventricular systolic 
pressure; RWMA, regional wall motion; TR, tricuspid regurgitation.
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alignment will underestimate true RVSp. Second, assess-
ment of directionality of ductal shunt may provide valu-
able information. Right-to-left ductal shunt will only occur 
if the pressure at the pulmonary end of the ductus is higher 
than the pressure at the aortic end at a designated portion 
of the cardiac cycle. Pulmonary pressure may be considered 
suprasystemic if right-to-left ductal shunt is present for 
greater than 30% of systole [41]. Third, qualitative assess-
ment of septal flattening may be a subjective way to quan-
tify the relative pressure difference between the left and 
right ventricles at various points in the cardiac cycle. Sub-
jective assessment however, has low interrater reliability 
and objective measurements such as eccentricity index [42] 
may be superior. Finally, the duration of acceleration of sys-
tolic flow in the pulmonary artery may be used to estimate 
the downstream resistance because blood is expected to 
reach its peak velocity more quickly in a rigid circuit [43]. 
Indexing the pulmonary artery acceleration time to right 
ventricular ejection time (RVET) accounts for the impact of 
variable heart rate.

Assessment of right ventricular systolic 
performance

Assessment of RV function may be difficult due to (1) its 
complex geometry and highly trabeculated surface which 
makes it difficult to identify the endocardial boarders and 
(2) its anterior position in the chest which may impact 
imaging windows. Qualitative assessment is unreliable 
and therefore quantitative measures utilizing a standard-
ized approach may improve reliability and validity. There 
are limited data comparing echocardiography measure-
ments of myocardial performance to the emerging gold 

standard technique of cardiac MRI. In adult patients, sev-
eral measurements including fractional area change, peak 
systolic velocity as measured by tissue Doppler imaging, 
tricuspid annular plane systolic excursion (TAPSE), and 
peak longitudinal strain are predictive of low RV ejection 
fraction measured using cardiac MRI. The majority of this 
data are collected using echocardiography imaging from 
the apical four-chamber view. Fractional area change, 
measured by tracing the endocardial boarder at end-
diastole and end-systole and calculating the percentage 
difference, may have superior reliability in the neonatal 
population when measured from the apical three-cham-
ber view (Fig. 30A.2). In patients with pulmonary hyper-
tension, a low TAPSE, which is a measure of longitudinal 
RV systolic performance, has been associated with risk 
of death or extracorporeal membrane oxygenation [45] 
(Fig. 30A.3). Similar data are emerging for neonates with 
perinatal asphyxia, in whom TAPSE is associated with risk 
of death or abnormal brain MRI despite therapeutic hypo-
thermia [46].

Assessment of LV systolic performance

Shortening fraction and ejection fraction as measured by 
M-mode echocardiography in either the parasternal long 
or short axis plane are often used to assess left ventricu-
lar systolic performance in neonates. The utilization of 
M-mode echocardiography includes several assumptions; 
first, the measurement change in diameter in the plane of 
insonation is representative of global myocardial function 
and second, that the left ventricle is spherical in shape. 
Regional wall motion abnormalities cannot be accounted 
for using this technique and, particularly for neonates with 

Table 30A.2  Targeted neonatal echocardiography measurements for neonates with acute pulmonary hypertension

Evaluation of pulmonary hemodynamics Impact on systemic circulation Impact on RV performance

Quantitative:
Tricuspid regurgitation
Transductal Doppler
Semiquantitative:
PAAT:RVET
Interventricular septal motion
Pattern of shunt across PDA and PFO

LV preload:
PV Doppler
Transmitral Doppler
LV contractility:
Fractional shortening
Ejection fraction
mVCFc
Systemic flow:
LVO

Subjective:
2D assessment of contractility
Dilatation of ventricular cavity 
and RVOT
Objective:
RVO/MPA stroke distance
TAPSE
Fractional area change

LVO, Left ventricular output; MPA, main pulmonary artery; mVCFc, mean velocity of circumferential fiber shortening; PAAT, pulmonary artery 
acceleration time; PDA, patent ductus arteriosus; PFO, patent foramen ovale; PV, pulmonary valve; RVET, right ventricular ejection time; RVO, 
right ventricular output; RVOT, right ventricular outflow tract; TAPSE, tricuspid annular plane systolic excursion.
Adapted from Jain A, McNamara PJ. Persistent pulmonary hypertension of the newborn: physiology, hemodynamic assessment and novel 
therapies. Curr Pediatr Rev 2013;9:55–66 [44].
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septal flattening in the setting of pulmonary hypertension, 
the assumption of a spherical LV shape is inaccurate. The 
left ventricular shape of preterm neonates is distorted for up 
to several weeks following delivery, limiting the applicabil-
ity of fractional shortening, and particularly M-mode ejec-
tion fraction in which diameter measurements are cubed 
and therefore the potential for inaccuracy is exponentially 
increased [47]. The Simpson’s biplane method of estimat-
ing LV volume is more accurate due to the separation of the 
cavity into discrete disks and the measurement of diameter 
in two planes which facilitates the assumption of a conical 
shape. LVO may be calculated using the following: velocity 
time integral (VTI) measured by pulsed-wave Doppler with 
the angle of insonation parallel to the direction of flow and 
the sample volume at the level of the hinge points of the 
aortic valve, the heart rate, and the radius of the aortic valve 
annulus measured in the parasternal long-axis plane [48]. 
Cardiac MRI data suggest that LVO measurement by echo-
cardiography is a robust measure of systemic blood flow 
[49] and normative data exists in the neonatal population 
[40,50].

Novel modalities

As the availability of high-frequency, high-resolution tech-
nology becomes increasingly available, techniques that are in 
widespread use in adult patients are becoming more practi-
cal for neonatal assessment and are increasingly used, par-
ticularly as research tools. The use of tissue Doppler imaging 
to assess myocardial velocity has been used as an adjunct 
measurement to assess systolic and diastolic performance in 
neonates undergoing PDA ligation [51], patients with acute 
[52] and chronic pulmonary hypertension [53] and other 
hemodynamic conditions. Reproducibility is high [52] and 
normative data has been published for some populations 
during the transitional period [39,40,54]. Measurement of 
peak strain and strain rate using speckle tracking echocar-
diography are feasible in term and preterm infants [55]. The 
use of this technique makes quantification of regional wall 
motion abnormalities possible and may, therefore, allow 
more detailed appraisal of heart function. Measurement of 
LV rotational mechanics using assessment of torsion has been 
explored; however, the published evidence is limited [56,57].

Fig. 30A.2 Right Ventricular Three-Chamber View. The right atrium (RA), right ventricle (RV), pulmonary artery (PA), and aorta 
(Ao) can be seen from a medial apical position. This view may be used to calculate fractional area change by tracing the diastolic 
and systolic areas and using the formula: [(diastolic area) − (systolic area)]/(diastolic area). LA, Left atrium; LPA, left pulmonary 
artery; RPA, right pulmonary artery.

Fig. 30A.3 Tricuspid Annular Plane Systolic Excursion (TAPSE) in the Normal Range for a Term Infant on the Tight. 
The left panel demonstrates a very low TAPSE in a 24-h-old infant with pulmonary hypertension, right ventricular dysfunction, 
and hypoxic ischemic encephalopathy.
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Hemodynamic assessment 
in specific situations

Detailed clinical assessment is the cornerstone of inten-
sive care management and the evolution and response to 
treatment are important. The assessment of circulatory 
adequacy is complex and should not be limited to blood 
pressure. Optimizing tissue oxygenation to satisfy the met-
abolic needs of the tissue represents the goal of cardiovas-
cular care (Fig. 30A.1). It is important to recognize that, 
while, mean arterial pressure is a symptom of neonatal 
cardiovascular health it does not predict cardiac output. 
Neonates with low cardiac output may vasoconstrict their 
less essential vascular beds (e.g., skin) to maintain perfu-
sion pressure to more vulnerable organs; hence, normal 
blood pressure in an otherwise unwell appearing neonate 
should not be used to rule out poor perfusion. The use of 
systolic and diastolic pressure may provide added insight 
into pathophysiology because disorders that reduce car-
diac output (e.g., pulmonary hypertension, myocardial 
dysfunction) may be reflected in declining systolic arterial 
pressure, whereas those that cause peripheral vasodilation 
(e.g., sepsis) may start out as predominantly diastolic hypo-
tension. All infants if left untreated, however, may develop 
profound hypotension when adaptive mechanisms fail. 
TnECHO assessment may modify clinical impression in 
a significant proportion of neonates [58]. When perform-
ing echocardiography, a comprehensive study according to 
the American Society of Echocardiography guidelines [31] 
is recommended; however, particular attention to predict-
able features associated with specific disease phenotypes is 
sensible.

Classic pulmonary hypertension 
in the term/preterm neonate
As previously described, acute pulmonary hypertension is 
characterized by high RV afterload, impaired LV preload 
and biventricular systolic dysfunction. The transitional 
shunts may play an important modulator role in support-
ing systemic perfusion, albeit at the expense of a margin-
ally lower PaO2. Monitoring pre and postductal oxygen 
saturation may provide an indicator of right-to-left duc-
tal shunt in the presence of suprasystemic level pulmo-
nary artery pressure. The absence of a gradient, however, 
does not rule out pulmonary hypertension. If the ductus 
arteriosus is very small or absent or if the flow is bidi-
rectional, there may be insufficient deoxygenated blood 
flowing to the systemic circulation to have a clinically 
apparent impact on postductal oxygen saturation. Clini-
cal assessment should consider markers of circulatory 
adequacy and tissue oxygenation. Oxygenation index is 

one tool used to standardize therapy; however, the loca-
tion of arterial blood gas measurement is an important 
consideration. As most arterial lines are placed in the 
postductal umbilical artery, the implications on monitor-
ing need to be considered. Significant right-to-left ductal 
shunt may modify both the arterial oxygen content and 
potentially systolic arterial pressure. In the presence of 
a high-volume right-to-left ductal shunt, postductal sys-
tolic arterial pressure may be higher leading to underes-
timation of preductal perfusion pressure. It is therefore 
recommended to monitor both pre and postductal blood 
pressure concurrently, particularly in neonates with a gra-
dient in oxygenation.

Echocardiography assessment of pulmonary hyperten-
sion should always include, in addition to estimation of 
pulmonary pressure, measures of RV health and the ade-
quacy of systemic blood flow as changes in these param-
eters are direct consequences of high-PVR. The presence 
and direction of ductal and atrial shunt are of particular 
importance and patency of fetal shunts may be lifesav-
ing (Fig. 30A.4). In the presence of very low pulmonary 
blood flow, right-to-left atrial shunt may support LVO 
and provide an important source of perfusion to preduc-
tal organs such as the coronaries and the brain. In the 
presence of very low LVO, right-to-left ductal shunt may 
also support cerebral perfusion through retrograde flow 
into the proximal branches of the aortic arch. Addition-
ally, right-to-left ductal shunt may provide supplemen-
tal systemic flow which, though the oxygen content is 
lower than optimal, may be adequate to prevent organ 
ischemia. Finally, afterload reduction via the provision of 
an alternate, lower resistance pathway to right ventricu-
lar output may be an important protective mechanism 
against RV failure.

Acute pulmonary hypertension and 
structural congenital heart disease
Recognition is of fundamental importance to the manage-
ment of acute pulmonary hypertension in neonates with 
congenital heart disease. A neonate with unrestrictive pul-
monary blood flow in the setting of cyanotic congenital 
heart disease should have a baseline saturation in the range 
of 75%–80%. Saturation lower than this level may suggest 
inadequate mixing of pulmonary and systemic circulations 
(e.g., due to restrictive atrial defect or ductus arteriosus in 
neonates with transposition of the great arteries) or concur-
rent acute pulmonary hypertension and critical hypoxemia 
(e.g., PaO2 <25 mmHg or SpO2 <60%) should prompt 
urgent attention [59]. Acute pulmonary hypertension may 
occur due to pulmonary hypoplasia (e.g., related to cardio-
megaly in Ebstein’s anomaly [60]), pulmonary interstitial 
glycogenosis [61], pulmonary lymphangectasia [62], or 
due to remodeling in the setting of abnormal in utero flow 
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patterns and the risk may be higher in early term or preterm 
infants [63].

Other causes of pulmonary hypertension that may com-
plicate the course of neonates with congenital heart disease 
include pulmonary arterial disease in the setting of chronic 
left-to-right shunt and pulmonary venous disease due to 
left atrial hypertension [64]. Progressive pulmonary arte-
rial hypertension may occur in simple (e.g., ventricular or 
atrioventricular septal defects, PDA) or more complex (e.g., 
anomalous venous drainage, single ventricle with unob-
structed pulmonary blood flow) lesions [65]. A high vol-
ume of pulmonary blood flow may initially be tolerated 
because the healthy pulmonary vascular bed is compliant; 
however, over time the pulmonary vasculature becomes 
more muscular and undergoes remodeling which increases 
PVR [66]. This may be further compounded by expo-
sure of the pulmonary circulation to higher than normal 
SpO2. Pulmonary vascular disease associated with progres-
sive pulmonary vasculature alterations may later pres-
ent as Eisenmenger’s syndrome and may be lethal. These 
changes typically take prolonged exposure; however, the 
impact of simultaneous lung parenchymal disease due to 

prematurity, concurrent inflammatory changes with infec-
tion, and the impact of chronic ventilation and oxygen 
exposure on the development of shunt-related pulmonary 
hypertension in the medically complex or preterm neonate 
is unclear. Pulmonary venous hypertension due to high 
left atrial pressure may lead to the development of pulmo-
nary edema and therefore impaired oxygenation and ven-
tilation. It is important to differentiate these two entities 
as their management significantly differs. Neonates with 
anatomic heart disease which results in restrictive pulmo-
nary venous drainage, such as hypoplastic left heart with a 
restrictive atrial septal defect, have an increased likelihood 
of abnormal development of pulmonary veins, arterioles, 
and lymphatics during fetal and neonatal life. The latter 
may predispose these babies to abnormalities of pulmo-
nary blood flow and may require modification of treatment 
approach [67].

Congenital diaphragmatic hernia
Congenital diaphragmatic hernia (CDH) affects approxi-
mately one in every 3000 babies [68]. Depending on the 

Fig. 30A.4 Cardiovascular Consequences of Acute Pulmonary Hypertension [32]. Ao, Aorta; CNS, central nervous system; 
CO, cardiac output; LA, left atrium; LV, left ventricle; PA, pulmonary artery; PBF, pulmonary blood flow; PDA, patent ductus 
arteriosus; PI, pulmonary insufficiency; RA, right atrium; rBC, right brachiocephalic; RV, right ventricle; SAP, systolic arterial 
pressure; SBF, systemic blood flow; TR, tricuspid regurgitation.
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severity of the herniation of abdominal organs into the 
chest, the lungs growth can be affected by its compression, 
leading to pulmonary hypoplasia and acute pulmonary 
hypertension. Poor prognostic markers include diagnosis 
prior to 25 weeks gestation, herniation of the liver and low 
lung-to-head ratio [69,70]. The use of biomarkers has been 
suggested to predict severity of pulmonary vascular disease 
and cardiac impact, such as growth factors (vascular endo-
thelial growth factor A (VEGF-A), placental growth factor 
(PGF)) and brain-type natriuretic peptide levels [71–73].

The postnatal course may be complicated by both 
parenchymal and cardiovascular disease. Lung branching 
is reduced due to compression by abdominal contents and 
interference in normal signaling results in lung immatu-
rity. Particularly if delivered preterm, surfactant deficiency 
may result in reduced functional residual capacity and may 
predispose to acute pulmonary hypertension. In addition, 
infants with CDH may have a reduced pulmonary vascular 
bed with vascular muscular hypertrophy and exaggerated 
pulmonary vasoreactivity to stimuli such as hypoxemia 
[74,75]. The associated impairment in pulmonary blood 
flow may exacerbate hypoxia and contribute to hypercap-
nia. The ratio of pulmonary artery flow acceleration time 
(or time-to-peak velocity (TPV)) indexed to RVET as a 
measurement of PVR may be used to predict disease sever-
ity. TPV/RVET ratio equal or less than 0.29 was associated 
with a 61.9% risk of death or extracorporeal membrane 
oxygenation (ECMO) on postnatal day 1 as compared to 
100% survival of infants with higher ratios in one study 
[76] and may be associated with a greater respiratory ill-
ness severity.

The growth of the heart may be impacted by altered 
flow patterns related to abnormal position of the inferior 
vena cava resulting and due to compression by abdominal 
organs resulting in impaired filling. The result is small left 
heart structures which may contribute to left atrial hyper-
tension and pulmonary edema. Postnatal factors contribut-
ing to ongoing impairment in LV filling may include RV 
conformational change due to PH, poor pulmonary blood 
flow, and external compression by gas filled intrathoracic 
organs. Smaller left heart diastolic diameter and increased 
right heart diastolic diameter have been associated with 
poor prognosis [77,78]. Both right and left ventricular 
function may be impaired in this population, and the 
presence of systolic dysfunction may be a more important 
predictor of outcome than absolute pulmonary pressure 
[79,80]. For fetuses with early evidence of poor prognosis, 
balloon tracheal occlusion may be used to improve lung 
growth, though the impact of this new technique on the 
cardiovascular system remains to be explored [81]. Antena-
tal therapy with sildenafil is associated with improved lung 
growth and pulmonary vascular responsiveness in animal 
models and may be an avenue for future investigation in 
human studies [82–84].

Hypoxic ischemic encephalopathy
Cardiovascular dysfunction in patients with hypoxic isch-
emic encephalopathy (HIE) is common and often multi-
factorial [85]. Both the asphyxial insult and therapeutic 
hypothermia modulate the cardiovascular system and the 
effect of temperature may reduce the sensitivity and speci-
ficity of commonly used clinical parameters for detecting 
impaired circulatory function. Asphyxia is associated with 
failed transition which commonly results in acute pulmo-
nary hypertension and with transient myocardial ischemia 
which occurs in approximately 29%–38% of asphyxiated 
neonates [86,87]. As a result, hypotension and poor perfu-
sion with or without hypoxic respiratory failure may occur. 
Hypothermia is associated with thermoregulatory vasocon-
striction which has been shown to increase systemic arterial 
pressure and exacerbate oxygenation failure in neonates 
with HIE [88]. The effect on PVR is less well understood. 
Though there was no difference in clinically apparent 
pulmonary hypertension between treated and untreated 
neonates in the randomized trials of whole body cooling, 
the majority of trials excluded neonates with significant 
hypoxemic respiratory failure [89]. In animal models, a 1° 
change in temperature produces a 1% change in PVR [90] 
suggesting that neonates who already have high PVR due to 
failed transition are at the highest risk of hypoxemia when 
therapeutic hypothermia is initiated. Optimal medical 
management of pulmonary hypertension is recommended 
prior to initiating therapeutic hypothermia and caution is 
advised.

Both the primary insult, via myocardial ischemia and 
pulmonary hypertension, and therapeutic hypothermia 
may contribute to low cardiac output in asphyxiated new-
borns (Fig. 30A.5). Whole body cooling is associated with 
a 67% reduction in cardiac output, which is primarily 
related to sinus bradycardia [85]. Whether this contributes 
to neuroprotection via reduction in reperfusion injury is 
unknown; however, redistribution of blood flow toward 
the cerebral circulation in cooled patients has been asso-
ciated with worse neurodevelopmental outcome [91]. The 
clinical significance of this observation is uncertain and 
highlights the difficulty of determining “optimum” cere-
bral blood flow in asphyxiated neonates. The ability to 
assess whether systemic blood flow is adequate may also 
be compromised by the coexistence of tissue injury. Anuria 
or oliguria may result from acute kidney injury. Metabolic 
acidosis and elevated lactate are common, which may be 
related to the initial insult [92] and may take up to 75 h to 
normalize after birth [93], making it more difficult to iden-
tify poor tissue perfusion. Hypocapnea is independently 
associated with increased risk of poor outcome, whether 
this is a reflection of more severe metabolic acidosis, a sur-
rogate marker for tissue injury, and low metabolism, or is 
a modulator of outcome via cerebral vasoconstriction is 
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unknown [94]. Echocardiography may provide valuable 
adjunctive information about myocardial performance and 
pulmonary pressure and serial scans may facilitate better 
physiologic definition of response to therapy. Measure-
ments, particularly ventricular output, however, should be 
interpreted in the context of temperature in light of data 
associating high cerebral blood flow with increased illness 
severity prior to the cooling era [95].

Rewarming reverses many of the temperature-induced 
changes and may be a period of vulnerability for neonates 
with brain injury. Changes in drug metabolism, temper-
ature-induced increase in cardiac output and reversal of 
hypoxic pulmonary vasoconstriction may theoretically pre-
cipitate dramatic changes in cerebral blood flow and oxy-
gen delivery, the effects of which are unknown.

The infant of a diabetic mother
Maternal hyperglycemia, and consequent fetal hyper-
insulinemia, has been shown to retard production and 
secretion of surfactant, leading to an increased risk for 
respiratory distress syndrome which may increase the risk 
of acute pulmonary hypertension [97,98]. Independent 
of lung disease, accelerated muscularization of pulmo-
nary arteries, demonstrated in an animal model [99], and 
other conditions associated with maternal diabetes such 

as chronic fetal hypoxia and polycythemia may increase 
risk of pulmonary hypertension in this population. Expo-
sure to a high-fat diet during gestation is also associated 
with a higher incidence of acute pulmonary hypertension, 
reduced surfactant production, and fewer pulmonary ves-
sels at birth in a rat model [100].

Importantly, fetal hyperinsulinism is also associated 
with hypertrophic cardiomyopathy characterized by gener-
alized cardiomegaly [101]. Asymmetric septal hypertrophy 
due to regional differences in insulin receptor density may 
cause left ventricular outflow tract (LVOT) obstruction in 
up to 5% of all IDM infants [102–104] (Fig. 30A.6). Recent 
studies have correlated elevated levels of biomarkers, such 
as cardiac-specific troponin I (cTnI) and N-terminal pro-
brain natriuretic peptide (NT-pro BNP), in IDM patients 
with echocardiogram parameters to predict hypertrophic 
cardiomyopathy and left ventricular dysfunction [105,106]. 
cTnI is an inhibitory protein involved in cardiac muscle 
relaxation and released in settings of myocardial injury. 
Serum levels are correlated with degree of septal hyper-
trophy, which may be due to suboptimal coronary artery 
oxygen delivery to compensate for high myocardial oxygen 
demand [105].

Echocardiography may demonstrate increased interven-
tricular septum/posterior wall thickness and correspond-
ing impaired left ventricular diastolic function [107,108]. 

Fig. 30A.5 Putative schematic of the factors that may contribute to changes in central nervous system perfusion 
and oxygenation, and may therefore influence brain outcomes, during the therapeutic hypothermia and rewarming 
phases following hypoxic ischemic encephalopathy [96]. HR, Heart rate; LV, left ventricle; PBF, pulmonary blood flow; PVR, 
pulmonary vascular resistance.
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Hyperdynamic left ventricular systolic function is the norm 
as evidenced by both conventional and novel echocar-
diography measurements [108,109], though myocardial 
strain and torsion may show subtle abnormalities [110]. 
The dominant physiological concern for neonates with 
HOCM is one of impaired left heart filling and conse-
quently impaired cardiac output. Compensatory tachy-
cardia reduces diastolic duration and therefore further 
compromises stroke volume. Pulmonary hypertension 
with limited left atrial preload in this setting may be par-
ticularly problematic as high left atrial pressure is essential 
for forward flow into the poorly compliant hypertrophic 
ventricle; however, right-to-left ductal shunt may maintain 

systemic blood flow in situations where LVOT obstruction 
is severe. Low cardiac output in these patients is associated 
with lower cerebral resistance to compensate the low flow 
through carotid arteries [111,112].

Patent ductus arteriosus
Persistence of the ductus arteriosus after the immediate 
transitional period is common in premature infants born at 
extremely low gestational age. The architecture of the ductal 
wall [113,114], its blood supply, and response to vasoac-
tive substances such as oxygen [114,115], prostaglandin, 
and nitric oxide [116] favor ductal patency. The role of the 

Fig. 30A.6 Normal apical four chamber (A) and parasternal long axis view of the left ventricle (C) demonstrating typical wall 
thickness for a term neonate. Hypertrophic heart, with asymmetric septal hypertrophy as seen from the apex (B) and the 
parasternal long axis (D). The mitral valve may move paradoxically into the left ventricular outflow tract (LVOT) during systole 
(systolic anterior motion of the mitral valve, SAM) due to a combination of the venturi effect and/or abnormal placement of the 
papillary muscles to create dynamic LVOT obstruction.
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PDA may either be transitional, supportive, or pathologi-
cal depending on the specific pathophysiology. For some 
neonates, such as those with significant pulmonary hyper-
tension, patency may be advantageous; specifically, the 
PDA may provide an avenue for right-to-left shunt to sup-
port systemic blood flow in situations where pulmonary 
venous return to the left atrium is poor while simultane-
ously reducing RV wall stress. In healthy neonates during 
a normal transition, the ductal shunt may be negligible 
and patency may be of no clinical consequence. For many 
preterm infants, however, ductal patency allows diversion 
of a portion of the systemic cardiac output to recirculate 
through the pulmonary vascular bed which may lead to 
pulmonary edema and impaired lung compliance [117]. 
The pathological role of the PDA in neonates remains 
contentious, despite several decades of study and over 50 
randomized trials of therapy [118]. Nevertheless, PDA has 
been consistently associated with an increased risk of neo-
natal morbidities such as BPD, NEC, impaired neurodevel-
opmental outcome and mortality.

One of the potential contributors to failure of interven-
tional trials to modify outcomes may relate to heterogene-
ity of the definition of hemodynamic significance. Though 
ductal diameter prior to 36 h of life is predictive of need 
for later intervention [119], reliance on a single metric is 
not without limitations. These include operator or equip-
ment-related measurement error, assumptions regarding 

ductal geometry, potential vasoactive responsiveness of the 
PDA, and evidence that diameter alone does not explain 
variance in indicators of shunt volume (Fig. 30A.7). Shunt 
volume is governed by Pouiselle’s Law in which the flow 
in a conduit is related to radius and length, viscosity of the 
fluid, and the relative pressure at either end. Though size 
is important, its use in isolation represents a physiological 
oversimplification. Pulsed-wave Doppler flow pattern may 
provide some information regarding the relative pressure 
differences between the systemic and pulmonary circula-
tion. High-velocity flow in the presence of a pulsatile pat-
tern may be associated with a significant pressure gradient, 
whereas low velocity flow is more likely to suggest elevated 
pulmonary artery pressure. Although elevated peak systolic 
velocity may suggest a closing ductus (continuous flow), 
high shunt volume or marginal vessel restriction may also 
lead to higher velocity (pulsatile). Additionally, in patients 
with a tortuous or tapering PDA where the diameter varies 
across its length, the precise position of the pulsed-wave 
Doppler sample gate may influence measured velocity. 
These factors emphasize the importance of a more com-
prehensive assessment based not only on estimates of 
diameter or transductal flow patterns, but surrogate indica-
tors of shunt volume (Table 30A.3). The ratio of left atrial 
to aortic annulus diameter is commonly used and in the 
presence of a diagnosis of PDA has good specificity, how-
ever, has low interrater reliability, and limited sensitivity. 

Fig. 30A.7 The Patent Ductus Arteriosus May Take on Different Geometric Shapes Which Are Not Homogenous in 
Diameter and Length. These differences may have important implications for measurement in different planes. A PDA which is 
1.4 mm in the plane of insonation may be nontubular and therefore its largest diameter may vary widely.
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Importantly, the presence of left atrial dilation should not 
be used in isolation for the diagnosis of hemodynamically 
significant ductus arteriosus as other serious disorders (e.g., 
coarctation of the aorta) may result in atrial enlargement 
due to high LV afterload or diastolic dysfunction. The pres-
ence of diastolic flow reversal in the descending thoracic 
aorta has been shown to have superior ability to predict 
shunt volume as compared to other markers using assess-
ment of shunt volume by cardiac MRI [117]. Assessment 
of shunt volume should include measures of left heart size 
and flow, the adequacy of systemic blood flow and should 
rule out the presence of contraindications to therapy such 
as significant LV dysfunction or coarctation of the aorta 
(Table 30A.4).

Post-PDA ligation cardiorespiratory 
considerations
The immediate postoperative period after ligation of a 
hemodynamically significant PDA is a period of physiolog-
ical stress to the cardiorespiratory system.
1. Early considerations (0–6 h): The presence of a 

hemodynamically significant left-to-right shunt leads 
to pulmonary edema and reduced lung compliance 
[121,122]. Escalation of mean airway pressure 
may promote an open lung strategy. After ductal 
ligation, pulmonary overcirculation is immediately 
alleviated resulting in a reduction in left atrial 
preload and restoration of cardiac output to the 

Table 30A.3  Modified staging system for determining the magnitude of the hemodynamically significant ductus 
arteriosus (HSDA) based on clinical and echocardiography criteria

C1 asymptomatic
E1 no evidence of ductal flow 
(2D or Doppler interrogation)

C2 mild
•	 Oxygenation	difficulty	(OI	< 6)
•	 Need	for	respiratory	support	(nCPAP)	or	mechanical	

ventilation (MAP < 8)
•	 Feeding	intolerance	(>20% gastric aspirates)
•	 Radiologic	evidence	of	increased	pulmonary	vascularity

E2 small nonsignificant ductus arteriosus
•	 Transductal	diameter	< 1.5 mm
•	 Continuous	transductal	flow	(Vmax > 2.5 m/s)
•	 Left	heart	nondilated	(LA:Ao	< 1.5)
•	 No	left	heart	pressure	loading	(EA	< 1.0, IVRT > 45) 

consistent with preterm pattern
•	 Forward	end-organ	diastolic	flow	(celiac,	middle	cerebral)
•	 No	retrograde	descending	aorta	diastolic	flow

C3 moderate
•	 Oxygenation	difficulty	(OI	7–14)
•	 Need	for	NIPPV	or	increasing	ventilation	requirements	

(MAP 9–12)
•	 Not	feeding	2°	abdominal	distension/emesis
•	 Oliguria	with	mild	elevation	in	creatinine
•	 Systemic	hypotension	(low	mean	or	diastolic	pressure)
•	 Radiologic	evidence	of	cardiomegaly	or	pulmonary	edema
•	 Mild	metabolic	acidosis	(pH	7.1–7.21	and/or	base	deficit	
−7 to −12)

E3 moderate hsDA
•	 Transductal	diameter	1.5–2.5	mm
•	 Pulsatile	transductal	flow	Vmax 1.5–2.5 m/s)
•	 Mild-to-mod	left	heart	dilation	(LA:Ao	1.5–2)
•	 Mild-to-mod	left	heart	pressure	loading	(EA	≥ 1 or IVRT 

30–45 ms)
•	 Decreased	or	absent	diastolic	flow	in	end-organ	vessels	

(celiac, middle cerebral artery)
•	 Retrograde	diastolic	flow	descending	aorta

C4 severe
•	 Oxygenation	difficulty	(OI	> 15)
•	 High	ventilation	requirements	(MAP	> 12)
•	 Profound	or	recurrent	pulmonary	hemorrhage
•	 “NEC-like”	abdominal	distension	(tenderness,	erythema)
•	 Acute	renal	failure
•	 Hemodynamic	instability	requiring	cardiotropic	agent
•	 Moderate–severe	metabolic	acidosis	(pH	< 7.1 or base 

deficit ≥−12)

E4 large hsDA
•	 Transductal	diameter	> 2.5 mm
•	 Pulsatile	transductal	flow	(Vmax < 2.5 m/s)
•	 Severe	left	heart	dilation	(LA:Ao	> 2)
•	 Severe	left	heart	volume	loading	(EA	≥ 1 or IVRT < 30 ms)
•	 Retrograde	diastolic	flow	in	end-organ	vessels	(celiac,	

middle cerebral artery)
•	 Retrograde	diastolic	flow	descending	aorta

EA, Ratio of early to active phase transmitral flow; IVRT, isovolumic relaxation time; LA:Ao, left atrium to aorta ration; MAP, mean airway pressure; 
mod, moderate; nCPAP, nasal continuous positive airway pressure; NEC, necrotizing enterocolitis; NIPPV, noninvasive positive pressure ventilation; 
OI, oxygenation index; Vmax, peak velocity.
Adapted from McNamara PJ, Sehgal A. Towards rational management of the patent ductus arteriosus: the need for disease staging. Arch Dis 
Childhood Fetal Neonatal Ed 2007;92:F424–F427 [120].
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normal range [123]. Though preload and stroke 
volume have a proportional relationship [124,125] 
according to the Frank–Starling law, unless filling 
pressure are subphysiological, the reduction in 
atrial preload is unlikely to have any measureable 
impact on contractility [126] (Fig. 30A.8). Ligation 
simultaneously reduces pulmonary edema, which is 
associated with improved lung compliance [127,128] 
and overdistension caused by excessive mean airway 
pressure if the postoperative neonate remains on 
preoperative settings may contribute to low cardiac 
output. Finally, ligation is associated with an 
immediate augmentation in left ventricular afterload, 
the magnitude of which is dependent on the relative 
difference between preligation PVR and SVR. In 
patients with lower PVR the magnitude of the increase 
is higher. The clinical impact of this augmentation 
in LV afterload is negligible in the immediate 

postoperative period, although echocardiography may 
reveal lower cardiac output and changes in LV function 
using strain analysis in patients who have later 
cardiorespiratory deterioration. A small proportion of 
patients with impaired adrenal gland responsiveness 
may develop early systolic and diastolic hypotension 
which is poorly responsive to any cardiovascular agent.

2. Delayed cardiorespiratory decompensation (6–12 h): 
Preterm neonates who undergo ductal ligation are 
at risk for postligation cardiac syndrome which 
is characterized by systolic hypotension requiring 
cardiotropic support and progressive impairment in 
ventilation and oxygenation. Research to date suggests 
this decompensation is mediated by impaired left 
ventricular systolic and diastolic function secondary 
to sustained exposure to elevated LV afterload [129]. 
A steep inverse relationship between afterload and 
myocardial contractility has been demonstrated in 
both preterm animal and human studies [130–132]. 
Impaired forward flow due to either impaired 
myocardial contractility [123] or ventricular filling due 
to high afterload and diastolic dysfunction [133] may 
be associated with later onset of progressive pulmonary 
edema and need for escalation of mean airway pressure 
and oxygen (Fig. 30A.9).

3. Short-term surgical complications: Thoracotomy is 
associated with risk of surgical complications such as 
pneumothorax and pericardial effusion which should 
be considered in the differential diagnosis of any 
neonate with early postoperative decompensation. 

Table 30A.4  Echocardiography features suggesting 
moderate-to-large volume left-to-right 
PDA shunt

Assessment Measurement

Evidence of ductal 
flow

Ductal diameter > 1.5 mm

Pulsatile flow pattern

Turbulent diastolic flow at the PA 
annulus

LPA diastolic flow velocity > 50 cm/s

Pulmonary 
overcirculation

Pulmonary vein D wave > 50 cm/s

Mitral valve E wave > 80 cm/s

Mitral valve EA ratio > 1

Isovolumic relaxation time < 40 ms

Left ventricular output > 320 mL/
min/kg

Left heart dilation Left atrial to aortic root ratio > 1.6

Large left-to-right PFO shunt

LV dilation > 2SD above the normal 
for size (kg)

Evidence of 
abnormal systemic 
diastolic flow

Diastolic flow reversal in postductal 
aorta

Diastolic flow absence or reversal 
celiac artery, SMA

Diastolic flow absence or reversal 
MCA

MCA, Middle cerebral artery; PA, pulmonary artery; PFO, patent 
foramen ovale; SMA, superior mesenteric artery.

Fig. 30A.8 The Shape of the Frank–Starling Relationship 
Varies Based on Properties of the Myocardium [126]. In 
the fetal and neonatal period, the relationship between atrial 
filling and stroke volume is relatively flat as compared to the 
normal adult.
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Additional rare but important considerations may 
include clip migration with impingement on the 
aorta or branch pulmonary artery, vascular rupture, 
or chylothorax. Though intraoperative assessment of 
arterial pressure and systemic perfusion are the norm 
prior to closure of the surgical site, it may be difficult to 
appropriately position the clip or ligature, particularly 
for a large ductus, and echocardiography may be 
beneficial in a compatible clinical situation such as the 
development of an arm-leg arterial pressure gradient.

4. The role of echocardiography in the prevention of 
PLCS: Echocardiography assessment in the immediate 
postoperative period may facilitate the anticipation 
of postoperative cardiorespiratory instability. 
LVO < 198 mL/min/kg at 1 h postligation is highly 
sensitive for the prediction of need for cardiotropic 
therapy for delayed cardiorespiratory deterioration at 
8–12 h [134]. Other echocardiography measures, such 
as myocardial velocity using tissue Doppler imaging 
and peak longitudinal strain using speckle tracking are 
reduced following ligation, particularly in neonates 
with low cardiac output [51].

Chronic pulmonary hypertension 
in the preterm infant
Bronchopulmonary dysplasia and associated chronic pul-
monary hypertension are common in extreme preterm 

infants. Among infants with severe BPD, the reported 
incidence of PH is between 15% and 58% [135–137]. 
Younger gestation, growth restriction, and multiple ges-
tation infants may be at particular risk [138]. In a recent 
single-center study, 18% of a cohort of 145 extremely 
low birth weight infants screened with echocardiography 
at 4 weeks of age were diagnosed with pulmonary hyper-
tension. A rate of 50% in the subpopulation of infants on 
oxygen at 36 weeks was identified [136]. Though broncho-
pulmonary dysplasia is the most frequent association in 
preterm infants, pulmonary hypertension may also occur 
in the context of congenital cardiac or respiratory anoma-
lies, congenital diaphragmatic hernia, and lung hypoplasia 
[139,140]. Genetic predisposition may also play a role. The 
mechanisms responsible for the development of elevated 
PVR and altered reactivity are not completely understood. 
Intermittent hypoxic episodes [135], impaired alveolar 
development with dysregulated angiogenesis of the pulmo-
nary circulation [141], vascular remodeling [33], and pul-
monary venous congestion secondary to left heart disease, 
systemic hypertension and aortic stiffness [138] have been 
suggested as possible contributors.

Though the gold standard for diagnosis of pulmonary 
hypertension in adults, cardiac catheterization is rarely per-
formed in this population in favor of noninvasive testing. 
Echocardiography is the most widely used modality and has 
been found to be 80%–88% sensitive as a diagnostic test 
[34,138], though it is important to remember that, unlike 

Fig. 30A.9 Physiological Changes Occurring after PDA Ligation Mediated by Exposure to a Sustained Increase in 
Afterload. Left ventricular (LV) systolic dysfunction contributes to the development of impaired systemic perfusion and shock 
while LV diastolic dysfunction produces pulmonary edema resulting in oxygenation and ventilation failure.
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catheter-based measurements echocardiography measure-
ments are relative and depend on interpretation in context 
(Table 30A.1). For example, the presence of systemic hyper-
tension, a common comorbidity in patients with broncho-
pulmonary dysplasia may cause elevated left-ventricular 
end systolic pressure which may result in underestimation 
of a diagnosis of pulmonary hypertension made solely on 
the basis of assessment of septal flattening. Cardiac MRI, 
high-resolution CT [35,36], and the use of biomarkers such 
as BNP [37] have been proposed as alternative investiga-
tive tools, though neither CT nor MRI are practical for serial 
monitoring and BNP has not been sufficiently evaluated.

The optimum approach to neonates at risk of chronic 
pulmonary hypertension remains a controversy. The fea-
tures of chronic pulmonary hypertension are often subtle 
and may be difficult to isolate from symptoms caused by 
concomitant parenchymal lung disease. The onset is insidi-
ous and the timing is likely variable. Echocardiography evi-
dence may be present as early as 28 weeks gestation [136]. 
Though the presence of pulmonary vascular disease at day 
7 of life has been associated with a higher risk of broncho-
pulmonary dysplasia and chronic pulmonary hypertension 
[138], late presentation may occur after previously negative 
evaluations at term corrected gestation [136]. The optimum 
approach to diagnosis and screening is not established and 
the role screening may play in modulating health outcomes 
is not certain [38]. A high index of suspicion is required. 
Though there is insufficient evidence to recommend a spe-
cific screening algorithm, consideration of echocardiog-
raphy for neonates diagnosed with bronchopulmonary 
dysplasia to rule out chronic pulmonary hypertension is 
recommended. The echocardiography assessment should 
be comprehensive and include anatomic reappraisal due to 
the potential of pulmonary vein stenosis masquerading as 
chronic pulmonary hypertension. Close collaboration with 
a pediatric cardiologist in these situations is warranted.

Role of targeted neonatal 
echocardiography in guiding 
cardiorespiratory care

Historically, the approach to low arterial pressure has been 
based on an arbitrary numerical definition of hypotension 
based on the infants mean arterial pressure less than their 
gestational age in weeks which was popularized by a con-
sensus statement published on the treatment of respiratory 
distress syndrome and based on expert opinion without 
cited evidence [142]. The goal of ensuring adequate arte-
rial pressure is to ensure that the perfusion pressure and 
flow to the organs, particularly the brain, is sufficient to 
provide enough oxygen to meet the metabolic demands of 

the tissue and prevent ischemia. Many investigators have 
explored the “minimum required” arterial pressure to pre-
vent brain injury throughout the history of modern neo-
natology, and there remains no conclusion. This is likely 
related to several factors. First, there is no standardization 
of methodology and therefore the duration of “hypoten-
sion” required to be considered exposed, the mechanism 
by which arterial pressure is measured (e.g., cuff, arterial 
line) and the definition of hypotension are variable. Sec-
ond, many studies are small and therefore underpowered 
to detect a relevant endpoint. Third, none of the published 
literature takes etiology of low mean arterial pressure into 
consideration. Important changes in systolic and diastolic 
pressure may be missed by using a calculated composite. 
Finally, arterial pressure is only one component of the 
determinates of oxygen delivery, sufficient to meet meta-
bolic demands, and is also an imprecise surrogate for car-
diac output [143]. There may be many infants in whom 
low mean arterial pressure does not equate to any change 
in delivery of oxygen to the brain. Fluctuations in mean 
arterial pressure to numbers considered “hypotensive” are 
frequent in the otherwise well preterm infant during the 
on postnatal day 1 and have no influence on tissue oxygen 
extraction as measured by NIRS [144].

Though there is some variation between practitioners, 
the most common practice for the treatment of hypoten-
sion is to utilize an algorithmic escalation of therapy which 
is universally applied to all neonates [145]. One danger of 
this approach is that it fails to consider variation between 
patients. Dopamine, for example, at doses of 6–8 mcg/kg/
min has been shown to have a predominantly vasoconstric-
tive effect in some preterm neonates and a predominant 
inotropic effect in others of similar gestation [146]. Second, 
the variable contributors to low mean arterial pressure may 
require different therapeutic strategies. The components of 
systolic and diastolic arterial pressure may provide greater 
diagnostic insights than looking at the composite of mean; 
for example, systolic arterial pressure is generated by the 
force of cardiac contraction and may be reflective of cardiac 
output. The diastolic, on the other hand, reflects the resting 
pressure of blood against the arterial wall between contrac-
tions and may be more related to vascular tone (Fig. 30A.10).

The utilization of echocardiography in combination 
with clinical assessment may improve the precision of 
pathophysiological appraisal and aid in the selection of 
therapy (“right drug” for “right patient” at “right time”). 
Recent evidence highlights the potential benefits of com-
prehensive echocardiography assessments performed by 
trained neonatologists in multiple areas of neonatal care. 
First, the introduction of a targeted neonatal echocardiog-
raphy-based triaging algorithm for neonates referred for 
PDA ligation has contributed to reduction in unneces-
sary intervention. The use of a comprehensive preopera-
tive assessment of shunt volume to guide decision-making 
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reduced the frequency of PDA ligation with no increase in 
short-term morbidities [148]. Second, routine utilization 
of TnECHO to assess preterm infants with hypoxic respira-
tory failure has improved timeliness of diagnosis and was 
associated with earlier and more targeted use of nitric oxide 
in preterm infants with pulmonary hypertension [149]. 
Third, TnECHO may be a more accurate diagnostic method 
compared to current gold standards for routine daily tasks 
such as umbilical line positioning. Chest radiography has 
poor sensitivity and specificity for predicting the location 
of the tip position of umbilical venous lines [150]. Trained 
pediatric house staff are able to reliably identify catheters 
which, though appropriately positioned on radiography, 
have their tip within either the right or left atrium, plac-
ing the neonate at increased risk of serious complications 
(e.g., pericardial tamponade, arrhythmia) [151]. Finally, 
TnECHO assessment may be useful for prognostication 
and defining populations of interest, who are at greatest 
risk of predetermined outcomes. For example, a TnECHO-
based scoring system utilizing a composite of five mea-
surements derived on postnatal day 2 has been developed 
which may be useful in the prediction of BPD in infants 
with PDA. Though there is limited evidence describing the 
impact of targeted therapy on outcomes, the development 
of enhanced monitoring and directed therapy has potential 

to improve the quality of care as our understanding of neo-
natal pathophysiology develops. Study of the pharmaco-
logic and biologic properties of cardiovascular therapeutic 
agents in the neonatal population is an emerging field.

Acute pulmonary hypertension in the term 
neonate

Historically, the treatment of shock in the infant with 
acute PH has included the administration of potent sys-
temic vasoconstricting agents in an effort to increase SVC 
and therefore reverse the ductal shunt and push blood 
into the pulmonary circulation. Though this may be effec-
tive in some patients, there are a variety of problems with 
this approach. First, most of the agents used to induce sys-
temic vasoconstriction also have vasoconstrictor effects in 
the pulmonary vasculature which may be counter-effective 
and potentially harmful. Dopamine, in particular, has been 
shown to increase pulmonary artery pressure to a greater 
extent than systemic arterial pressure in a piglet model 
[152]. Second, pulmonary hypertension is associated with 
myocardial dysfunction and the augmentation in afterload 
which occurs using this approach may be poorly tolerated. 
Third, the impact of the resultant systemic hypertension 
on cerebral blood flow is unknown. As an alternative, a 

Fig. 30A.10 Differential Diagnosis of Low Systolic Arterial Pressure (Low Cardiac Output) and Low Diastolic Arterial 
Pressure (Low Systemic Vascular Resistance). Adapted from Giesinger RE, McNamara PJ. Hemodynamic instability in the 
critically ill neonate: an approach to cardiovascular support based on disease pathophysiology. Semin Perinatol 2016;40(3): 
174–188 [147].
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strategy employing support of myocardial performance and 
maintenance of fetal circulatory patterns to augment sys-
temic perfusion may be used while instituting pulmonary 
vasodilator therapy.

Empiric cardiotropic management in a neonate with 
acute PH should focus first on optimization of pulmonary 
blood flow (Table 30A.5). Appropriate lung recruitment 
and administration of iNO may improve left heart filling 

and heart function sufficiently to correct mild-to-moderate 
systolic hypotension. Echocardiography is recommended in 
all neonates with suspected acute pulmonary hypertension 
and evidence of poor systemic blood flow to confirm the 
diagnosis and assess myocardial function (Fig. 30A.11). For 
infants with impaired right ventricular performance first-
line therapies include drugs with positive inotropic prop-
erties and favorable effects in the peripheral circulation. 

Table 30A.5  Suggested therapies for treatment of systemic hypotension and/or low cardiac output for neonates 
with acute pulmonary hypertension

Type of hypotension Pathophysiology Additional TnECHO findings Therapeutic interven-
tions

Normal SAP
Normal DAP

↓ PBF
↓ LV preload
LV compensates by 
increasing contractility 
and/or heart rate to 
maintain SBF

Critical:
↓ RVO
↑EF, normal LVO
Other:
↓ PV, transmitral flow ± mild ↓ RV 
contractility

First line:
iNO, volume
Optimize sedation
Second line:
Milrinone

↓ SAP
Normal DAP

↓ PBF
↓ LV preload
LV unable to compensate 
causing ↓ SBF

Critical:
↓ RVO with normal EF, ↓ LVO
Other:
↓ PV, transmitral flow ± mild ↓ RV 
contractility

First line:
iNO, volume
MAP, optimize
sedation
Second line:
Milrinone
Vasopressin
Dobutamine

↓↓ SAP
Normal DAP

Very ↓ PBF
Very ↓ LV preload
↓LV systolic function with 
↓↓ SBF and RV failure

Critical:
↓↓ RVO
↓ EF, ↓ LVO
Moderate – severely ↓ RV 
contractility
Other:
↓↓ PV and transmitral flow

First line:
iNO, volume
MAP, optimize
sedation
Second line:
Vasopressin
Dobutamine
Third line:
Prostaglandin
Epinephrine
Steroids

↓↓ SAP
↓DAP

Very ↓ PBF
Very ↓ LV preload
LV and RV failure
↓↓ SBF
Impending cardiac arrest

Critical:
↓↓ RVO
↓ EF, ↓↓ LVO
Severe ↓ RV contractility
Other:
↓↓ PV and transmitral flow
TR often absent

First line:
iNO, volume, MAP
Second line:
Vasopressin
Prostaglandin
Epinephrine
Steroids (early ECMO 
referral)

DAP, Diastolic arterial pressure; ECMO, extracorporeal membrane oxygenation; EF, ejection fraction; iNO, inhaled nitric oxide; LV/RV, left and right 
ventricle; LVO/RVO, left and right ventricular output; MAP, mean airway pressure; PBF, pulmonary blood flow; PV, pulmonary vein; SAP, systolic 
arterial pressure; SBF, systemic blood flow; TR, tricuspid regurgitation.
Adapted from Jain A, McNamara PJ. Persistent pulmonary hypertension of the newborn: physiology, hemodynamic assessment and novel 
therapies. Curr Pediatr Rev 2013;9:55–66 [44].
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Dobutamine, a catecholamine agonist with action at 
myocardial α1 and β1 receptors and possible mild pulmo-
nary and systemic vasodilator effects, has been shown to 
increase cardiac output in term [153] and preterm [154] 
infants and may provide benefit as first-line therapy. Milri-
none, a phosphodiesterase 3 inhibitor, has been shown to 
improve cardiac output and reduce PVR in neonates with 
acute pulmonary hypertension [155]. Caution is advised, 
however, as the systemic vasodilator properties may exac-
erbate diastolic or severe hypotension to the detriment of 
coronary and cerebral perfusion pressure, and therefore, 
milrinone is not recommended for infants with existing 
diastolic hypotension. For infants with low diastolic or 
severely low arterial pressure in whom a systemic vasopres-
sor is required, vasopressin, an endogenous hormone, has 
a favorable pharmacologic profile. It is a potent constrictor 
in the systemic circulation which has nitric-oxide-mediated 
vasodilator properties in the pulmonary vascular bed and 
has been utilized as an effective therapy for hypotension 
and oxygenation failure in term neonates with acute PH 
[156]. For infants with acute PH and RV dysfunction with 
a restrictive PDA, prostaglandin has beneficial properties. 

As previously described, right-to-left ductal shunt may sup-
port systemic circulation and provide afterload reduction 
for the RV; however, in addition, PGE1 is a nonselective 
vasodilator and may therefore reduce PVR.

Acute pulmonary hypertension in the 
preterm neonate

The treatment of acute PH in the preterm infant is an area 
of considerable clinical controversy. As in term infants, the 
principles of optimal ventilation and lung recruitment are 
fundamental. The administration of surfactant is associated 
with improved PVR in preterms with reduced FRC second-
ary to respiratory distress syndrome. Adequate treatment of 
lung disease in these patients may be sufficient to improve 
ventilation/perfusion matching and correct pulmonary 
hypertension. The utilization of iNO, which is standard 
of care in term infants, is contentious in preterms. Mul-
tiple randomized trials have been done with highly varied 
methodology and primary outcome measures to answer 
the question of whether iNO has benefit for the preterm 
infant with hypoxic respiratory failure (Table 30A.6). It is 

Fig. 30A.11 An Approach to Echocardiography Guided Therapy for Acute Pulmonary Hypertension in the Term 
Neonate without Hypoxic Ischemic Encephalopathy. BP, Blood pressure; DA, ductus arteriosus; DAP, diastolic arterial 
pressure; EF, ejection fraction; FAC, fractional area change; iNO, inhaled nitric oxide; L, left; LV, left ventricle; N, normal; PBF, 
pulmonary blood flow; PGE, prostaglandin; PH, pulmonary hypertension; R, right; R/LVO, right and left ventricular output; 
RV, right ventricle; SAP, systolic arterial pressure; TAPSE, tricuspid annular plane systolic excursion.
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important to differentiate between the primary end-points 
of acute improvement in oxygenation and the outcomes of 
morbidities such as BPD and mortality.
1. Efficacy of iNO as rescue therapy for HRF: Improved 

oxygenation and increased pulmonary blood flow 
with administration of exogenous nitric oxide have 
been documented in animal and laboratory studies as 
early as 2/3 completed gestation [157,158]. Similarly, 
observational studies in human preterm infants at 
high risk of pulmonary hypertension (e.g., prolonged 
oligohydramnios, pulmonary hypoplasia) have 
demonstrated a high rate of improved oxygenation 
with iNO administration regardless of gestational age 
[159–161]. Of the infants enrolled in clinical trials 
with oxygenation as an outcome measure, response 
was identified in just over 50% of cases [162]. This 
may not, however, truly reflect the proportion of 
appropriately selected neonates with iNO responsive 
disease. The severity of oxygenation failure in the 
trials varied from an oxygenation index of 11–25 
and echocardiography was neither used as an entry 
criterion nor frequently reported and therefore, the 
relative contribution of pulmonary hypertension to 
the disease physiology in included infants is unknown 
and likely variable [163–166]. Emerging data suggest 
that preterm infants in the transitional period with 
documented pulmonary hypertension have a similar 
response rate to iNO as term infants [167]. iNO is 
recommended for acute rescue therapy of hypoxic 
preterms with suspected or proven pulmonary 

hypertension, particularly in the context of prolonged 
oligohydramnios [168]. The optimum starting dose, 
duration, and weaning strategy are not well studied 
in preterm infants, though strategies utilized for term 
neonates may require modification due to the unique 
considerations of the preterm circulation. Ischemia–
reperfusion injury due to rapid augmentation in 
cerebral blood flow may be a contributing factor for 
IVH and excessive reduction in PVR in the presence 
of a PDA may contribute to pulmonary edema and/or 
pulmonary hemorrhage. Further study is required.

2. Impact of iNO on neonatal outcomes: iNO use 
has not been demonstrated to improve neonatal 
outcomes in several randomized trials; however, 
there are methodologic considerations that make 
the current body of literature incomplete. First, 
neonates selected for inclusion were highly variable 
between trials, and the definition of physiological 
contributors to respiratory disease was incomplete. 
The administration of iNO to a preterm infant with 
pulmonary hypertension as the primary physiological 
determinant of hypoxemia is likely to have a 
significantly different impact on outcome as compared 
to those neonates in whom hypoxia is caused by 
parenchymal lung disease or pulmonary edema in 
the setting of left-to-right PDA shunt, for example. 
Observational studies suggest improved oxygenation 
and lower mortality for those infants presumed to be 
high risk of pulmonary hypertension, such as those 
with prolonged oligohydramnios, when treated with 

Table 30A.6  Characteristics of randomized controlled trials of nitric oxide for early rescue therapy of hypoxic 
respiratory failure in preterm infants [32]

Identifier GA/wt, n Inclusion criteria Intervention/duration
Primary 
outcome

PH on echo 
(n, %)

Mercier 
et al. [86]

<33/40, 
n = 85

•	 OI	12.5–30
•	≤7 days of life

•	 10–20	ppm	(based	on	OI)
•	 Duration	unclear

Reduction in 
OI after 2 h

Not reported

Srisuparp 
et al. [38]

<2 kg, n = 34 •	 Clinical	RDS,	surfactant
•	 OI	varied	by	BW	(min	

4, max 12)
•	≤72 h of life

•	 20	ppm
•	 Max	of	7	days

Effects of 
iNO on 
oxygenation

Not reported

Su et al. [83] ≤31/40 and 
≤1.5 kg 
n = 65

•	 OI	≥ 25 •	 5–20	ppm
•	 ↓ by 1 ppm Q6 h as 

dictated by FiO2

Effects of 
iNO on 
oxygenation

Not reported

Wei et al. 
[84]

≤34/40, 
n = 60

•	 MV,	2	h	after	
surfactant

•	 OI	≥ 11
•	<7 days of life

•	 5	ppm	starting
•	 At	least	7	days	or	when	

extubated

OI before 
and during 
treatment

Not reported

a/AO2, Alveolar-arterial oxygen gradient; BPD, bronchopulmonary dysplasia; BW, birth weight; FiO2, fraction of inspired oxygen; MAP, mean 
airway pressure; MV, mechanical ventilation; OI, oxygenation index; ppm, parts per million.
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iNO; however, limited data are available for neonates 
without pulmonary hypoplasia [159,160]. Second, 
iNO responsiveness may be an important predictor of 
outcome in hypoxic preterms [169] and the response 
rate to iNO in the clinical trials was low at 51%–55% 
[162]. This suggests that those patients with the 
greatest likelihood of benefit may not have been 
targeted appropriately by the selection process.

3. Treatment of shock: There is limited published 
evidence specific to the use of cardiotropic agents 
for preterm infants with acute PH and therefore 
extrapolation from term data may be required. 
The choice of agent should take into consideration 
the disease pathophysiology both in identifying 
therapeutic strategies for intervention and in 
monitoring for side effects because many agents 
impact on both the systemic and pulmonary 
circulation. Similar strategies as in term neonates 
are recommended (Fig. 30A.12). Milrinone has been 

associated with improved RV function and reduced 
pulmonary artery pressure in preterm neonates, 
though particular caution when using milrinone 
is suggested as the half-life in preterm infants is 
approximately 10 h as compared to 4 h and milrinone 
has been suggested to be a negative inotrope in 
an experimental animal model [170]. In addition, 
caution is advised when used in the setting of 
neonatal hypoxia-ischemia or borderline hypotension. 
Vasopressin may be efficacious in the correction 
of systemic hypotension in the setting of acute PH 
without provoking pulmonary vasoconstriction [171]. 
Though not evidence based, prostaglandin may also 
confer the same benefits as in term infants; caution is 
advised, however, as reduction of PVR associated with 
improving PH in the presence of a wide open ductus 
may result in replacement of PH-related hypoxia 
with hypoxia due to pulmonary edema and ductal 
physiology.

Fig. 30A.12 Suggested Management Approach for the Management of Hypoxic Respiratory Failure and Shock in the 
Preterm Infant With Acute Pulmonary Hypertension [32].
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Structural congenital heart disease

The treatment of acute pulmonary hypertension in the 
neonate with congenital heart disease includes the use of 
sedation, muscle relaxation, and judicious use of iNO. Mor-
tality is high in these patients despite ECMO [63] and both 
specific cardiac anatomy and associated conditions (e.g., 
genetic abnormalities) likely play a role. Milrinone may 
have particular benefit in this population because it is inde-
pendent of beta-adrenergic receptors which may be down-
regulated in the presence of congestive heart failure and has 
pulmonary vasodilator properties. The use of milrinone 
both augments cardiac output and reduces PVR. In addi-
tion to its role in ensuring ductal patency, prostaglandin 
E1 is a nonspecific vasodilator and may, therefore, also be 
advantageous in the treatment of pulmonary hypertension.

For those survivors with long-term pulmonary hyper-
tension, some medical therapies have been explored, par-
ticularly in adult survivors of childhood congenital heart 
disease both before and after surgical repair. Anticoagula-
tion may be required to prevent pulmonary artery throm-
bosis due to the higher risk of coagulation abnormalities in 
the setting of an abnormal pulmonary vascular bed [172]. 
Diuretic therapy may be useful, particularly in the setting 
of right ventricular volume and pressure overload. Calcium 
channel blockers, antiarrythmics, and iron supplementa-
tion are used in adult patients with Eisenmenger Syndrome 
and may be areas for further study in the pediatric popula-
tion, though their use in neonates has not been evaluated. 
Novel pulmonary vasodilator therapies have been explored, 
again in adult populations, and may include endothelin 
receptor antagonists (e.g., bosentan [173], ambrisentan 
[174]), prostacyclins (e.g., iloprost, treprostinil), and phos-
phodiesterase 5 inhibitors (e.g., sildenafil, tadalafil). In 
some patients, lung–heart transplantation may be a treat-
ment alternative. Bosentan is a competitive dual endothelin 
receptor antagonist that acts as a vasodilator and neurohor-
monal blocker to improve LV function and diminish car-
diac remodeling. In one trial (FUTURE), using Bosentan in 
neonates with acute pulmonary hypertension, there were 
minimal side effects; however, there was no improvement 
in oxygenation or other outcomes in severe cases [175]. 
Sildenafil, a phosphodiesterase inhibitor which acts on vas-
cular smooth muscle, may have synergistic effect when used 
with iNO [176,177]. Sildenafil administration prior to VSD 
repair may prevent postsurgical pulmonary hypertension 
and pulmonary hypertensive crisis, diminish duration of 
intubation and shorten length of ICU stay and may also be 
useful in long-term therapy [178–180].

Congenital diaphragmatic hernia

Neonates with CDH have small lung volumes and ventila-
tion targets should take this into consideration, though 

no one specific mode of ventilation has proven advan-
tage over another. Overexpansion may be detrimental 
as preexisting pulmonary hypertension may be com-
pounded by exogenous compression of the capillary bed. 
Intubation without bag mask ventilation and attention 
to gastric decompression are important as intestinal gas 
may compromise not only lung expansion but also may 
limit pulmonary blood flow, impair left heart filling and 
produce shock. iNO is commonly used to treat hypoxic 
respiratory failure [181,182]. Though some neonates do 
have improved short-term indicators of response with 
improved oxygenation, iNO has not been shown to reduce 
the overall risk of death or ECMO in the CDH popula-
tion and there are likely several contributing factors [183]. 
First, there are multiple contributing factors to impaired 
pulmonary blood flow in this population of which pul-
monary arterial hypertension is only one. Second, some 
patients, such as those with severe LV dysfunction may 
actually have harm from pulmonary vasodilator therapy 
if systemic blood flow is dependent on right-to-left duc-
tal shunt, and therefore the potential improvement in 
patients with pulmonary arterial hypertension as the 
primary cause of hypoxemia may be diluted in the larger 
population. Because the etiology of impaired pulmonary 
blood flow may be multifactorial, detailed physiological 
characterization may aid management. Echocardiography 
assessment of LV function and atrial shunt direction may 
be invaluable tools to decision-making. The presence of 
right-to-left shunt at both the atrial and the ductal level 
suggest that pulmonary arterial hypertension is a more 
important contributor to impaired pulmonary blood 
flow. If left-to-right atrial shunt is present in the setting of 
right-to-left ductal shunt, this suggests that the left atrial 
pressure is high and pulmonary venous hypertension may 
be a significant contributor to disease. In this setting, pul-
monary vasodilator therapy may be less effective and may, 
in fact, be detrimental.

Pulmonary vasodilator therapy has limited evidence 
specific to the CDH population, though medications such 
as sildenafil and milrinone are used in clinical practice 
[184,185]. Milrinone may be advantageous both for infants 
with pulmonary arterial and pulmonary venous hyperten-
sion. Systemic afterload reduction improves left heart fill-
ing and may therefore improve stroke volume in the setting 
of LV diastolic dysfunction. Caution is advised in the set-
ting of systemic hypotension or severe HIE where therapeu-
tic hypothermia is in progress given the vasodilator effect of 
milrinone [186]. Treatment of systemic hypotension may 
include the use of systemic vasoconstricting agents such 
as vasopressin or norepinephrine for neonates with nor-
mal LV function and acute pulmonary hypertension. For 
neonates with LV dysfunction and systemic hypotension, 
epinephrine is recommended. A combined approach using 
epinephrine to stabilize arterial pressure and milrinone 
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for neonates with LV dysfunction or vasopressin and mil-
rinone for neonates with pulmonary arterial hypertension 
is physiologically advantageous; however, there is limited 
specific evidence for the use of any particular approach to 
cardiovascular care in neonates with CDH. Prostaglandin 
therapy may be important to provide afterload reduction to 
the RV and systemic blood flow in the case of LV dysfunc-
tion [187].

Hypoxic ischemic encephalopathy

The treatment of pulmonary hypertension and shock 
with concurrent HIE requires consideration of the goals 
of therapy. Hypoxia secondary to pulmonary hyperten-
sion is likely to have a negative impact on neurological 
outcome, and it has been suggested that neonates with 
PH are more likely to have abnormal postrewarming 
brain MRI [188]. It is not known whether this associa-
tion is related to a common pathophysiology, in which 
the severity of PH may be a marker of the severity of 
brain injury, or whether hypoxia and low cardiac output 
followed by dramatic cardiovascular changes with their 
treatment may result in ischemia–reperfusion and exacer-
bate brain injury. Treatment aimed at gradual restoration 
of oxygenated systemic blood flow, avoidance of systemic 
hypertension, and careful monitoring during periods of 
high vulnerability, such as rewarming, are recommended. 
Therapy for pulmonary hypertension includes iNO and, 
if refractory, may require modulation of target tempera-
ture although given the proven benefits of therapeutic 
hypothermia for brain outcomes, early rewarming should 
only be considered as a last resort if the perceived dis-
advantages of severe or prolonged hypoxia out way the 
benefits of continued cooling.

Echocardiography assessment may be particularly useful 
in this patient population due to the relatively high risk 
of myocardial dysfunction. Ventricular dysfunction may be 
treated with positive inotropes such as dobutamine or epi-
nephrine and the combined inotrope/vasopressor action 
of epinephrine may be particularly useful in situations of 
myocardial dysfunction with diastolic or severe hypoten-
sion. Right ventricular dysfunction may benefit from after-
load reduction using iNO, though the role of iNO in the 
nonhypoxic patient has not been studied. Vasopressin may 
be a useful adjunct for neonates with systemic hypotension 
and RV dysfunction. Pulmonary blood flow is pressure pas-
sive in the setting of severe RV dysfunction and therefore 
depends on a pressure gradient between right atrium and 
pulmonary circulation. Splanchnic vasoconstriction due 
to vasopressin administration may result in greater blood 
return to the right atrium sufficient to augment right atrial 
pressure and may improve pulmonary blood flow. Severe 
left ventricular dysfunction in patients with critically low 
cardiac output may require a strategy in which PVR is kept 

high and ductal patency is maintained to promote right-
to-left ductal shunt. A parallel is drawn to the treatment of 
hypoplastic left heart syndrome; this approach assumes a 
functional inactivity of the left ventricle and requires the 
right ventricle to become the source of systemic blood flow. 
Adrenal insufficiency should be suspected when neonates 
are presenting with vasopressor-resistant shock and empiric 
hydrocortisone treatment is recommended.

Careful consideration of the impact of organ injury on 
drug metabolism is recommended. This is particularly 
important during the rewarming period when reversal of 
cooling-mediated cardiovascular changes may significantly 
modulate blood flow and oxygenation. Little is known 
about the impact of these changes on neurological out-
comes and close monitoring with weaning to avoid hyper-
tension or hyperoxia is prudent.

Infant of a diabetic mother

The management of acute pulmonary hypertension and/
or shock in the infant of a diabetic mother requires modi-
fication from routine neonatal intensive care strategies if 
significant septal hypertrophy is identified, particularly 
in the presence of LVOT obstruction. The most appropri-
ate approach depends on the degree of obstruction to left 
heart outflow (Fig. 30A.13). If the dominant clinical con-
cern is hypoxia and LVOT obstruction is mild or absent, 
treatment of pulmonary hypertension with strategies that 
reduce PVR such as iNO is the most appropriate. Adequate 
lung recruitment is important; however, avoidance of 
high-mean airway pressure is relevant in this population 
because cardiac output may be dependent on maintaining 
high left atrial pressure to overcome high left ventricular 
end-diastolic pressure secondary to impaired ventricular 
compliance and restrictive filling. Situations that compro-
mise left heart preload, including vasodilator drugs such 
as milrinone, should be avoided. Conditions in which the 
left heart is preload compromised result in closer approxi-
mation of the septum and the mitral valve and therefore 
may exacerbate obstruction. Positive inotropes (epineph-
rine, dobutamine, and dopamine) are contraindicated as 
more forceful contraction may worsen obstruction and 
tachycardia should be avoided as it reduces diastolic time, 
hence limits filling.

Vasopressin has a favorable biological profile for sev-
eral reasons. First, increased SVR may increase left-to-right 
ductal shunt which may be beneficial in this population 
because the resultant increase in pulmonary blood flow 
may contribute to left atrial filling and therefore, to cardiac 
output. Second, higher afterload results in reduced veloc-
ity of fiber shortening. Since ejection time is limited, this 
results in incomplete emptying of the LV, hence greater 
end-systolic volume which adds to preload to improve 
cardiac output. Third, the antidiuretic effect of vasopressin 
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may increase circulating volume and this may be beneficial 
in the acute phases of treatment. Norepinephrine has some 
β1 activity, however, may be a reasonable alternative and 
phenylephrine is used in adults and in anesthetic practice 
for treatment of shock due to obstructive cardiomyopathy, 
though there is limited experience with this agent in most 
neonatal intensive care units.

For neonates with hypotension and moderate or severe 
LVOT obstruction in whom adequate augmentation of left 
ventricular filling is not possible, a strategy in which the 
PVR is kept high and the right heart, via right-to-left duc-
tal shunt, is temporarily used to supply systemic circula-
tion may be the only way to accomplish adequate systemic 
blood flow. In this case, prostaglandin to maintain ductal 
patency and avoidance of pulmonary vasodilators is war-
ranted. Extracorporeal membrane oxygenation may be an 
alternative for neonates with refractory shock, though there 
is limited published evidence [189,190].

Long-term management may be required, though hyper-
trophic cardiomyopathy in infants of a diabetic mother is 
transient and typically resolves over 3–6 months. Beta-block-
ers may improve left heart filling based on their ability to 
reduce heart rate and for their negative inotropic properties. 
Calcium channel blockers (e.g., verapamil, diltiazem) may 
also be used to reduce myocardial stiffness. Drugs which 
reduce systemic afterload (e.g., nitrates, angiotensin-convert-
ing enzyme inhibitors, milrinone) should be avoided in this 
population as they may worsen LVOT obstruction. Diuretics 
should be used with caution when hypertrophic cardiomy-
opathy is severe enough to cause pulmonary edema as dehy-
dration may compromise LV filling.

Patent ductus arteriosus

The optimal management strategy and timing of PDA clo-
sure are controversial. Regardless of specific approach, how-
ever, the aim of treatment is to minimize overcirculation 
and support systemic blood flow. Intensive care strategies 
to minimize shunt include maintaining PVR high via mod-
ulation of CO2 and oxygen. Permissive hypercapnia with a 
target CO2 of 50–60 mmHg, arterial pH 7.25–7.35 and tar-
get oxygen saturations in the 88%–93% range to minimize 
the provision of exogenous oxygen may be associated with 
higher PVR and therefore mitigate shunt. The application 
of optimum PEEP may reduce atelectasis associated lung 
injury and is associated with reduced LV afterload which 
may promote flow into the systemic circulation [191,192]. 
Maintenance of adequate hemoglobin may have several 
benefits. First, maintaining optimum oxygen carrying 
capacity is important to ensure adequate delivery of oxygen 
to tissues in a situation where perfusion may be compro-
mised. Second, reduced delivery of oxygen in the anemic 
patient may result in a compensatory increase in cardiac 
output which may exacerbate pulmonary overcirculation 
and cause declining respiratory status. Third, according to 
Poiseuille’s Law, flow is inversely related to viscosity and 
anemia may be associated with lower viscosity blood in 
some patients [193]. Fluid restriction, though historically 
a cornerstone of management, is not recommended except 
in special circumstances because depletion of intravascu-
lar volume may lead to further compromise in postductal 
organ perfusion without improvement in ductal shunt 
[194]. Reduction in exogenous fluid administration in 
response to oliguria and associated hyponatremia with the 

Fig. 30A.13 Suggested Approach to Management of Shock for Infants With Hypertrophic Obstructive Cardiomyopathy 
Depending on Whether There is Severe Left Ventricular Outflow Tract (LVOT) Obstruction. iNO, Inhaled nitric oxide; LV, 
left ventricle; SBF, systemic blood flow.
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administration of nonsteroidal antiinflammatory medi-
cations (NSAIDs) should be considered. The routine use 
of diuretics, particularly furosemide, is also questionable 
[195,196] and a systematic review concluded that there 
was insufficient evidence to support its routine administra-
tion [197]. Furosemide is linked with increased production 
of prostaglandin E2 in the kidney and may be associated 
with prolonged ductal patency [198]. Judicious use of these 
strategies may be reasonable for symptom management in 
the preterm infant with established shunt who is awaiting 
surgical ligation.

The timing of intervention differs between centers and 
individual practitioners. There are three accepted strate-
gies, each of which have both merit and disadvantages. 
Prophylactic therapy within the first 6 h of life has been 
shown to reduce the risk of severe IVH [199]. Though cau-
sality has not been proven, this may relate to modulation 
of ductal shunt in the early transitional period because the 
likelihood of PDA was reduced from 50% to 24% in the 
treated group. A prophylactic approach, however, results in 
exposure of many infants who would not otherwise have 
required therapy to an intervention and potentially harm 
in the situation where the ductal shunt is physiologically 
important, such as those with aortic coarctation, significant 
left ventricular dysfunction or pulmonary hypertension. 
Early targeted therapy, in which echocardiography assess-
ment of ductal patency is conducted early on the first day 
of life, may be preferable in centers in which imaging is 
widely available. This approach has been associated with 
reduced frequency of pulmonary hemorrhage and a lower 
likelihood of symptomatic PDA [200]. Finally, the decision 
to treat a symptomatic PDA on the basis of the presence 
of clinical and echocardiography evidence of left-to-right 
shunt may be made at any time during the course of a 
premature infant, though earlier treatment is preferable 
as the risks of necrotizing enterocolitis, pulmonary mor-
bidity, and surgical ligation are lower [201]. Comprehen-
sive TnECHO evaluation of shunt volume may facilitate 
enhanced selection of candidates for treatment.

Specific therapies aimed at ductal closure include the 
use of NSAIDs, acetaminophen, surgical ligation, and in 
some centers, the use of percutaneous catheter closure 
techniques (Fig. 30A.14). Indomethacin, a cyclooxygenase 
inhibitor, at a dose of 0.2 mg/kg every 12–24 h is the most 
established treatment to promote ductal closure. A course 
of three doses of treatment is effective in approximately 
50% of cases [202]. A second course of indomethacin is 
often given and may be efficacious, particularly with partial 
success or complete success with remanifestation follow-
ing of the first course [203]. Ibuprofen has been suggested 
as an alternative NSAID based on a reported lower risk of 
adverse effects [204], although whether efficacy is equiva-
lent remains uncertain [205]. The use of acetaminophen 
as a primary strategy or following failure of NSAIDs has 

been reported and may be effective at avoiding surgical 
ligation in almost half of treated neonates [206]. Minimal 
side effects have been reported, although the total number 
of treated infants reported in the literature is low and the 
optimal route of delivery is uncertain. Surgical ligation for 
closure of the symptomatic ductus is a controversial topic, 
though remains a common procedure in many neonatal 
practices. Surgical PDA closure has been associated in some 
literature with a higher risk of impaired neurodevelopment 
[207,208]; however, when analysis is adjusted for the pres-
ence of postnatal confounders which occur prior to the time 
of ligation, this association is no longer evident suggesting 
that ligation is a marker of a sicker cohort and not causal 
of poor outcome [209]. Surgical morbidities including 
air leak, reexpansion pulmonary edema [210], and recur-
rent laryngeal nerve palsy occur with variable frequency 
[211,212]. A possible alternative in some centers, which 
may reduce the risks of surgical complications related to 
thoracotomy, is percutaneous catheter closure via a transve-
nous route which is becoming increasingly possible due to 
the availability of appropriate device sizes and pioneering 
of new, safer image guided techniques [213,214].

Fig. 30A.14 Management Alternatives for Treatment 
of a Hemodynamically Significant PDA (hsPDA). 
One possible treatment algorithm includes the use of 
an NSAID × two courses followed by treatment with 
3–7 days of acetaminophen and then, if the ductus remains 
hemodynamically significant, consideration for surgical 
ligation or percutaneous catheter closure if performed. NSAID, 
Nonsteroidal antiinflammatory drug; PO, per os; PR, per 
rectum.
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PDA ligation postoperative management

Perioperative assessment includes the assessment of PLCS 
risk based on the postnatal age and weight with younger, 
smaller babies (age < 28 days, weight < 1 kg) at greater risk 
of postoperative LV decompensation [215] (Fig. 30A.15). 
The chronically volume overloaded cardiovascular system 
adapts by LV dilation and hypertrophy [216], undergoes 
extensive remodeling of the vascular endothelium with 
associated changes in secretion of vasoactive substances 
[217] and increases sympathetic activation with higher lev-
els of circulating norepinephrine and other catecholamines 
[218]. There is limited study specific to the adaptation of 
the preterm infant to chronic PDA shunt; however, changes 
in myocardial architecture may provide relative protection 
against wall stress and increasing SVR which may alter the 
degree of change in exposed vascular resistance from pre to 
postligation. Neonates with concurrent pulmonary hyper-
tension, too, are theoretically at a reduced risk of PLCS 
due to higher resistance in the pulmonary vascular bed 
preoperatively. Preoperative adrenal function testing may 
inform postoperative management. Though perioperative 
steroids have not been shown to improve postoperative 
stability overall [219], in a subset of neonates with docu-
mented adrenal insufficiency who develop postoperative 
cardiorespiratory decompensation, hydrocortisone may be 
beneficial.

The postoperative management of neonates following 
PDA ligation may vary depending on the availability of 
early postoperative echocardiography. If available, echocar-
diography measurement of LVO 1 h postoperatively may be 
used to guide targeted prophylaxis using milrinone. Neo-
nates with LVO < 198 mL/min/kg may be candidates and 
milrinone may be given at a starting dose of 0.33 mcg/kg/

min with a concurrent bolus of saline over 1 h to ensure 
adequate LV preload and avoid hypotension due to vaso-
dilation. The administration of prophylactic milrinone is 
associated with a reduced risk for postligation cardiac syn-
drome [148], likely by mitigating the effects of augmented 
systemic afterload on LV systolic function. If echocardiog-
raphy is not readily available, universal milrinone pro-
phylaxis or prophylaxis of patients at high risk on clinical 
grounds may be an option, though this approach has not 
been studied.

Symptomatic treatment of postligation cardiac syn-
drome should be focused on agents that have positive ino-
tropic properties. The treatment of systolic hypotension 
should include dobutamine or epinephrine as a first-line 
agent depending on the severity of the clinical presenta-
tion. The combined inotrope–vasopressor activity of epi-
nephrine makes it a desirable agent for advanced disease or 
severe hypotension. Drugs with a predominant vasopressor 
profile (dopamine, vasopressin, norepinephrine) should be 
avoided as the primary pathophysiological concern is one 
of LV failure in the face of afterload. Hydrocortisone should 
be considered for inotrope resistant hypotension, particu-
larly if the infant has a documented failed ACTH stimula-
tion test. Despite milrinone prophylaxis, and in patients in 
who milrinone is not indicated, the postoperative course 
may be complicated by pulmonary edema resulting in ven-
tilation and oxygenation issues without systemic hypoten-
sion. This may be related to diastolic dysfunction of the LV 
in the presence of afterload the specific risk factors remain 
to be delineated.

Chronic pulmonary hypertension

BPD associated PH is a slowly progressive chronic disease 
requiring long-term therapy. Parents must be trained to 
administer medications and therefore practical, safe and 
ideally, nonintravenous options are required. The evi-
dence for sildenafil, the most widely studied option, as 
one component of a beneficial long-term strategy is slowly 
emerging [220–223]; monotherapy has been suggested to 
reduce echocardiography markers of chronic PH, PVR, and 
O2 requirement after 1 month of therapy on a small scale 
[224]. Many of the neonates with chronic PH in these tri-
als received concurrent therapy with other agents (e.g., cor-
ticosteroids, Bosentan, diuretics); there are no published 
studies comparing sildenafil to control in this population. 
While off-label use of this medication is increasing [225], 
caution is warranted. High-dose sildenafil was associated 
with mortality in one pediatric study randomizing a het-
erogeneous group to low, medium or high-dose ranges 
[226] leading the US Food and Drug Administration (FDA) 
to issue a warning against its use in children [227]. No spe-
cific recommendation was made for neonates; infants with 
BPD associated PH were not included in this study.

Fig. 30A.15 The Probability of Developing Post-Ligation 
Cardiac Syndrome (PLCS) by Postnatal Age at the Time of 
Surgery [215].
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PGI2 analogues are being increasingly used. Epopro-
stenol and treprostinil IV are associated with improved 
oxygenation and reduced PAP, however systemic delivery 
is impractical and may be complicated by hypotension and 
significant bleeding due to the antiplatelet effect of PGI2. 
Case reports of use of inhaled iloprost alone [228] or in 
combination with sildenafil [229,230] have demonstrated 
reduced FiO2 and echocardiography markers of PH. Trepro-
stinil is a subcutaneous preparation, delivered continuously 
via in an indwelling catheter, that may offer advantages over 
inhaled preparations including continuous delivery in an 
outpatient setting and avoidance of common airway com-
plications (e.g., cough, wheeze) [231]. It has been used suc-
cessfully in a diaphragmatic hernia patient with infrequent 
catheter changes that were done by parents [232]. PGI2 ana-
logues are promising; however, current evidence is limited. 
Bosentan is used sporadically; outside of occasional case 
reports [220,233], however, there is very little evidence to 
support this practice. Finally, diuretic therapy, widely used 
for RV failure in the setting of pulmonary hypertension for 
adults [234], may have a role in the treatment of neona-
tal chronic PH. Some neonates with BPD have improved 
lung mechanics with combination thiazide/spironolactone 
therapy [235], though there is limited data to direct diuretic 
therapy specific to preterm infants with chronic PH.

Respiratory morbidity is important, with far-reaching 
implications, but understanding the outcome for these 
neonates is challenging. Preterms with acute PH are a dif-
ficult group to study as they have a high incidence of con-
founding comorbidities (e.g., IVH, infection, IUGR). BPD 
too is complex, multifactorial, and poorly understood with 
an inconsistent definition [236]. Improved management 
has changed the preterm respiratory course substantially 
and altered the clinical phenotype of BPD [237]. In the 
present era, chronic PH is associated with a two-year mor-
tality rate of up to 47% with 75% of those deaths occurring 
in the first 6 months of life [135]. Survivors may have a 

prolonged course of cardiorespiratory morbidity that may 
persist for years [238]. Early studies suggest that long-term 
survivors may have RV dilation and hypertrophy [238,239], 
which may be an important contributor to late morbidity 
and mortality. Intercurrent infection may precipitate acute 
decompensation, which may be fatal [240]. It is unclear 
whether the course of disease may be modified by early 
recognition and therapy, though this has been suggested 
[224], and prevention is an attractive alternative if possible.

Animal evidence suggests that iNO may promote growth 
[241,242], improve alveolar architecture [243] and may 
be protective of inflammatory [244] and hyperoxic [245] 
stress. Large-scale trials, however, failed to demonstrate 
reduction in lung disease [246] and prolonged exposure of 
preterm infants to iNO is not recommended. This may be, 
in part, because BPD is a complex disease which is influ-
enced by a variety of genetic, antenatal and postnatal fac-
tors that result in a diverse pathophysiology with a similar 
phenotype [236]. Failure to define an appropriate popu-
lation for a preventative therapy may result in subclinical 
harm. For example, chronic exposure to iNO in neonates 
with a PDA may reduce PVR and increase shunt volume. 
Progressive pulmonary edema and oxidative stress may 
worsen lung disease in a subset of patients and thus mask 
positive effects in others. Free radical production may also 
play a role. Reactive oxygen species (ROS) are constitutively 
produced by cellular sources however, when combined 
with oxygen, NO creates supra-physiologic levels of nitro-
gen dioxide (NO2) and peroxynitrite which may be toxic 
[247]. For acutely unwell neonates, reduction in toxic ROS 
due to reduction in required FiO2 may offset NO2 effects. 
Excessive or prolonged exposure in combination with 
other free radicals, however, may cause cellular injury and 
compromise cell growth [247]. Despite extensive study, 
there is insufficient evidence to support the use of iNO to 
prevent BPD or associated chronic PH and its use is not 
recommended.
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Patent Ductus Arteriosus
Durga P. Naidu, MD, John P. Breinholt III, MD, P. Syamasundar Rao, MD

•	 While clinical signs and serum brain natriuretic 
peptide (BNP) levels may identify a hemodynamically 
significant (hs) PDA, it is best diagnosed and 
quantified by echo-Doppler studies. 

•	 Prophylactic pharmacological or surgical closure 
of PDAs in all premature infants is no longer 
recommended.

•	 All hsPDA are initially treated with conservative 
management (fluid restriction, diuretic therapy 
and respiratory and other supportive measures) 
to allow for spontaneous PDA closure. Should this 
fail, pharmacologic therapy with indomethacin 
or ibuprofen is instituted (Ibuprofen is currently 
preferred). Should two courses of pharmacologic 
therapy fail to close the PDA, surgical (conventional, 
bedside or video-assisted) or percutaneous closure of 
the PDA, depending upon the institutional expertise, 
may have to be undertaken.

Introduction

The ductus arteriosus (DA) is a vascular muscular structure 
that usually connects the main pulmonary artery (PA) (at 
its junction with the left pulmonary artery [LPA]) with the 
descending thoracic aorta at the level of left subclavian 
artery. The configuration of the patent DA (PDA) varies con-
siderably, but most often has a conical or funnel shape with 
a wider aortic end (ampulla) and smaller pulmonary end. 
The DA develops from the sixth aortic arch and is completely 
functional by the eighth week of gestation [1,2]. Patency of 
the DA in the fetus is primarily maintained by continuous 
exposure to low partial pressure of oxygen and local and 
circulating prostaglandins along with constant blood flow 
from the main PA to the descending aorta, largely second-
ary to high pulmonary vascular resistance induced by rela-
tive hypoxemia and nonfunctional lungs [2–4].
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CHAPTER POINTS

•	 In the fetal circulation ductus arteriosus (DA) diverts 
less oxygenated blood from the pulmonary artery into 
the descending aorta and placenta for oxygenation.

•	 Spontaneous closure of DA occurs soon after birth, 
but persistence beyond 72 hours of life is defined as a 
patent DA (PDA). 

•	 The prevalence of isolated PDA is approximately 
0.05% of full-term infants but is very high (up to 80%) 
in the premature; the earlier the gestational age the 
higher the incidence. 

•	 Medium to large PDAs in the premature babies result 
in left to right shunt causing pulmonary and cardiac 
compromise.
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PDA is defined as the persistence of DA patency beyond 
72 h of postnatal age [1,5,6]. The incidence and prevalence 
of PDA depend on the gestational age at birth [1,5,7,8], 
associated congenital heart defects, exposure to high alti-
tude with consequent low partial pressure of oxygen [9], 
prenatal exposure to certain infectious agents [10], and 
some associated genetic disorders [11]. Incidence of iso-
lated PDA is approximately 0.05% of term live births and 
constitutes up to 5%–10% of patients with congenital heart 
defects [1,2]. Incidence may be higher (up to 0.2%) if one 
includes children with silent PDA (no murmur but diag-
nosed by echocardiogram performed for other indications) 
[2,12]. Incidence of PDA may be very high (up to 80%) in 
babies born premature, earlier the gestational age higher 
the incidence [1,5,7,8]. There is a female preponderance 
with female-to-male ratio of nearly 2 to 1 [2].

The objective of this chapter is to discuss the influence 
of isolated PDA in neonates with particular attention to 
premature infants. In this review, we will discuss the role 
of the DA in the fetus, physiology of natural ductal closure, 
etiology of persistent DA, hemodynamic changes resulting 
from PDA, and the implications of PDA for neonatal respi-
ratory care. We will also discuss the clinical findings and 
diagnosis of PDA, its clinical and anatomical classification, 
and finally a review of available options for management 
of the PDA in infants including describing our own insti-
tutional experience with transcatheter occlusion of PDA in 
the premature infants. Discussion of issues related to PDA 
in the diagnosis and management of cyanotic congenital 
heart defects is beyond the scope of this chapter.

Ductus arteriosus in the fetus

Exchange of respiratory gases and metabolites in the fetus is 
through utero-placental connection, while the lungs are uti-
lized for exchange of respiratory gases in the postnatal cir-
culation. Consequently, the cardiovascular and pulmonary 
circulations are altered in the fetus (Fig. 30B.1) to accommo-
date such a requirement [3,13–16]. The DA is a vascular con-
duit that usually connects the PA to the descending thoracic 
aorta (Fig. 30B.1), which in fetal circulation directs the deoxy-
genated blood from the PA into the descending aorta for oxy-
genation [3,4,15,16]. The blood from the superior vena cava 
and coronary sinus and a portion of inferior vena caval blood 
that did not enter the left atrium traverses through the tricus-
pid valve into the right ventricle. This less oxygenated blood 
is ejected into the main PA by the right ventricle. The flow to 
the lungs versus descending aorta depends upon the relative 
vascular resistance of distal vasculature. The placenta in the 
normal fetus, which is connected to the descending aorta via 
umbilical arteries, is a low resistance circuit while the pulmo-
nary circulation is a high resistance circuit. Consequently, most 

of the blood from the main PA is diverted into the descending 
aorta via the DA with only a small portion (7% of combined 
ventricular output) delivered to the lungs. From the descend-
ing aorta, the blood is transported via the umbilical arteries 
into the placenta for exchange of gases, transport of nutritive 

Fig. 30B.1 Diagrammatic Representation of Fetal 
Circulation. The intensity of blue color represents the 
degree of oxygen desaturation. The ductus arteriosus shunts 
deoxygenated blood from the pulmonary artery to aorta. The 
venous return from the placenta is transported by the umbilical 
vein and the ductus venosus into the inferior vena cava. 
From there, a substantial proportion is shunted into the left 
atrium via the foramen ovale. The residual portion goes into 
the right ventricle. The blood getting into the left atrium via 
the foramen ovale is directed into the left ventricle and from 
there, pumped into the ascending aorta. Thus, the oxygenated 
blood reaches the brain via the brachiocephalic vessels and 
the coronary arteries. The reaming blood goes into the right 
ventricle. The right ventricular blood is propelled into the 
pulmonary artery. Since the resistance in the pulmonary circuit 
is high, the majority of the blood is forced via the ductus 
arteriosus into the descending aorta. From the descending 
aorta, the desaturated blood goes into placenta via the 
umbilical arteries. Copyright: Satyan Lakshminrusimha, MD.



587

ChapterPatent Ductus Arteriosus | 30B |

substrates, and excretion of waste products of metabolism. Fac-
tors influencing prenatal ductal patency and postnatal ductal 
closure are described in Table 30B.1; Fig. 30B.2 [3,14,16,17].

Pathophysiology of ductal closure 
after birth

In term neonates, closure of the DA is a two-stage process. 
The first stage involves functional ductal closure resulting 
from muscular constriction and the second stage is an ana-
tomical closure of the DA. Functional closure of the DA hap-
pens within 10–15 h of life, which is mediated by an increase 
in the partial pressure of oxygen in the blood and a decrease 
in circulating cyclooxygenase-mediated metabolic products 
(PGE2, PGI2, etc.) [1,18–22]. An increase in oxygen ten-
sion inhibits smooth muscle voltage-dependent potassium 
channels which facilitates influx of calcium into the cells of 
ductal tissue causing ductal constriction, resulting in func-
tional occlusion of the DA [1,23–25]. Ductal constriction 
leads to insufficient dispersion of nutrients to ductal smooth 
muscle and ultimate progression to programmed cell death 
[20,26,27]. Anatomic closure of the DA involves conversion 
of a constricted and functionally occluded DA into a noncon-
tractile atretic ligamentum arteriosus. Following functional 
closure of the DA, progressive nutritional deprivation leads 
to hypoxia-induced cell death with simultaneous remodel-
ing of ductal connective tissue for another 2–3 weeks. Ductal 
tissue remodeling by formation of new noncontractile con-
nective tissue is mediated by vascular endothelial growth fac-
tor and transforming growth factor beta.

Etiology of patency of the ductus 
arteriosus

Multiple risk factors have been identified possibly contrib-
uting to the etiology and pathogenesis of the PDA.

Prematurity
Prevalence of PDA is extremely high in the premature and 
low birth weight infants. Neonates delivered at 24 weeks of 
gestation have an incidence of PDA up to 85% and infants 
born between 25 and 28 weeks of gestation have an inci-
dence of PDA up to 65% [28,29]. Newborns weighing less 
than 1200 g at birth have nearly 80% risk of ductal patency 
while those weighing 2000 g have nearly 40% risk of having 
a PDA [1,30,31]. In premature neonates, the etiopathogen-
esis of PDA is mainly secondary to developmental imma-
turity. Poor ductal muscular tissue response to the natural 
mechanisms of ductal closure (poor constrictor response 
to oxygen and poor dilator effect of prostaglandins) as 
described earlier is an equally contributing factor [2]. In the 
majority of preterm infants, the DA fails to constrict and 
even those infants who achieve ductal constriction fail to 
have significant ischemia-induced remodeling of ductal tis-
sue [6]. Additional risk factors reported are respiratory dis-
tress syndrome and thrombocytopenia within 24 h of life 
[32]. All other etiological factors associated with PDA in 
term infants contribute an additional risk in preterm infants.

Genetic factors
Several genetic conditions are associated with higher inci-
dence of PDA, but no specific genetic abnormality has been 
linked to PDA. Also, no clear genetic mechanism has been 
defined for development of PDA [2,33,34]. The etiology 
may be explained based on multifactorial inheritance [11], 
similar to other congenital heart defects. There is nearly a 
3%–5% recurrence risk of PDA in siblings, presumably 
related to multifactorial inheritance pattern [2,11]. Higher 
incidence of PDA has been noted in chromosomal abnor-
malities such as trisomy 21 and 18, in single gene mutations 
such as Holt–Oram syndrome and Carpenter’s syndrome, 
deletion syndromes such as 4q, 16p13.3 (Rubinstein–
Taybi), and 9p (CHARGE), and in X-linked mutations such 
as incontentia pigmenti [2]. Another association is in Char 
syndrome, an autosomal dominant inherited disorder with 
a mutation in the transcription factor AP-2 β (TFAP2B) gene 

Table 30B.1  Factors influencing prenatal ductal patency and postnatal ductal closure (Fig. 30B.2) [3,14,16,17]

Factors influencing ductal patency 
(prenatal—Fig. 30B.2A)

Factors influencing ductal closure  
(postnatal—Fig. 30B.2B)

Low partial pressure of oxygen (PO2) Increase in the partial pressure of oxygen (functional closure)

High levels of cyclooxygenase-mediated metabolic 
products (PGE2 and PGI2)

Decrease in circulating cyclooxygenase-mediated metabolic products 
(PGE2 and PGI2) (functional closure)

Kept open because of constant flow No anterograde flow following drop in pulmonary vascular resistance

High circulating adenosine levels Programmed cell death (anatomic closure)
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Fig. 30B.2 Mechanisms of ductal patency during fetal life (A) and factors mediating postnatal closure of the ductus arteriosus (B). 
PGE2, Prostaglandin E2; PGI2, prostacyclin; NO, nitric oxide; COX, cyclooxygenase; EP, prostaglandin E receptors (see Table 30B.1 
and text for complete details). Copyright: Satyan Lakshminrusimha, MD.
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and maps to chromosome 6p12-21. Char syndrome is char-
acterized by PDA, facial dysmorphism, and hand abnor-
malities (mostly commonly an abnormal fifth finger) [33].

Environment factors
High altitude results in low environmental oxygen ten-
sion which leads to low dissolved oxygen and consequent 
increased risk for PDA [9]. Maternal exposure to antiepilep-
tic medications such as valproate and phenytoin is associ-
ated with higher incidence of PDA [30,35]. Maternal usage 
of cocaine [36] or amphetamines [31] also confers a higher 
incidence of congenital heart defects including PDA. Fetal 
alcohol syndrome [37] and maternal smoking [38] also 
have a higher incidence of PDA.

On the contrary, the prevalence of ductal patency is 
lower in neonates whose mothers were treated with pre-
natal steroids at least 24 h prior to delivery. This is prob-
ably related to inhibition of prostaglandin production, 
augmented ductal responsiveness to the ductal constricting 
effect of oxygen and reduced sensitivity to dilating effects of 
prostaglandins, or a combination thereof [39].

Infectious
Congenital rubella infection, especially during first trimes-
ter, leads to congenital rubella syndrome and a higher inci-
dence of PDA [2,40,41]. Ductal tissue in congenital rubella 
syndrome resembles that of an immature ductus with 
extensive subendothelial elastic lamina [10].

Hemodynamic changes associated 
with PDA

Usually, the PDA produces a left-to-right shunt (aorta to 
PA) because the aortic pressures, both systolic and diastolic, 
are higher than those in the PA. The extent of the shunt is 
directly proportional to the minimal ductal diameter and 
inversely related to the length of the ductus. In a large, non-
restrictive ductus, the shunt is related to the ratio of the pul-
monary-to-systemic vascular resistance; the lower the ratio, 
the greater the shunt. In a term infant, the ductal shunt is 
minimal at birth because of high pulmonary vascular resis-
tance at the beginning.

Term infant
A normal physiological drop in pulmonary vascular resistance 
will increase the left-to-right shunt and pulmonary blood 
flow. In babies with moderate-to-large PDAs, the left atrium 
and left ventricle dilate; these changes are similar to those seen 
in patients with ventricular septal defects. Increased left atrial 

(LA) pressure may produce pulmonary edema with resultant 
decreased lung compliance. LA dilatation may sometimes 
result in opening of the patent foramen ovale (PFO), caus-
ing additional left-to-right shunt. With large shunts, com-
pensatory mechanisms ensue: left ventricular (LV) dilatation 
increases LV stroke volume with normalization of cardiac out-
put. The left ventricle, with time, hypertrophies. Neuroendo-
crine adaptation increases sympathetic activity and circulating 
catecholamines [42–44]; these may result in tachycardia and 
increased sweating as seen in some of these babies. The dia-
stolic runoff due to ductal shunting decreases diastolic blood 
pressure. A combination of increased intramyocardial tension 
secondary to LV dilatation with resultant increase in myocar-
dial oxygen demand, tachycardia, and low aortic diastolic 
pressure may produce subendocardial ischemia [45].

Preterm infant
In the premature infant, because of relatively underdevel-
oped pulmonary vasculature, the shunt may take place even 
prior to physiologic reduction of PA pressure/resistance. 
In addition, the compensatory mechanisms are not well 
developed (immature myocardium with less contractile 
elements, less sympathetic innervation, and less well devel-
oped Frank–Starling mechanisms and a less compliant left 
ventricle [46–48]) in the premature neonate and conse-
quently the premature baby may not be able to handle the 
shunting across the ductus as effectively as a full-term baby.

Impact of PDA on lung function

The adverse effects of PDA are pulmonary overcirculation 
and systemic hypoperfusion. Excessive blood flow to the 
lungs may produce pulmonary edema, decreased lung 
compliance, and may even result in pulmonary hemor-
rhage. The increased capillary permeability leading to leak-
age of serum proteins into the pulmonary tissue may lead 
to inactivation of surfactant. These changes may precipitate 
respiratory failure and an increased need for mechanical 
ventilation [1,6,49]. Prolonged duration of pulmonary 
overcirculation and persistent pulmonary edema decrease 
lung compliance and may accelerate the inflammatory 
process and predispose the premature neonate to develop 
bronchopulmonary dysplasia (BPD) [49,50].

Persistent symptomatic PDA has traditionally been con-
sidered a risk factor for BPD. Increased pulmonary blood 
flow and inflammatory response to prolonged ventilation 
as mentioned previously were considered to increase the 
risk of BPD. However, this association has been questioned 
recently. Retrospective reviews have suggested that while 
both BPD and PDA are strongly associated with lower 
gestational age at birth, PDA and the decision to treat a 
PDA were not associated with an increased incidence of 
BPD [51]. In infants with BPD, pruning and remodeling 
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of pulmonary vasculature lead to pulmonary hypertension 
(PH). Reduced vascular growth in BPD limits vascular sur-
face area over time, causing further elevations of pulmonary 
vascular resistance, especially in response to high cardiac 
output. Reduced vascular surface area in BPD implies that 
relatively small increases in left-to-right shunting through a 
PFO, ASD, or PDA may induce a far greater hemodynamic 
injury compared to neonates with normal lungs [52].

Impact of PDA on systemic hemodynamics

The left-to-right shunt across the PDA leads to a decrease in 
systemic blood pressure (systolic, diastolic, and mean arterial 
pressures) with resultant systemic hypoperfusion to organs 
such as intestine, kidneys, skin, brain, and muscle. Systemic 
hypoperfusion may cause necrotizing enterocolitis (NEC), 
renal insufficiency, intraventricular hemorrhage (IVH), and 
significant metabolic acidosis [1,6]. In the cerebral circula-
tion, hypoperfusion followed by reperfusion may cause post-
perfusion injury leading to increased risk of IVH [53–55].

A large PDA may delay the physiological drop in PA pressure 
or even can lead to the development of significant PH [1,54].

Influence of PDA on neonatal 
respiratory care and management

Impact of PDA on neonatal respiratory care depends on the 
hemodynamic effect of the PDA and the patient’s ability to 
compensate for the hemodynamic changes [56]. The hemo-
dynamic impact depends on the size (minimal ductal diam-
eter) of the DA and the degree of the shunt. A large PDA 
with left-to-right shunt (aorta to PA) results in increased 
pulmonary blood flow and increased interstitial edema, 
causing a decrease in pulmonary compliance and a need for 
higher respiratory support. Elevated PCO2 on blood gases 
is commonly observed in premature patients with PDA. In 
order to meet the ventilator requirements of these infants, 
an increase in ventilator rate or positive inspiratory pres-
sure (PIP) may be necessary. Due to decreased lung compli-
ance, increased positive end expiratory pressure (PEEP), PIP 
and/or mean airway pressure may be necessary in preterm 
infants on mechanical ventilation. The A-a gradient may be 
elevated in some patients. Pulmonary hemorrhage is often 
associated with rapid respiratory deterioration.

Prolonged need for mechanical ventilation and respira-
tory support will increase the risk of BPD [57,58]. Left-to-right 
shunt for a prolonged period is likely to increase the size of the 
left ventricle which may lead to LV dysfunction. This will in 
turn increase the LA pressure leading to further worsening of 
pulmonary vascular congestion. Pulmonary venous hyperten-
sion may further complicate PH associated with BPD. Large 
ducti may even produce signs of systemic shock [46].

Clinical features

Signs and symptoms of an infant with a PDA depend on the 
size of the DA and effective left-to-right shunting, which in 
turn depends on the relative vascular resistances in systemic 
and pulmonary circulations. Term neonates with a small 
PDA usually have no significant hemodynamic abnormal-
ity and remain asymptomatic. Medium-to-large PDAs will 
show increasing left-to-right shunt as the normal regression 
of pulmonary vascular resistance occurs and at that time 
may develop signs of heart failure. Some term neonates 
with a large PDA may have persistence of high pulmonary 
vascular resistance limiting the left-to-right shunt and pul-
monary blood flow and do not develop the usual signs and 
symptoms of a PDA. In such neonates, continuous expo-
sure of the pulmonary vasculature to elevated pressures 
delays normal regression of the pulmonary arteriolar resis-
tance.

In preterm infants, symptoms of excessive blood flow may 
develop early because of an underdeveloped pulmonary vas-
culature and poor compensatory mechanisms [54] as men-
tioned earlier. A progressive increase in the need for ventilator 
support, an increased oxygen requirement, signs of systemic 
hypoperfusion, and/or development of shock in a preterm 
baby who is a few days old should prompt the investigation 
for a PDA [56]. The clinical presentation is also influenced by 
whether the baby has no lung disease, is recovering from lung 
disease (idiopathic respiratory distress syndrome), or has BPD. 
Signs and symptoms of PDA are described in Table 30B.2.

As mentioned earlier, the clinical findings depend upon 
whether the baby has no pulmonary disease, is recovering 
from lung disease, or has active lung disease. The classical 
clinical signs of PDA (hyperdynamic precordium, murmur, 
and bounding pulses) can easily be identified in babies 
without lung disease and in those that recovered from lung 
disease. In babies with significant lung disease, these clini-
cal features may be masked and echo-Doppler studies are 
necessary to detect the ductus. In addition, the findings 
of hyperdynamic precordium, murmur suggestive of PDA 
(continuous murmur is usually not present), and bound-
ing pulses of moderate-to-large PDAs are commonly seen 
in babies who are not on ventilator. Some of these signs 
become less obvious when the baby is ventilated, particu-
larly with positive pressure ventilation. Consequently, it is 
our practice to disconnect the baby from the ventilator for 
brief periods during cardiac evaluation. Even simple con-
tinuous positive airway pressure (CPAP) may obscure some 
of the clinical signs alluded to earlier.

A baby who is requiring progressively increased respira-
tory support or failing to tolerate normal respiratory wean-
ing process should arise the suspicion of PDA and call for 
echo-Doppler study to exclude/confirm PDA.
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Diagnosis and work-up

Radiology
Chest X-ray shows enlarged cardiac size (cardiomegaly) 
and increased pulmonary vascular markings [1]. Pulmo-
nary venous congestion may be seen and some of these 
changes may be in addition to or confused with pulmo-
nary changes associated with respiratory distress syndrome 
or other pulmonary parenchymal disease.

Electrocardiogram
Electrocardiogram (ECG) in a patient with PDA is normal 
in early postnatal period. In the presence of significant left-
to-right shunt for prolonged periods, signs of LA enlarge-
ment and/or LV enlargement will manifest on the ECG, 
but these findings are nonspecific [1]. LA enlargement is 
suspected when broad, bifid P waves in lead II and a pro-
longed terminal negative portion of the P wave in lead V1 
are observed [59].

Echocardiography
Echocardiogram along with Doppler interrogation (echo-
Doppler) is indicated whenever there is a clinical suspicion 
for PDA, and indeed, it is the investigative procedure of 
choice for the diagnosis of a PDA as well as for its quantifi-
cation. The echo-Doppler study is also helpful in excluding 

any congenital cardiac defects, particularly in excluding 
aortopulmonary window, truncus arteriosus, or other 
lesions causing left-to-right shunt. Occasionally, a question 
of coarctation of the aorta may arise; a careful review of 
the 2-dimensional (2D) and color, pulsed and continuous 
wave Doppler findings may help to clarify the issue. Rarely, 
it may be difficult to exclude aortic coarctation in the pres-
ence of a large PDA and may require angiography to con-
firm/exclude such a diagnosis [44]. Echo-Doppler findings 
in conjunction with clinical findings help in classifying the 
severity of the PDA and aid in the management [1,60–62]. 
McNamara and Sehgal proposed a staging system for deter-
mining the magnitude and severity of hemodynamically 
significant patent ductus arteriosus (hsPDA) [62].

Echo-Doppler studies in parasternal long and short axis, 
apical four- and two-chamber, subcostal and suprasternal 
notch views should be performed to define the hemody-
namic effects and the size of the ductus. Color Doppler-
guided continuous wave Doppler interrogation of the 
ductal flow in multiple views, recording the maximal Dop-
pler flow velocity magnitudes, should also be performed. 
Estimation of pulmonary arterial pressures should also be 
undertaken during the echo-Doppler study. Finally, the 
diastolic flow pattern in the descending aorta (anterograde 
diastolic flow [normal], absent diastolic flow or retrograde 
diastolic flow) should also be scrutinized. Defining the 
shape and configuration of the PDA is of importance to 
the interventional cardiologist in planning ductal closure.

As alluded to in the “Hemodynamic changes associ-
ated with PDA” section, moderate-to-large PDAs result in 

Table 30B.2  Signs and symptoms of PDA

Increased pulmonary blood flow
Decreased systemic 
blood flow

Increased volume load on heart 
leading to congestive heart failure

Systolic murmur at the left upper sternal border 
(classic continuous machinery murmur of PDA is 
not usually heard in the neonates)

Systolic and diastolic 
hypotension

Hyperactive (hyperdynamic) cardiac 
impulse

Accentuated pulmonary component of the 
second heart sound

Increased pulse pressure 
(bounding peripheral pulses)

Tachycardia

Loud third heart sound
Mid-diastolic flow murmur at the apex

Signs of systemic 
hypoperfusion

Cardiomegaly

Hyperactive precordium
Increased pulse volume (bounding pulses) (wide 
pulse pressure may be documented via umbilical 
arterial catheter)

Metabolic acidosis Hepatomegaly

Palmar pulses Left and/or right ventricular enlargement

Tachypnea at baseline with episodes of apnea Rales in the lung fields

Increased work of breathing (respiratory distress) Poor weight gain

Need for assisted ventilation Difficulty with oral feeds
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LA and LV dilatation, while in a small PDA, these cardiac 
chambers are likely to be normal in size.

Left atrium

Visual estimate of the LA size is very subjective (Fig. 30B.3) 
and quantitatively measured on M-mode tracing in the 
parasternal short axis view (Fig. 30B.4) as LA to the aortic 
root (LA/Ao ratio) and compared with normal values [63]. 
However, the normal standards for many weight categories 
in the premature infant have not been adequately estab-
lished. In a normal infant, this ratio is less than 1.2:1. LA/
Ao ratios between 1.2:1 and 1.4:1 suggest that the PDA is 
small. In moderate-sized PDA, the ratio may be between 
1.4:1 and 1.6:1, and in large PDA the ratio is likely be ≥1.6. 
While these ratios are generally reliable, false positives may 
occur in infants with mitral valve regurgitation and false 
negative results may be seen in babies who have been fluid 
restricted.

Similarly, the LA area may be mapped in apical four-
chamber (Fig. 30B.5) and apical two-chamber views to 
estimate LA volume using biplane area length method, but 
again normal values are nonexistent for many weight cat-
egories in the preterm babies.

Left ventricle

The LV internal dimension in end-diastole (LVIDd) and 
end-systole (LVIDs) may be recorded in parasternal long 

and short (Fig. 30B.6) axis views; the recordings are made 
at the tips of the mitral valve. For some low weight catego-
ries, normal values have not been established, and in such 
situation visual estimate (Fig. 30B.3) is all that we have.

Left ventricular function

Several echocardiographic techniques have been used in 
the past to evaluate LV function, as reviewed elsewhere 
[64–66]. Practical and easily used techniques in both term 
and premature neonates are LV fractional shortening using 
M-mode echo (Fig. 30B.6) and Simpson’s LV area shorten-
ing on 2D echocardiogram (Fig. 30B.7).

LV fractional shortening. LV fractional shortening or 
shortening fraction (SF) (Fig. 30B.6) was one of the earliest 
described echo techniques for the assessment of LV func-
tion [67]. It is the most commonly utilized and easy to use 
technique for quick estimation of global LV systolic func-
tion. It may be derived as follows:

= −





SF
(LVIDd LVIDs)

LVIDd
100

where SF is shortening fraction, LVIDd is left ventricular 
internal dimension in end-diastole, and LVIDs is left ven-
tricular end-systolic dimension.

The normal value is 33% ± 5%. The SF is age and heart 
rate independent. However, it is load-dependent. In babies, 

SF=(LVIDd−LVIDs)LVIDd100

Fig. 30B.3 Selected echocardiographic frames from an apical four-chamber view with the closed (A) and open (B) mitral valve 
(MV) demonstrating enlarged left atrium (LA) and left ventricle (LV), but this is subjective. RA, Right atrium; RV, right ventricle.



593

ChapterPatent Ductus Arteriosus | 30B |

less than 5 days old and those with elevated right ventricu-
lar (RV) pressure, interventricular septal flattening may be 
present which makes the SF less reliable.

LV area shortening. Area shortening of the LV utilizing 
Simpson’s rule (Fig. 30B.7) is particularly valuable in the 
term and premature neonates [68]. The LV area shortening 
is calculated as follows:

= −
AS

(LVAd LVAs)
LVAd

where AS is area shortening, LVAd is LV area in diastole, and 
LVAs is LV area in systole.

The normal values are 50%–60%. This method of evalu-
ation of LV function is useful even when LV dysynergy or 
flat to paradoxical ventricular septal motion is present. 
However, it is also load-dependent.

Pulmonary artery pressure

Echo-Doppler studies are useful in estimating the PA pres-
sures in most babies. Several techniques have been used 
in the past as reviewed elsewhere [66]. Attempts to record 
Doppler jets in multiple views in the right heart should 
be made in all subjects. The Doppler jet velocity (V in 
m/s) may be utilized to calculate pressure difference (∆P 

AS=(LVAd−LVAs)LVAd

Fig. 30B.4 A selected echocardiographic frame from M-mode tracing in the parasternal short axis view demonstrating 
measurements of the aorta (Ao) and left atrium (LA). Note the increased LA/Ao ratio. RVOT, Right ventricular outflow tract.

Fig. 30B.5 Selected echocardiographic frames in an apical 
four-chamber view showing mapping of the left atrial (LA) 
area. While the calculations can be made (inset to the left 
upper part), normal values for several premature baby groups 
have not been established. Apical two-chamber view is not 
shown. LV, Left ventricle; RA, right atrium; RV, right ventricle.
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Fig. 30B.6 Selected echocardiographic frames from the parasternal short axis view showing the left ventricular (LV) internal 
dimension in end-diastole (LVIDd) and systole (LVIDs) which may be used to calculate fractional shortening (%FS) as well as others 
as indicated in the inset. IVS, Interventricular septum; LVPW, left ventricular posterior wall; RV; right ventricle.

Fig. 30B.7 Selected echocardiographic frames from an apical four-chamber view of the left ventricle measuring left ventricular 
area in diastole (LVAd) in (A) and in end-systole (LVAs) in (B) demonstrating calculation of area shortening of the LV using 
Simpson’s rule. The LV area shortening is 68% (see inset in B); normal values are 50%–60%. LA, Left atrium; RA, right atrium.
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in mmHg) between the two cardiac chambers by using a 
modified Bernoulli equation:

∆ = VGradient ( P) 4 2

Measuring arm systolic blood pressure simultaneously is 
helpful in quantifying the level of the PA pressure by com-
paring to the systemic blood pressure.

Tricuspid insufficiency jet. If an adequate tricuspid 
insufficiency jet can be recorded, the RV outflow tract is 
scrutinized initially to exclude pulmonary stenosis. If there 
is no evidence for RV outflow tract obstruction, peak veloc-
ity of the tricuspid regurgitant jet (V) may be used to esti-
mate PA systolic pressure (Fig. 30B.8):

= = +VPAP RVP 4 5 mmHg2

where PAP is pulmonary artery systolic pressure, RVP is 
right ventricular systolic pressure, and V is regurgitant tri-
cuspid jet velocity. The right atrial pressure is assumed to be 
5 mmHg. A good envelope of the tricuspid insufficiency jet 
is important to give credence to this method of PA pressure 
estimation (Fig. 30B.9).

Pulmonary insufficiency jet. In the presence of pulmo-
nary insufficiency jet (Fig. 30B.10), PA diastolic pressure 
may be predicted:

= +VPA diastolic pressure 4 5 mmHg2

where PA is pulmonary artery and V is pulmonary insuf-
ficiency jet velocity. The 5 mmHg is the assumed RV end-
diastolic pressure.

Patent ductus arteriosus jet. PDA Doppler velocity 
should be recorded in multiple views which helps in esti-
mating the PA diastolic pressure (Figs. 30B.11–30B.14):

= − VPA pressure BP 4 2

where PA is pulmonary artery, BP is arm blood pressure (or 
pressure recorded via an indwelling umbilical artery cath-
eter), and V is PDA peak flow velocity.

A high PDA Doppler velocity (Figs. 30B.11 and 30B.12) 
indicates low PA pressure while a low PDA velocity 
(Fig. 30B.14) suggests high PA pressure. Mild elevation of 
PA pressure is demonstrated in Fig. 30B.13.

If no adequate Doppler jets could be recorded in the right 
heart, indirect signs such as right atrial and RV dilatation, RV 
hypertrophy, PA dilatation, and flattening of the interventric-
ular septum may suggest elevated PA pressures, but the mag-
nitude of increase may not be quantified. Shorter acceleration 
times (<100 ms) and “spike and dome” appearance of the PA 
flow velocity curve may also indicate increased PA pressure.

PDA diameter

Color flow Doppler is a very useful method for identifying 
the PDA and may be used to determine its size and estimate 
the degree of ductal shunting. The color Doppler signal is 
extremely sensitive and may detect even a tiny PDA with a 
color flow signal appearing in the main PA close to the ori-
gin of LPA. Since the magnitude of left-to-right shunt across 
the PDA is largely determined by its narrowest diameter, 
minimal ductal diameter determined by angiography [69] 
has been used to classify the ductal sizes (Table 30B.3).

Gradient   (∆P)=4V2

PAP=RVP=4V2+5 mmHg

PA   diastolic   pressure=4V2+5 mmHg

PA   pressure=BP−4V2

Fig. 30B.8 (A) Parasternal two-dimensional and color Doppler recording to demonstrate tricuspid regurgitent (TR) jet. (B) 
Continuous wave Doppler recording of TR jet is shown. This is utilized in calculating pulmonary artery systolic pressure: peak 
velocity of 2.8 indicates 31 mmHg gradient (by modified Bernoulli equation) across the tricuspid valve; to this, an assumed right 
atrial (RA) pressure of 5 mmHg is added to calculate the pulmonary artery pressure (see the text). RV, Right ventricle.
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Fig. 30B.9 An Example of Importance of Recording the Tricuspid Insufficiency Jet With a Complete Envelope is Shown. 
Tricuspid insufficiency recordings marked 1 and 2 are satisfactory while those labeled 3 and 4 are not satisfactory. It is a good 
practice to have tricuspid insufficiency jets in all cycles as illustrated in Fig. 30B.6B to give credence to this method of PA pressure 
estimation.

Fig. 30B.10 (A) Pulse Doppler recording in the parasternal short axis view (inset at the top) showing pulmonary valve regurgitant 
jet (RJ) which is low (arrow pointing to end-diastolic velocity) (1.6 m/s); this would suggest low pulmonary artery pressure (see 
the text for details). (B) Continuous wave Doppler recording in the parasternal short axis view (inset at the top) illustrating high 
pulmonary valve RJ (arrow) (3.3 m/s). This would suggest high-pulmonary artery pressure (see the text for details). AF, Anterograde 
pulmonary flow.
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Fig. 30B.11 (A) Selected echocardiographic frame from the parasternal short axis two-dimensional and color Doppler recording 
demonstrating patent ductus arteriosus (PDA) with left-to-right shunt. (B) High Doppler velocity across the PDA suggests relatively 
low pulmonary artery pressure. Pulmonary artery (PA) diastolic (D) (arrow) velocity (2.9 m/s) may be used to calculate PA diastolic 
pressure (see the text for details). Ao, Aorta; DAo, descending aorta; P, peak velocity.

Fig. 30B.12 This figure is similar to Fig. 30B.11, but from a different premature baby illustrating a small patent ductus arteriosus 
(PDA) and estimation of pulmonary artery (PA) diastolic (D) (arrow) pressure. P, Peak velocity.
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Fig. 30B.13 This figure is also similar to Figs. 30B.11 and 30B.12, but from a different premature baby illustrating a moderate 
patent ductus arteriosus (PDA) and estimation of pulmonary artery (PA) diastolic (D) (arrow) pressure. The estimated PA pressure is 
likely to be higher than those illustrated in Figs. 30B.10 and 30B.11. P, Peak velocity.

Fig. 30B.14 This figure is also similar to Figs. 30B.11–30B.13, but from a different premature baby illustrating a large patent 
ductus arteriosus (PDA) and estimation of pulmonary artery (PA) diastolic (D) (arrow) pressure. The estimated PA pressure is likely 
to be higher than those illustrated in Figs. 30B.11–30B.13. Apart from low Doppler velocity (<0.5 m/s), note laminar flow across 
the PDA; both these characteristics suggest near systemic PA pressures. Ao, Aorta; DAo, descending aorta; P, peak velocity; RV, 
right ventricle.
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Echocardiographic estimation of angiographic minimal 
ductal diameter is not very accurate [70]; however, echo is 
the method of clinical relevance for the premature babies. 
Color flow imaging of the ductus in multiple views is per-
formed to identify the narrowest diameter; the color is 
deleted and 2D diameter determined. Both the color and 
2D diameters are used to measure the size of the ductus 
(Figs. 30B.15 and 30B.16). Examples of small (Figs. 30B.11 

and 30B.12), medium (Fig. 30B.13), and large (Figs. 30B.14 
and 30B.17) PDAs are shown.

Early studies indicated that a narrowest PDA diameter 
>1.5 mm is associated with the need of PDA treatment 
with a sensitivity of 81% and a specificity of 85% [71,72]. 
In a 2013 study, the PDA diameter >1.5 mm was also 
found to be predictive of the development of symptoms 
with a sensitivity of 91% and a specificity of 100% [73]. 
A more recent study suggested that PDA size ≥2 mm and 
peak-systolic-to-end-diastolic Doppler velocity ratio ≥2 
on days 3 and 7 are associated with the requirement for 
PDA treatment at a future date [74]. Since the patients’ 
sizes and the degree of maturation vary, ductal diameter 
may not, by itself, be a reliable indicator of its size. Some 
degree of normalization (mm/kg or mm/BSA [body sur-
face area]) may help resolve this issue. In one study [75], 
a PDA diameter of 1.4 mm/kg was found to be sugges-
tive of significant ductus, although the number of subjects 
investigated in this study was small. The ratio of minimal 
ductal diameter to the origin of the LPA (PDA:LPA ratio) 
was suggested as a method of quantification of the size of 
the ductus [76]. This investigator suggested that the ratio 

Table 30B.3  Classification of sizes of the patent 
ductus arteriosus [69]

Type Description

Silent PDA Less than 1.5 mm and no murmur

Very small PDA ≤1.5 mm with audible murmur

Small PDA 1.5–3 mm

Moderate PDA 3–5 mm

Large PDA >5 mm

Fig. 30B.15 Selected Echocardiographic Frames From the Parasternal Short Axis View Demonstrating Measurement of 
Minimal Ductal Diameter. The color signal in (B) is deleted and 2-dimensional (2D) diameter measured (A). PA, Pulmonary artery; 
PDA, patent ductus arteriosus.
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Fig. 30B.17 This figure is also similar to Fig. 30B.11, but from a different premature baby illustrating a moderate-to-large patent 
ductus arteriosus (PDA) and estimation of pulmonary artery (PA) diastolic (D) (arrow) pressure. The estimated PA pressure is likely 
to be higher than those illustrated in Figs. 30B.11 and 30B.12.

Fig. 30B.16 Selected Echocardiographic Frames From Parasternal Short Axis View Demonstrating Measurement of 
Minimal Ductal Diameter in a Different Premature Baby. The color signal in (B) is deleted and 2-dimensional (2D) diameter 
measured (A). DAo, Descending aorta; PA, pulmonary artery; PDA, patent ductus arteriosus.
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is <0.5 in small PDAs, between 0.5 and 1.0 in moderate 
PDAs, and ≥1.0 in large PDAs.

Descending aortic flow pattern

In the early 1980s, the finding of retrograde descending 
aortic flow in early diastole that continued throughout 
diastole was described in babies with aortic runoff lesions 
including PDA [77]. Absent anterograde diastolic or pres-
ence of retrograde diastolic flow in the descending aorta 
in a baby with a minimal PDA diameter ≥1.5 mm may 
indicate a hsPDA [78]. The descending aortic diastolic flow 
pattern may also estimate the degree of left-to-right shunt 
[76], normal anterograde diastolic flow—ratio of pulmo-
nary-to-systemic blood flow (Qp:Qs) of 1, absent diastolic 
flow—Qp:Qs of 1.3, and retrograde diastolic flow—Qp:Qs 
of 1.7 or larger. Normal anterograde and abnormal retro-
grade diastolic flow patterns are illustrated in Figs. 30B.18 
and 30B.19, respectively.

Summary of echo-Doppler findings 
of the PDA

In small PDAs, the LA (LA:Ao ratio <1.4:1) and LV are 
likely to be normal in size and the LV function is normal. In 
moderate-to-large PDAs, the LA (LA:Ao ratio >1.4:1) and 

LV are dilated. At the beginning, the LV function is normal; 
hyperdynamic LV may be observed and with time, LV func-
tion becomes poor with resultant increased LV end-dia-
stolic and LA pressures with consequent worsening of the 
respiratory status. In small PDAs, the minimal ductal diam-
eter is small with high Doppler velocity across the PDA 
(Figs. 30B.11 and 30B.12), while in large PDAs, the mini-
mal ductal diameter is larger with a low Doppler velocity 
across the ductus (Figs. 30B.14 and 30B.17). In moderate-
sized PDAs, these values are in the middle (Fig. 30B.13). 
The PA pressures are usually normal in small PDAs while 
they may be high in large PDAs. The PA pressures may also 
reflect the degree of pulmonary parenchymal disease. In 
very low birth weight infants, the PA pressures may not 
increase in proportion to the severity of pulmonary paren-
chymal disease because of the underdeveloped pulmonary 
vasculature. Finally, anterograde descending aortic diastolic 
flow is present in small PDAs (Fig. 30B.18) while in large 
PDAs, the descending aortic diastolic flow is retrograde 
(Fig. 30B.19). Table 30B.4 lists characteristics of various 
PDA sizes.

Comments

No single parameter discussed earlier is likely to be accurate 
by itself. A combination of the aforementioned parameters 

Fig. 30B.18 (A) Selected echocardiographic frame from a suprasternal notch view demonstrating laminar flow in the descending 
aorta (DAo) in a premature infant with a small ductus. (B) Continuous wave Doppler recording shows normal anterograde diastolic 
flow (ADF) in the DAo in the same infant shown in (A). The diastolic flow oscillates around zero baseline.
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is more likely to be helpful in quantifying the ductal signifi-
cance. The PDA may be classified as small when the mini-
mal PDA diameter is ≤1.4 mm, LA:Ao ratio ≤1.4:1, and 
the descending aortic diastolic flow is anterograde, while a 
PDA diameter ≥2.0 mm and LA:Ao ratio ≥1.6 along with 
retrograde descending aortic diastolic flow may indicate a 
large or hsPDA (Table 30B.4). Values in between suggest 
moderate PDA (Table 30B.4).

Ductal aneurysm

Another interesting echocardiographic finding related to 
the DA is ductal aneurysm. Ductal aneurysms are found in 
late trimester fetuses and young infants with incidence of 
up to 8% [79]. Spontaneous resolution of ductal aneurysm 
occurs because of thrombosis and even if it persists has 
no clinical significance in infants [79–81] but may lead to 

Fig. 30B.19 Pulse Doppler recordings from a suprasternal notch view demonstrating retrograde diastolic flow (RDF) in the DAo in 
two different premature babies (A and B) with large PDAs signifying that there is likely be an hsPDA.

Table 30B.4  Echocardiographic characterization of the PDA in the premature infants

Parameter Small PDA Moderate PDA* Large PDA*

Left atrial size Normal Mildly dilated Moderate-to-severely dilated

LA:Ao ratio ≤1.4:1 1.4–1.6 ≥1.6

Left ventricular (LV) size Normal Mildly dilated Moderate-to-severely dilated

LV systolic function Normal Normal Normal, hypercontractile or diminished 
function

Minimal ductal diameter ≤1.4 mm 1.4–2.0 mm ≥2.0 mm

PDA Doppler velocity High (3.0–4.0 m/s) ∼2.0 m/s Low (∼1.0 m/s)

Estimated PA pressure Normal Mildly elevated Moderate-to-severely elevated

Descending aortic Doppler 
flow velocity pattern

Normal anterograde flow 
(Fig. 30B.18)

Normal anterograde 
flow (Fig. 30B.18)

Normal or absent anterograde flow or 
presence of retrograde flow (Fig. 30B.19)

Ao, Aorta; LA, left atrium; LV, left ventricle; PDA, patent ductus arteriosus; PA, pulmonary artery.
*May be considered hemodynamically significant patent ductus arteriosus (hsPDA) if associated with clinical deterioration.
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symptoms warranting surgical management in adults [2]. 
As many as one-fourth of infants with a ductal aneurysm 
have an underlying disorder such as trisomy 13, trisomy 21, 
Ehlers–Danlos syndrome, Marfan’s syndrome, or Smith–
Lemli–Opitz syndrome [80].

Cardiac catheterization

Given the echo-Doppler studies are reasonably accurate in 
diagnosing the PDA, cardiac catheterization is not neces-
sary for diagnosis and is only performed as a part of percu-
taneous occlusion of PDA, as discussed in a latter section 
of this chapter.

Biomarkers
Levels of cardiac biomarkers (natriuretic peptides) are 
elevated in congestive heart failure (CHF). Different types 
of cardiac biomarkers have been studied in premature 
neonates with PDA; these include atrial natriuretic pep-
tides (ANPs) with its inactive fragment mid-regional pro-
ANP (MR-proANP) and brain natriuretic peptide (BNP) 
with its inactive fragment N-terminal pro-BNP (NTpBNP) 
[82]. Increased levels of ANPs are produced in response 
to increased transmural pressure from the stretch of atrial 
wall [83] while increased BNPs are produced in response 
to increased volume and pressure overload on LV myocar-
dium [84].

Level of biomarkers peak at around 48 h of life in both 
term and preterm healthy neonates and these values con-
tinue to decrease until 1 month of life [84,85]. Healthy pre-
term neonates have higher levels of biomarkers compared 
to term neonates but follow the same trend [85,86]. It is 
further noted that the levels of biomarkers are increased 
in preterm infants with hsPDA [87]. Several other studies 
examined BNP levels in preterm infants during the first week 
of life; these studies involve small number of subjects and 
used different cutoff levels as markers of hsPDA [88–92]. 
Marked variability found in these studies may be related 
to variable daily fluid intake, differences in magnitude of 
left-to-right shunt, and variable ductal constrictive response 
to treatment. In preterm (gestational age of 28–30 weeks) 
neonates, plasma levels of NTpBNP on day 3 of life were 
reported to have excellent sensitivity (95%–100%) but vari-
able specificity (58%–95%) in estimating hsPDA requiring 
future treatment [93,94]. hsPDA is associated with a rise of 
B-type natriuretic peptide (sensitivity of 92.9% and speci-
ficity of 73.3%); these levels normalize after successful duc-
tal closure [1,90,95]. Even in term neonates with hsPDA, 
levels of BNP are elevated when compared to those with-
out PDA, hemodynamically insignificant PDA and with 
cyanotic heart disease [96]. Further detailed review of bio-
markers in hsPDA in preterm infants is outside the scope of 
this chapter but can be found elsewhere [11,90].

Classification of the PDA

Angiographic classification of PDA was proposed by 
Krichenko et al. [97] and has been in use since that 
time with a positive influence in percutaneous closure 
of PDA. The proposed classification includes types A–E 
(Table 30B.5) and is based on the angiographic appearance 
of the PDA in the lateral view. Types A and B have subtypes 
1, 2, and 3 based on the relationship of ductal insertion 
into the PA to the tracheal position.

Angiography is presently considered as gold standard 
for precise delineation of the ductus prior to percutaneous 
closure [98]. Careful use of echocardiographic data is likely 
to minimize the radiation and aid in successful ductal clo-
sure [99]. In comparison to angiographic data, echo tends 
to overestimate the narrowest ductal diameter [70,99] but 
has a reasonably good correlation with estimation of ductal 
length [72].

Echocardiographic classification of the PDA in the pre-
mature infant is useful in the management of preterm 
infants and was detailed in Table 30B.4.

Severity of the PDA 
(hemodynamically significant)

Definitions of hsPDA have varied; the published studies used 
different criteria to define hsPDA which makes it difficult to 
compare outcomes of one study to the next [1,50,60,62]. 
Hemodynamic significance of the PDA is mainly defined 
based on the clinical and diagnostic markers and was tabu-
lated by McNamara and Sehgal [62]; this complex table is 
presented in a simplified form in Table 30B.6.

Studies that attempt to characterize hsPDA will be briefly 
reviewed. Neonates weighing less than 1500 g requiring 

Table 30B.5  Angiographic classification of the patent 
ductus arteriosus [97]

Type A (Conical) ductus, with well-defined aortic 
ampulla and constriction of the PDA near the 
pulmonary artery end

Type B Very large (window) ductus, with very short 
length

Type C (Tubular) ductus, which is without constrictions

Type D (Complex) ductus, which has multiple 
constrictions

Type E (Elongated) ductus, with the constriction 
remote from the anterior edge of the trachea
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mechanical ventilation in their first 30 h of life and a PDA 
measuring 1.5 mm or more are likely to require manage-
ment for PDA (83% sensitivity and 90% specificity) [72]. 
Another recent retrospective study of 29 infants <29 weeks 
of gestation suggested that babies with a minimal PDA 
diameter >1.5 mm between 6 and 48 h of age are likely to 
develop hsPDA with a sensitivity of 91% and a specificity 
of 100% [72]. Another feature of echocardiography deter-
mining hsPDA is LA:Ao ratio greater than 1.5 after the first 
day of life (88% sensitivity and 95% specificity) [60,61]. 
Absence of anterograde diastolic or presence of retrograde 
diastolic descending aortic flow may indicate hsPDA, espe-
cially if the minimal PDA diameter is ≥1.5 mm [78]. High 
levels of BNP (above 70 pg/mL) suggest hsPDA with a sen-
sitivity of 92.9% and a specificity of 73.3%; the BNP values 
normalize following successful treatment [90]. Perfusion 
index (PI) of ≤1.57% and ≤1.32% on days 1 and 3, respec-
tively, may identify hsPDA with a sensitivity of 66.7% and 
a specificity of 100% [100]; lower PI indicated diminished 
perfusion to lower extremities secondary to large left-to-
right shunt across the PDA.

Management

Over the last 4 decades, there have been substantial 
changes in thinking regarding the management of PDA 
in the premature infant [101,102]. Early on, closure of the 
PDA in all preterm infants was advocated [103,104] while 

others suggested that no PDA needs closure in premature 
babies [105,106]. Prophylactic, early asymptomatic, early 
symptomatic, and late symptomatic treatment options to 
address the PDA have been considered over time. Com-
parison of surgical with pharmacologic (indomethacin or 
ibuprofen) closure did not reveal any differences in out-
comes [107] although the surgical approach was associated 
with significant morbidity [108,109]. Eventually, treat-
ment of the PDA based on the magnitude of left-to-right 
shunt across the ductus came into vogue [62]. While there 
is a general consensus that babies with hsPDA should be 
closed, it is not clear if such closures should be performed 
when the PDA shunt becomes clinically significant or clo-
sure should be done early on, prior to the clinical manifes-
tation of the shunt. Conservative management is advocated 
by some clinicians given the relatively high prevalence of 
spontaneous closure of the ductus (closure rates: infants 
with birth weights of 1000–1500 g—67%–94% [110]; 
infants with birth weights <1000 g—31%–34% [110,111]); 
the conservative approach might provide an opportunity 
for spontaneous closure of the PDA. Symptoms of pulmo-
nary overcirculation are usually treated with fluid restric-
tion and/or diuretics. If these efforts fail, and the infant 
demonstrates evidence of a worsening respiratory status or 
fails to progress in efforts to wean off respiratory support, 
PDA closure is sought. In asymptomatic infants, closure of 
PDA is indicated at a later age to prevent long-term com-
plications from progressive left heart dilatation [112] and 
to minimize risk of endarteritis [113]. Currently available 
treatment modalities for addressing PDA in premature 
infants will be reviewed.

Conservative or expectant 
management
Conservative approach involves watchful waiting along 
with fluid restriction [114] and appropriate respiratory 
support (CPAP or endotracheal ventilation), as indicated 
by the clinical scenario. Maintenance of adequate levels 
of hematocrit (>45%) by appropriate blood transfusion 
to optimize cardiac output and oxygen delivery to tissues 
should be undertaken. Provision of electrolytes, glucose, 
and sufficient calories should be incorporated into the 
treatment regimen as per the standard-of-care guidelines 
for the premature infants. Discussion of issues related to 
intravenous (IV) hyperalimentation versus enteral feeding 
is beyond the scope of this presentation. Enteral feeding 
while watching for feed intolerance and signs of NEC seems 
to be a reasonable approach in a clinically asymptomatic 
premature infant. Studies in the past [110,111] have shown 
spontaneous closure of PDAs in a substantial proportion 
of premature babies as mentioned earlier. Thus, the con-
servative approach provides opportunity for spontaneous 
closure of PDA to manifest.

Table 30B.6  Clinical and diagnostic markers of 
hemodynamically significant PDA

Clinical markers Diagnostic markers

Oxygenation difficulty Cardiomegaly and increased 
pulmonary vascular markings on 
chest radiogram

Need for prolonged 
respiratory support

Minimal ductal diameter 
≥1.5 mm

Presence of 
bradycardia or apnea

Characteristics of Doppler flow 
across the ductus (low velocity)

Feeding intolerance Left atrium to aorta (LA:Ao) ratio 
≥1.6

Systemic hypotension Dilated and poor left ventricular 
function

Oliguria with elevation 
of plasma creatinine

Flow pattern in the descending 
aorta (reversal of diastolic flow)

Requirement of 
cardiotropic agent(s) 
and others

Elevated cardiac biomarkers (no 
specific criteria as of now)
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Early randomized clinical trials suggested that liberal 
fluid intake (170 mL/kg/day) may be associated with higher 
prevalence of PDA in the premature neonate [115,116]. 
More recent analysis of multiple randomized clinical tri-
als indicates that restricted fluid intake (50–80 mL/kg/day) 
resulted in lower risk for PDA when compared to liberal 
fluid administration (80–170 mL/kg/day) [117].

Very low birth weight infants may receive 70–80 mL/kg/
day which may be adjusted depending upon weight gain/
loss, need for phototherapy, and serum electrolytes [114]. 
In babies with significant ductal shunt and/or signs of CHF, 
treatment of CHF should be instituted along with better 
ventilatory support and restriction of fluid intake (no more 
than 120–130 mL/kg/day). Use of digoxin, a drug com-
monly used in the past, is no longer in vogue to treat CHF 
in the premature neonate because of low effectiveness and 
potential toxicity. However, diuretics such as chlorothiozide 
(10–20 mg/kg/dose NG, every 12 h) and/or furosemide 
(1 mg/kg/dose IV, every 12–24 h) may be used. Because of 
concern that furosemide may increase PGE2 synthesis [118] 
(which in turn may promote ductal patency), furosemide is 
not generally used during the first week of life.

Advantages of the conservative approach include avoid-
ance of pharmacologic agents (indomethacin or ibupro-
fen) and procedures (surgical or percutaneous closure) to 
treat PDA both of which carry inherent risk [1]. The disad-
vantage of the conservative approach is decreased efficacy 
for subsequent pharmacological therapy, thus increasing 
the risk of treatment failure [1,6,26].

Respiratory management of hsPDA

Respiratory management of hsPDA is dependent on 
patient’s status. Respiratory acidosis may be managed by 
noninvasive ventilation either using a nasal CPAP device 
or a high-flow nasal cannula. Persistent respiratory distress 
may require intubation and mechanical ventilation. Pres-
ence of pulmonary edema and increasing inspiratory oxy-
gen requirement may be managed by increasing PEEP or 
mean airway pressure. Occasionally, persistent respiratory 
distress may necessitate a switch to high frequency ventila-
tion. Pulmonary hemorrhage and hemorrhagic pulmonary 
edema may be managed by increased mean airway pres-
sure. Blood in the alveoli may result in surfactant defi-
ciency. There are no randomized trials evaluating the use of 
surfactant in pulmonary hemorrhage [119], but anecdotal 
reports suggest benefit in some preterm infants [120].

Pharmacological management 
of the PDA
Since the initial description more than 40 years ago 
[121,122], pharmacological agents (nonselective cyclo-
oxygenase inhibitors) have been recognized as effective 

alternatives to surgical ligation in the management for PDA 
in the premature neonate; the overall success rate appears 
high. Four agents, namely, indomethacin, ibuprofen, mef-
enamic acid (MA), and paracetamol (acetaminophen), 
have been used in clinical trials; only indomethacin and 
ibuprofen are currently approved by the US Food and Drug 
Administration (FDA) for clinical use. Since the mecha-
nism of action is nonselective cyclooxygenase inhibition, 
the response to therapy decreases with increasing postnatal 
age of the infant [1,102,123].

Prophylactic use of Indomethacin

The effect of prophylactic IV indomethacin in randomized 
control trials (RCTs) was studied (19 RCTs consisting of a 
total of 2872 premature infants with weight ranges from 
500 to 1750 g) [124]. The dosages administered are listed 
in Table 30B.7. The prevalence of symptomatic PDA, the 
requirement for surgical ligation of PDA, and severe IVH 
were lower in the indomethacin group when compared 
to the placebo group. However, there was no difference in 
overall mortality rate or neurodevelopmental outcome. In 
addition, oliguria, reduced weight loss, and greater need for 
oxygen were seen with prophylactic use of indomethacin 
[123]. In another RCT studying indomethacin prophylaxis 
(0.1 mg per kg body weight, IV) involving 1202 extremely 
low birth weight infants (birth weights of 500–999 g), the 
prevalence of PDA and severity of IVH were lower in the 
indomethacin group compared to the placebo group but 
did not have any favorable effect on survival rate without 
neurosensory impairment at 18 months [125].

Prophylactic use of ibuprofen

Prophylactic use of ibuprofen has also been studied [127]. 
The results of four RCTs consisting of 672 premature infants 
were examined. The dosages of ibuprofen used are also listed 
in Table 30B.7. The prevalence of PDA and the requirement 
for surgical ligation or rescue treatment with cyclooxygenase 
inhibitors to treat PDA were lower in the ibuprofen group 
when compared to the placebo group. These effects were 
similar to those seen with indomethacin. However, there was 
no difference in mortality, IVH, BPD, NEC, gastrointestinal 
hemorrhage, and intestinal perforation. There was a signifi-
cant reduction in urine output and increase in the serum cre-
atinine levels in patients receiving ibuprofen. It should also 
be noted that spontaneous closure of the ductus occurred in 
60% of the control group babies.

Prophylactic use of indomethacin 
or ibuprofen

Based on the above and other studies, the prophylac-
tic therapy appears to expose the premature infants to 
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unfavorable effects of drug treatment without any evidence 
for long-term benefit, and therefore, prophylactic treatment 
with cyclooxygenase inhibitors is not recommended [101].

Pharmacologic treatment of symptomatic 
PDA

Following the diagnosis of significant ductus, cyclooxygen-
ase inhibitors may be used. The term hemodynamically 
significant or hsPDA has been used to signify clinically 
important ductus, but unfortunately, as mentioned ear-
lier, definitions of hsPDA have varied [1,50,60]. As men-
tioned in the “Echocardiography” section, we do not use a 
single parameter to decide if a hsPDA is present; however, 
a combination of factors, namely, minimal ductal diam-
eter ≥1.4 mm, LA:Ao ratio ≥1.6, and absent anterograde 
or presence of retrograde descending aortic diastolic flow, 
will lead us to conclude a large and hsPDA. This, of course, 
must be associated with clinical deterioration.

To address such PDAs, initially orally administered 
indomethacin was used (aspirin was tried in a few babies 
but was subsequently discontinued) [121,122]. However, 
because of poor absorption and low closure rates, oral 
therapy was switched to the IV preparation, once it was 

available. Ibuprofen became available 20 years later; both 
oral and IV preparations were obtainable. Multicenter RCTs 
suggested equal efficacy of indomethacin and ibuprofen in 
pharmacologic closure of the ductus [107,128]. Gastroin-
testinal and renal adverse effects were also similar as was the 
prevalence of NEC, retinopathy of prematurity (ROP), and 
neurodevelopmental outcome. Some studies indicated that 
IV ibuprofen has lower renal toxicity [129] and less adverse 
effects on cerebral [130] and mesenteric [131] blood flow 
when compared to IV indomethacin. Addition of a nitric 
oxide synthase inhibitor, N(G)-monomethyl-l-arginine 
(l-NMMA) to indomethacin, improved the ductal closure 
rate (92% vs. 42%), but at the expense of elevating creati-
nine levels and increasing the blood pressure, and there-
fore, such therapy is not recommended [44].

Other cyclooxygenase inhibitors

Two other cyclooxygenase inhibitors, namely, MA and 
paracetamol, have been investigated in the treatment of PDA.

Mefenamic acid. There are limited data on the use of MA 
[132]. The drug (2 mg/kg/dose ×3, at 12-h intervals) was 
administered to 16 premature babies (mean gestational 

Table 30B.7  Dosages for pharmacological closure of patent ductus arteriosus

Name of the drug Age at initiation of therapy Dose of the drug Frequency*

Indomethacin (prophylactic) <48 h 1st dose
0.1–0.2 mg/kg (NG or 
IV**)
2nd dose
0.1–0.2 mg/kg (NG or IV)
3rd dose
0.1–0.2 mg/kg (NG or IV)

Every 12–24 h#

Indomethacin (therapeutic or 
rescue)

2–7 days All three doses
0.2 mg/kg (NG or IV)

Every 12–24 h

Indomethacin (therapeutic or 
rescue)

>7 days All three doses
0.25 mg/kg (NG or IV)

Every 12–24 h

Ibuprofen (prophylactic and 
therapeutic)

<6 h (Prophylactic)
>2 days (Therapeutic)

1st dose
10 mg/kg (NG or IV)
2nd dose
5 mg/kg (NG or IV)
3rd dose
5 mg/kg (NG or IV)

Every 24 h

Paracetamol ≤14 days 60 mg (oral or IV)## Every day for 3 days

IV, Intravenous; NG, nasogastric; RCT, randomized controlled trial.
*Depending upon urine output.
**Intravenous (IV) infusion over 30 min. Because of unreliable gastrointestinal absorption, many neonatologists prefer IV administration.
#In a few studies, the drug was administered daily for 6 days.
##Oral in four RCTs and IV in one RCT [126].
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age—30.1 weeks; mean weight—1320 g) with PDA and 
the results were compared with their prior experience in 
30 premature babies receiving indomethacin. The PDA clo-
sure rate with indomethacin was 70% while that with MA 
was 93.3% (P < 0.05). Feeding intolerance was observed in 
two babies in each group. The authors recommend MA for 
ductal closure in babies that do not tolerate indomethacin 
therapy [132]. To our knowledge, there are no other studies 
examining the role of MA in treating PDA.

Paracetamol. Initial experience with paracetamol (15 mg/
kg per dose every 6 h) in five premature babies (gestational 
age of 26–32 weeks; at 3–35 days of age) who either have 
contraindications for or failed therapy with ibuprofen was 
attractive in that ductal closure was achieved in all five 
babies within 48 h of paracetamol administration [133]. In 
another retrospective study involving 105 premature babies 
(all <32 weeks of gestation), the prevalence of PDA (14% 
vs. 28%) and requirement for surgery for ductus (2.9% vs. 
8.0%) were lower in the paracetamol group when compared 
with historical controls [134]. The results of other studies 
using IV and oral paracetamol are also appealing [126,135–
137]. A recently published meta-analysis of comparison 
between paracetamol (dosages are given in Table 30B.7) and 
ibuprofen from five RCTs consisting of 677 patients sug-
gested that the PDA closure rates were comparable between 
the 2 groups as was prevalence of NEC, IVH, BPD, ROP, risk 
of sepsis, and death [138]. However, paracetamol group had 
a lower incidence of renal failure (P < 0.07) and gastrointes-
tinal hemorrhage (P < 0.009). The authors concluded that 
paracetamol has a comparable efficacy, but with lower inci-
dence of some of the adverse events associated with ibupro-
fen [138]. While the reported experience with paracetamol is 
encouraging, FDA approval for its use is necessary for adopt-
ing paracetamol for routine use in the United States. Outside 
the United States, it may be used as per the local regulations.

Approach to pharmacological therapy

Following the diagnosis of a significant or hsPDA, usually 
based on clinical and echocardiographic criteria, conser-
vative therapy, including fluid restriction and/or diuretics 
(and other measures) as mentioned earlier, should be insti-
tuted. Should there be deterioration in clinical status, need-
ing more intense ventilatory management and requiring 
more frequent diuretic administration, or fails to progress 
in efforts to wean off respiratory support, therapy with IV 
indomethacin or ibuprofen may be started. The suggested 
dosages are listed in Table 30B.7.

Some physicians prefer ibuprofen over indomethacin 
because of reported favorable gastrointestinal and renal 
effects [129–131], as reviewed earlier. Treatment with 
indomethacin or ibuprofen is contraindicated in babies 
with renal dysfunction (creatinine >1.6 mg/dL), bleeding, 

NEC, and thrombocytopenia. PDA closure rates after the 
first course of indomethacin or ibuprofen is approximately 
60%–70%; also, the ductus may reopen in 20%–25% and a 
second course may be required [114]. Although some neo-
natologists use as many as three to four courses of indo-
methacin or ibuprofen, most neonatologists limit the drug 
therapy to two courses. For nonresponsive babies, surgical 
or catheter interventional management, as discussed in the 
next section, may have to be instituted.

Conventional surgical closure 
of the PDA
Successful surgical ligation of the PDA was first performed 
by Gross and Hubbard in 1939 [139]. Thereafter, surgery 
became the treatment of choice for the PDA until the devel-
opment of less invasive percutaneous approaches. The surgi-
cal approach was adopted to the premature infant with PDA 
in the early 1960s [140,141]. Surgery is usually performed 
via a limited posterolateral thoracotomy; the ductus is identi-
fied and ligated with nonabsorbable sutures or occluded by 
placement of metallic clips. Ligation and division may also 
be undertaken, but not usually performed in premature neo-
nates. Because of the risks of transportation, bedside ligation 
of the PDA was advocated at some institutions [142–145].

The timing and indications for surgical intervention are 
not clearly established. The utility of prophylactic surgical 
ligation (RCT) has been studied [146]; the incidence of 
NEC was lower than in control subjects (8% vs. 30%), but 
the overall mortality, IVH, BPD, and ROP were comparable. 
Similar to prophylactic pharmacologic closure, prophylac-
tic surgical closure is not recommended. Most neonatolo-
gists and cardiologists would recommend surgical closure 
after unsuccessful pharmacological closure attempts [111] 
or if the infant is deemed not to be a candidate for indo-
methacin/ibuprofen therapy because of comorbidities 
such as thrombocytopenia, NEC, and renal dysfunction. 
If the ductus remains open for more than 2 weeks, there 
is a greater than fourfold increase in mortality [147,148]. 
Therefore, the ductus should be closed. Early surgical liga-
tion resulted in earlier extubation and a decreased require-
ment for digoxin and diuretics, and full feeds could be 
established earlier when compared with the control group 
[149]. Comparison of surgical and pharmacologic closure 
revealed no differences in mortality [150], but the surgery 
group may have a higher risk for development of BPD, neu-
rosensory impairment, and ROP [150,151]. In addition, 
surgery is associated with higher hospital costs and com-
plications such as hypotension, pneumothorax, laryngeal, 
or phrenic nerve palsy (resulting in vocal cord paralysis 
and diaphragmatic paralysis, respectively), hemodynamic 
decompensation, erroneous closure of blood vessels other 
than PDA (e.g., LPA), chylothorax, scoliosis, and infection 
[1,152–157].
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Video-assisted thoracoscopic surgical 
closure of the PDA
Video-assisted thoracoscopic surgical (VATS) technique for 
interruption of the PDA was initially described by Laborde 
and et al. [158] and subsequently modified by them [159] 
and others [160,161]. While it has been in use since the early 
1990s, the procedure is available only in a limited number of 
institutions. The infant is positioned in the right lateral decu-
bitus position and three to four thoracostomies, depending 
upon the patient’s size, are created. The thorocostomies are 
used for the camera, the lung retractor (anteriorly), electro-
cautery/dissectors, and the clip [162]. Once the thorocos-
tomy ports are in place, the pleural reflection over the aorta is 
cut open and the ductus identified. After careful blunt dissec-
tion, a plane is created both above and below the ductus and 
a clip is placed occluding the ductus. For a detailed descrip-
tion of the procedure, the reader is referred elsewhere [162].

Most of the early studies [158–161,163] included patients 
of all ages with only few premature babies. In one rela-
tively recent study, the results of VATS interruption of PDA 
in 99 premature babies (gestational age—23–31 weeks; 
weight—420 g to 1.5 kg) were examined [164]; the proce-
dure was successful in all but three babies whose procedure 
had to be converted to open PDA ligation. Fifteen patients 
died of complications of prematurity. In another VATS-
PDA closure study [165], 70 of the 200 subjects were low 
birth weight infants; the results were good although there 
were 2 hospital deaths. In general, interruption of the PDA 
by the VATS procedure has been thought to be safe with 
smaller incisions, less recurrent laryngeal nerve injury, no 
chest tube requirement, less pain medication need but with 
equal efficacy when compared with conventional surgery. 
Additionally, less morbidity, decreased hospital length of 
stay, increased cost-effectiveness, and better esthetic results 
were ascribed to VATS when compared with conventional 
surgical ligation. Even in extremely low birth weight infants, 
VATS closure of the PDA performed by an experienced per-
son is thought to be superior to conventional surgical liga-
tion [162,164]. Potential long-term complications, namely, 
scoliosis, decreased shoulder mobility, and chest wall pain 
syndrome that are seen with conventional thoracotomy 
approach, are not observed with VATS [160]. Complications 
associated VATS include pneumothorax, pleural effusion, 
recurrent laryngeal nerve injury, chylothorax, and residual 
shunts but are rare [159,161,164,165]. While not yet widely 
available, the VATS closure of PDA has been known to be 
safe and is applicable to most infants including extremely 
low birth weight down to 420 g [162].

Percutaneous closure of the PDA
As mentioned earlier, successful surgical closure of the PDA 
was first described by Gross and Hubbard in 1939 [139] 

and remained as therapy of choice for the PDA until per-
cutaneous methods came into vogue. Transcatheter PDA 
closure was first described by Porstmann et al. [166]. This 
was followed by additional device development, described 
by Rashkind and Cuaso in the late 1970s [167]. These ini-
tial attempts paved the way for the advancement of several 
other PDA occluding devices which were reviewed else-
where [168–171]. The discussion of which PDAs should be 
closed and what devices should be used has, in the past, 
centered around the closure of PDAs in older infants, chil-
dren, and adults [69,172–178]. Only recently, the issue of 
percutaneous closure of PDAs in the premature infants is 
being tackled [179–183]. Ductal closure is contraindicated 
in patients with severe PH and those with ductal-depen-
dent congenital cardiac abnormalities [178].

Devices available for closure of PDAs 
in term infants

Devices approved by the US FDA include the Gianturco coil, 
the Gianturco-Grifka vascular occlusion device (GGVOD), 
the Amplatzer duct occluder (ADO) [178], and more 
recently the ADO II and Nit-Occlud. The Gianturco coil 
is composed of stainless-steel wire with Dacron fibers to 
increase thrombogenicty [184] and has been in use for PDA 
occlusion since 1992 [178,185]. The advantage of the Giant-
urco coil is the feasibility of its use for small PDAs without 
causing occlusion of the vessels on either end of ductus, but 
the disadvantages are the lack of controlled coil delivery, 
potential for embolization, and the inability to reposition 
[178]. The GGVOD is a nylon sac with a long occluding wire 
and has been in use since 1996 [186]. Use of this device is 
very limited because of need for larger size delivery sheath, 
difficulty in the retrieval of a malpositioned device, and the 
potential for development of descending aortic obstruction 
[178,187,188]. It is no longer manufactured. The ADO is 
composed of a Nitinol wire mesh with polyester fibers and 
is self-expandable [189,190]. The ADO device has been in 
use since 1997 and is available in various sizes [178]. The 
Amplatzer ductal occluder II (ADO II) is a newer device 
which is a fabric free Nitinol wire mesh articulated into two 
low profile disks; the device can be deployed through smaller 
delivery sheaths [191,192]. The Nit-Occlud device is a Niti-
nol coil with a reverse cone configuration and is implanted 
utilizing a controlled delivery system [193].

Devices available for closure of PDAs 
in premature infants

Transcatheter PDA closure in the preterm infant has been 
largely excluded from the evolution of PDA devices due 
to catheter and introducer size constraints, as well as 
the limitations inherent to the devices manufactured for 
this defect. Over the last decade, devices and their deliv-
ery mechanisms have improved and implants are now 
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Fig. 30B.20 (A) Photograph of Amplatzer Vascular Plug Type II. (B) Artist’s rendition of the device in a blood vessel.

Fig. 30B.21 (A) Photograph of Medtronic Micro Vascular Plug. (B) Various components of the device are labeled. PTFE, 
Polytetrafluoroethylene.

produced that can successfully close the PDAs in preterm 
infants. However, there are no devices manufactured in 
the United States specifically for the PDAs in preterm 
babies. The Amplatzer Ductal Occluder II Additional 
Sizes (ADOII-AS) has been available overseas with CE 
Mark approval since 2012 [194]. In 2017, an FDA trial for 
this device has started. Nevertheless, closure of PDAs in 
preterm neonates has been reported using existing prod-
ucts developed for other vessel targets. These include 
detachable coils [181,195], the ADO II (St. Jude Medical, 

Minneapolis, MN) [195], the Amplatzer Vascular Plug II 
(Fig. 30B.20) [183,196], the Medtronic Micro Vascular 
Plug (Medtronic, Minneapolis, MN) [197] (Fig. 30B.21), 
and ADOII-AS [198].

Indications and selection for percutaneous 
closure of PDA in premature infants

The systemic-to-pulmonary shunt resulting from a large 
PDA results in congestive cardiac failure, which manifests 
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clinically with a wide pulse pressure and bounding pulses. 
The pulmonary overcirculation caused by the PDA leads to 
pulmonary edema which predisposes the neonate to BPD. 
Blood flow to the kidney and gastrointestinal tract is com-
promised predisposing to acute renal failure (ARF) and 
NEC. Hypoperfusion followed by reperfusion increases the 
risk of IVH. These potential outcomes factor prominently 
in the decision to seek PDA closure. Conservative man-
agement is typically observed. Symptoms of pulmonary 
overcirculation are often treated with fluid restriction and/
or diuretics. The opportunity for spontaneous closure is 
provided and is then frequently followed by medical man-
agement with indomethacin or ibuprofen. If these efforts 
fail, and the patient demonstrates evidence of a worsening 
respiratory status, or fails to progress in efforts to wean off 
support, PDA closure is sought. At this point, PDA closure 
by surgical versus percutaneous methods become available 
options; recently, percutaneous techniques are increasingly 
being considered.

Method of percutaneous closure of PDA 
in the premature infant

The primary location for closure has been in the catheter-
ization laboratory, although bedside implantation using 
echocardiographic guidance alone has been described 
[195]. Bedside approaches have largely employed the 
femoral artery [195]. However, femoral artery occlusion or 
insufficiency remains an important concern, particularly 
in the smaller patients. To mitigate this concern, efforts to 
avoid arterial access have been made [183,196,197]. Using 
the femoral artery to perform guidance angiography has 

been avoided by means of careful echocardiographic evalu-
ation of the PDA to determine its diameter and length as 
well as by anterograde (via the femoral vein) angiography 
(Fig. 30B.22 and Video 30B.1).

A 4 French sheath is placed in a femoral vein, and a 
4 French catheter is used to traverse the right heart and 
cross the PDA into the descending aorta. Either a 4 French 
wedge catheter or a 4 French angled catheter may be used 
and manipulated with wire guidance into position and 
angiography performed (Fig. 30B.22 and Video 30B.1). 
The diameter and the length of the ductus are measured 
(Fig. 30B.22). Depending on the device chosen, a 4 French 
catheter is used to deliver the Medtronic Micro Vascular 
Plug device directly, or the catheter is exchanged over a 
guidewire for a 4 French delivery sheath with the intent 
of using an Amplatzer Vascular Plug II. The selection of 
the device size for implantation largely depends upon the 
echocardiographic and angiographic (Fig. 30B.22) mini-
mal PDA diameter and length. Once the device is deployed 
within the PDA, a low volume hand injection of contrast is 
made to confirm the position of the device relative to the 
pulmonary origin of the PDA (Videos 30B.2 and 30B.3). 
Echocardiography is performed prior to device release to 
exclude any obstruction to blood flow in the descending 
aorta or the branch pulmonary arteries. The Micro Vascu-
lar Plug is challenging to image with ultrasound, making 
the contrast injection (Video 30B.2) of particular impor-
tance in the procedure. Device releases are shown in 
Videos 30B.4 and 30B.5. We believe that this procedure 
represents a major step forward by avoiding the potential 
complications of surgical ligation, including pneumotho-
rax, phrenic nerve injury, and scoliosis.

Fig. 30B.22 Selected cineangiographic frames demonstrating measurements of the patent ductus arteriosus (PDA) in left anterior 
oblique (A and C) and right anterior oblique (B) views. The measurements of the diameter (A and B) and the length (C) of the 
ductus are shown. c, Catheter; DAo, descending aorta; PA, pulmonary artery.
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Reported experience with percutaneous 
closure of the PDA

Initial experience with closure of the PDA in the prema-
ture babies consisted of single case reports [179,180]. The 
first case series reported includes 10 premature babies (ges-
tational age 24–30 weeks) with weights of 1600–2650 g 
at the time of the procedure [181]. The PDAs measured 
2–3.6 mm. The investigators used Flipper coils with suc-
cessful closure in 9 of the 10 babies. Evidence of immediate 
improvement was observed in two infants, but no benefit 
was seen immediately in the remaining babies. In another 
study [182], eight infants (gestational age 27–32 weeks) 
weighing 930–1800 g with PDAs measuring 2–3.5 mm had 
PDA closure by three French bioptome-assisted coil deliv-
ery. Complete occlusion was demonstrated in seven of the 
eight infants while one baby had a small residual shunt. 
Five patients were discharged shortly after the procedure 
while the remaining three required prolonged ventilation. 
In a study involving 24 premature babies weighing 755–
2380 g, echocardiographically guided closure of the PDA 
with the Amplatzer Vascular Plug II was performed [183]; 
there was minimal procedural morbidity and survival to 
discharge occurred in 96% cases with one late death unre-
lated to PDA occlusion. In a recent study [198], the ADOII-
AS was used to occlude PDAs measuring 2.2–4 mm in 32 
premature babies (gestational age 24–36 weeks) weigh-
ing 680–2480 g. Complete occlusion was achieved in 31 
infants. Four deaths related to prematurity and one death 
related to the procedure occurred.

Percutaneous PDA closure experience at our 
institution

Percutaneous closure of PDAs in premature infants was 
introduced in our institution in late 2015. In the first 
18 months, 34 premature infants under 3 kg at the time 
of the procedure underwent device closure. All proce-
dures were performed as described above, with either the 
Medtronic Micro Vascular Plug (n = 29) or Amplatzer Vas-
cular Plug II (n = 5). These devices were selected largely 
due to the ability to implant the devices entirely within the 
DA, with no protruding disk within the descending aorta 
or PA. The microvascular plug has the advantage of delivery 
via a 4 French catheter, or even a 3 French catheter with 
the smaller sized devices. The Amplatzer Vascular Plug II 
requires a stiffer delivery sheath that is more likely to cause 
hemodynamic instability by propping open the tricuspid 
and pulmonary valves.

Complete closure was achieved in all patients. There 
were no procedural complications, with no escalation of 
respiratory management. One trans-catheter device embo-
lized 9 days after deployment and was successfully retrieved 
and another device implanted. There were no long-term 
sequelae, and the patient was stable at the time of device 
retrieval. Patients were extubated in a median of 3.5 days 
(0–29 days) and were weaned off all respiratory support 
and oxygen in a median of 16 days (0–153). Of the 24 
patients discharged at the time of this report, two were dis-
charged on oxygen therapy. An example of follow-up echo-
Doppler study is shown in Figs. 30B.23–30B.25.

Fig. 30B.23 Selected echocardiographic frames from suprasternal notch (A) and parasternal short axis (B) views demonstrating 
laminar flow in the aorta (Ao) (A) and branch pulmonary arteries (B) in a premature baby who had percutaneous occlusion of the 
ductus occluded with a Medtronic Micro Vascular Plug a month earlier. MPA, Main pulmonary artery; LPA, left pulmonary artery; 
RPA, right pulmonary artery.
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Percutaneous closure of PDA in the premature has 
become the modality of choice to treat this disease in our 
institution. Continued development and availability of 
devices suitable for this application will be important to 
improve outcomes in this vulnerable population.

Which procedure
In case of failure of pharmacological closure of PDA, multiple 
options, namely, conventional surgical closure, bedside surgi-
cal occlusion, VATS interruption, and percutaneous closure, 
are available. To the best of our knowledge, there are no RCTs 

Fig. 30B.24 Selected echocardiographic frames from the parasternal short axis views showing wide-open main (MPA) (A) and 
branch (B) pulmonary arteries in the premature baby shown in Fig. 30B.21. The device (D) is in the ductal structure without 
encroaching on to the left pulmonary artery (LPA). Ao, Aorta; RPA, right pulmonary artery.

Fig. 30B.25 Selected echocardiographic frames from parasternal short axis views showing pulse Doppler velocity tracings in the 
right (RPA) (A) and the left (LPA) (B) pulmonary arteries in the premature baby shown in Figs. 30B.21 and 30B.22. The Doppler 
flow velocities are within normal range without evidence for obstruction.
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comparing one procedure to the next. Consequently, our 
recommendation is that the decision to select one of these 
procedures should be based on the availability of a given 
expertise at a given time at a given institution. During the last 
15 years of the senior author’s experience, we exclusively used 
conventional surgical closure during the first 5 years [157], 
VATS closure during the next 5 years [162], and currently per-
cutaneous closure [197]; this has largely depended upon the 
availability of that particular expertise at that time. Multiin-
stitutional RCTs should be undertaken in the future to deter-
mine the best option for the premature neonate with PDA 
who is unresponsive to pharmacologic therapy.

Summary and conclusions

The DA is a muscular structure that connects the main PA 
with the descending thoracic aorta and is useful in the fetal 

circulation to divert less oxygenated blood from the PA 
into the descending aorta and placenta for oxygenation. 
It closes spontaneously after birth, but persistence beyond 
72 h of life is defined as a PDA. It is much more frequent in 
the premature than in the term infants; the earlier the ges-
tational age, the higher the incidence. Antenatal steroid use 
decreases the incidence and respiratory distress syndrome 
increases the persistent patency of the ductus. The PDA 
produces a left-to-right shunt, largely proportional to the 
minimal ductal diameter and may cause pulmonary and 
cardiac compromise. Clinical signs and serum BNP levels 
may assist in identifying a significant ductus. hsPDAs may 
be best diagnosed and quantified by echo-Doppler studies 
using multiple criteria, including minimal ductal diameter 
and LA:Ao ratio, among others.

A summary of management of preterm infants with PDA 
is outlined in Table 30B.8. Management strategies used in 
the past, such as to completely ignore the ductus or admin-
ister prophylactic pharmacological or surgical treatment 

Table 30B.8  Summary of management of the PDA in premature infants

PDA status Management recommendations

No PDA or small 
PDA on echo-
Doppler study

1. Routine preterm infant care as per the institutional standard-of-care protocol
2. May receive 70–80 mL/kg/day of fluid which may be adjusted depending upon weight gain/loss, need 

for phototherapy, and serum electrolytes
3. Prophylactic pharmacological closure of the PDA is not recommended
4. Prophylactic surgical/transcatheter interruption of the PDA is not recommended

Moderate-to-
large PDA on 
echo-Doppler 
study ± clinical 
signs of 
congestive heart 
failure

A. Conservative management
1. Restrict fluid intake (120–130 mL/kg/day)
2. Administer diuretics such as chlorothiozide (10–20 mg/kg/dose NG, every 12 h) and/or furosemide 

(1 mg/kg/dose IV, every 12–24 h)*
3. Appropriate respiratory support (CPAP or endotracheal ventilation), as per the pulmonary status
4. Maintain adequate levels of hematocrit (>45%) and provide electrolytes, glucose, and sufficient 

calories as per the standard-of-care guidelines for premature infants
B. Pharmacological closure of the PDA
1. If the baby needs for more intense ventilatory management, requires more frequent diuretic 

administration, or fails to progress in efforts to wean off respiratory support despite the above described 
conservative management, pharmacological closure with cyclooxygenase inhibitors is indicated

2. Indomethacin or ibuprofen may be given. See Table 30B.4 for dosages, route, and frequency of drug 
administration**

C. Surgical or percutaneous closure
1. For babies nonresponsive to two courses of pharmacological therapy, surgical or catheter interventional 

management, may be indicated
2. For these babies conventional surgical closure, bedside surgical occlusion, VATS interruption and 

percutaneous closure are available options
3. Since there are no RCTs comparing one procedure with the other, the current recommendation is to select 

one of these procedures based on the availability of a given expertise at a given time at a given institution

IV, Intravenous; CPAP, continuous positive airway pressure; PDA, patent ductus arteriosus; NG, nasogastric; RCTs, randomized controlled studies; 
VATS, video-assisted thoracoscopic surgical.
*Because of concern that furosemide may increase PGE2 synthesis [118], furosemide is not usually administered during the first week of life.
**Contraindications for indomethacin and ibuprofen administration: creatinine > 1.6 mg/dL, bleeding, necrotizing enterocolitis, and 
thrombocytopenia.
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to all premature babies with PDA, are no longer recom-
mended. The latter is because of (1) prevalence of BPD and 
long-term outcomes are not altered, (2) spontaneous clo-
sure benefit is not realized, and (3) exposes many infants 
to the adverse effects of such prophylactic therapy. When a 
significant or hsPDA is detected, conservative management 
with fluid restriction, diuretic therapy, and respiratory and 
other supportive measures is first provided, as needed. If 

no improvement is found, pharmacologic therapy with 
indomethacin or ibuprofen (IV or PO) should be insti-
tuted. Ibuprofen is preferred by some because of less renal 
toxicity. Paracetamol is used in some countries outside the 
United States. Failure after two courses of pharmacologic 
therapy calls for surgical (conventional, bedside, or VATS) 
or percutaneous closure of the ductus depending upon the 
institutional expertise.
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Cyanotic Heart Disease in a Neonate
Rakhi Balachandran, MD, Karunakar Vadlamudi, MD, Raman Krishna Kumar, DM

This chapter will present essential information for the neo-
natologist on congenital cyanotic heart disease (CCHD) in 
a newborn. In the last 2 decades, dramatic advancements 
have enabled a very high survival rate in newborns with 
cyanotic heart defects even in resource-limited environ-
ments [1]. Some form of therapy is now feasible for most 
defects. The role of the neonatologist is to suspect heart 
disease, ensure initial stabilization, and organize secure 
transportation. The first section of the chapter will seek to 
provide the necessary background information regarding 
CCHD. The second section will discuss the principles of 
mechanical ventilation in neonates with CCHD.

Background information

Heart diseases that manifest during newborn period very 
often require urgent attention. Prompt treatment can 
often yield gratifying results and in many instances excel-
lent long-term event-free survival can be expected. Today, 
some form of palliative or definitive treatment is feasible for 
most newborns with congenital heart disease (CHD). The 
list of cardiac emergencies at birth includes cyanotic heart 
disease that can present anytime after birth with severe cya-
nosis, hypoxemia, impaired systemic perfusion or shock, 
and occasionally respiratory distress. Recently, many infants 
with CCHD that were not detected prenatally are diagnosed 
by pulse oximetry-based CCHD screening at birth.

Disease categories
A classification of congenital heart defects associated with 
severe cyanosis in the newborns is shown in Table 30C.1.

Duct-dependent pulmonary circulation

The following lesions are listed as duct-dependent.
1. Anatomical (severe stenosis to atresia of the pulmonary 

valve)
a. With intact ventricular septum: Critical pulmonary 

valve stenosis or pulmonary atresia with intact 
ventricular septum

b. With interventricular communication: Examples 
include—tetralogy of Fallot (TOF) with critical 
pulmonic stenosis (PS), TOF with pulmonary atresia, 
single ventricle, corrected transposition, transposition 
with ventricular septal defect (VSD) and severe PS
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•	 Newborns with critical congenital heart defects 
may require mechanical ventilation as a part of the 
stabilization process.

•	 Ventilation strategies are largely dictated by the 
physiology of the congenital heart condition because  
pulmonary vascular resistance is very sensitive to small 
changes in gas exchange.

•	 It is important to have a basic understanding of the 
physiology of common critical heart diseases in the 
newborn in order to provide the most appropriate 
ventilation  settings.

•	 Overzealous ventilation is an important cause of 
systemic hypoperfusion in neonates with duct 
dependent circulation and single ventricle physiology.
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2. Functional (pulmonary valve is patent but forward 
flow is restricted)
a. Example: Severe Ebstein’s anomaly. These neonates 

usually present with cyanosis correlating with 
closure of the duct postnatally and acidosis due 
to hypoxia. In transposition, severe cyanosis may 
occur in the presence of an open duct if the atrial 
septal communication is severely restrictive

Admixture lesion causing cyanosis in 
newborn period

These are the lesions where mixing occurs in one of the 
chamber of heart and the final systemic saturation depends 
upon this admixture and flow streaming into pulmonary 
and aortic circulation. Here severity of cyanosis is depen-
dent of the severity of pulmonary stenosis. If PS is severe 
or if there is pulmonary atresia in association with any of 
these defects, the presentation is that of duct-dependent 
pulmonary atresia.

In absence of PS, the cyanosis is often mild and may not 
be clinically apparent. For example, in persistent truncus 
arteriosus or single ventricle with no PS the saturations are 
often in the 90s. These lesions present with increased pul-
monary flow and heart failure.

Examples include persistent truncus arteriosus, unob-
structed total anomalous pulmonary venous return 
(TAPVR), double outlet right ventricle with subpulmonic 
VSD (Taussig–Bing anomaly), and single ventricle with 
increased blood flow.

Parallel circulation

Transposition with great arteries (TGA)—considered to be 
the commonest cyanotic heart disease of the newborn in 
this group. Normally, both systemic and pulmonary circu-
lation are in series, but in TGA due to ventricular arterial 
(VA) discordance, circulation becomes parallel; and hence 
to maintain hemodynamics it depends on adequate mixing 
either at atrial, ventricular, or great arteries level.

Obstructed pulmonary venous return

Obstruction of pulmonary venous return typically occurs 
in the obstructed form of TAPVR. The presentation is dra-
matic. Severe cyanosis results from a marked reduction in 
effective pulmonary blood flow (PBF). Pulmonary vascular 
resistance (PVR) is severely elevated with right to left shunt-
ing at the patent foramen ovale/ASD and PDA. The X-ray 
appearance (ground glass appearance) is characteristic.

Diagnostic evaluation
One of the major reasons for delay in referral of infants 
with critical CHD is failure to suspect heart disease in a 
newborn baby at initial clinical evaluation. Clinical diag-
nosis of heart disease in a newborn can be quite challeng-
ing. Manifestations of potentially life-threatening CHD are 
often subtle and can be confused with noncardiac condi-
tions. For instance, low cardiac output states resulting from 
critical aortic stenosis or other left-sided obstructive lesions 

Table 30C.1  Cyanotic congenital heart defects in newborns

Physiologic categories Conditions Manifestation

Duct-dependent pulmonary blood flow Pulmonary atresia, critical pulmonary 
stenosis, Ebstein’s anomaly

Cyanosis, hypoxia

Duct-dependent systemic blood flow Hypoplastic left heart syndrome Heart failure, shock, circulatory failure, 
acidosis and cyanosis is often minimal 
unless the atrial septum is restrictive

Obstruction of pulmonary venous 
return

Obstructed TAPVR, mitral atresia with a 
restrictive patent foramen ovale

Cyanosis, hypoxia, heart failure

Parallel circulation with poor mixing d-Transposition with intact ventricular 
septum

Cyanosis, hypoxia

Admixture lesions Persistent truncus arteriosus, 
unobstructed TAPVR, Double outlet 
right ventricle with subpulmonic VSD 
(Taussig–Bing anomaly), single ventricle 
with increased blood flow

Cyanosis is often mild, heart failure is 
the dominant symptom

TAPVR, Total anomalous pulmonary venous return; VSD, ventricular septal defect.
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may be mistaken for sepsis. Unfortunately, the cost of fail-
ure to recognize CHD is, not infrequently, death. This is 
because many forms of CHD that manifest in the early 
neonatal period are fatal without specific interventions. It 
is possible to recognize CHD through careful clinical evalu-
ation using the principles outlined later and a few addi-
tional tests. The diagnostic strategy for suspected CHD in a 
newborn is largely dictated by the condition of a newborn.

The main purpose of evaluation of cyanosis in a new-
born is to arrive at an accurate and comprehensive diagno-
sis of the cardiac condition in the shortest possible time. 
This enables timely initiation of life-saving therapy. For all 
duct-dependent circulation and selected cases of transposi-
tion, prostaglandin E1 (PGE1) infusion needs to be started as 
soon as possible. For obstructed TAPVR, immediate surgery 
is often the only option. While clinical evaluation is helpful, 
accurate diagnosis mandates thorough echocardiography.

Initial resuscitation and stabilization 
of a newborn with suspected heart 
disease
This section presents the basic principles of initial stabiliza-
tion of a newborn with CCHD.

Airway and respiratory support

Like in any other emergency situation, a stable airway 
needs to be established first. Newborns with severe respira-
tory distress should immediately receive a bag and mask 
ventilation and supplemental oxygen to target preductal 
SpO2 in the 85%–95% range (although, later the oxygen 
concentration may need to be reduced in some cases of 
ductal-dependent circulation).

If respiratory distress continues to be profound after the 
initial resuscitation, the newborn should be intubated and 
mechanical ventilation should be initiated. Analgesia, seda-
tion, and atropine are recommended prior to nonemergent 
intubation with optional paralysis. Even in the most emer-
gent situations, sufficient time is often available to organize 
the requirements for performing intubation. The decision 
to intubate a newborn and initiate mechanical ventilation 
electively prior to transport requires consideration of the 
following variables: condition of the newborn in terms of 
severity of cyanosis, hemodynamic stability, gestational age, 
transport distance, and risk of apnea with PGE1 infusion.

Access

A secure peripheral or central intravenous access is very 
essential. Inotropic agents with vasoconstrictor properties, 
such as Dopamine and Epinephrine, can only be admin-
istered via a reliable central access. Umbilical arterial and 
venous lines are the first choice for vascular access. If central 

access is unavailable and an inotrope needs to be infused, 
dobutamine may be a reasonable choice.

If an umbilical arterial line cannot be placed, it may 
be impractical to obtain arterial access prior to transport; 
and unnecessary arterial punctures for blood gas sampling 
should be avoided because these sites will be required for 
placement of an arterial line prior to definitive surgery. An 
arterial sample is, however, necessary for ABG analysis.

Oxygen

The potential dangers of excessive oxygen in a newborn 
with suspected heart disease include acceleration of clo-
sure of the ductus arteriosus and unacceptable decline 
in the PVR. Both these situations can have catastrophic 
consequences (Fig. 30C.1A). Duct closure is fatal in duct-
dependent lesions. A marked decline in PVR translates into 
excessive PBF, often at the cost of reduced systemic blood 
flow. This is particularly likely to happen in duct-depen-
dent conditions. For these reasons, the FiO2 needs to be 
titrated to maintain an oxygen saturation of 85 ± 5%. In 
most situations this allows a reasonable balance between 
pulmonary and systemic blood flows (Fig. 30C.1B).

Prostaglandin

PGE1 is a very essential drug and should be available in 
every newborn nursery. It can restore ductal patency in most 
newborns with closing ducts and is therefore lifesaving in 
duct-dependent situations. Its effect is usually confirmed by 
improving saturations in newborns with duct-dependent 
pulmonary circulation and resolution of the circulatory fail-
ure and acidosis in newborns with duct-dependent systemic 
circulation. Its efficacy declines somewhat with increasing 
age particularly after 15 days, and it is usually not effective 
in opening a closed duct after 30 days. The initial dose of 
prostaglandin is 0.05–0.1 mcg/kg/min. Once the duct has 
opened up (this can be confirmed by the clinical response 
or by echocardiography), the dose may be reduced to as 
low as 0.01 mcg/kg/min. This allows maintenance of duc-
tal patency with minimal adverse effects. Adverse effects 
of PGE1 infusion include apnea (12%), bradycardia (7%), 
flushing (10%), tachycardia (3%), hypotension (4%), fever 
(14%), diarrhea (2%), gastric distension (1%), and seizures 
(4%). Leukocytosis frequently accompanies prostaglandin 
use. Administration over several days may result in increased 
lung and body water from capillary leak, thrombocytope-
nia, gastric outlet obstruction, and cortical hyperosteosis.

Transportation
The decision to transport a newborn to a tertiary referral 
center with facilities of specialized care for neonates and 
infants with heart disease should be a joint one involving 
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the referring pediatrician and the pediatric cardiology 
team. A thorough communication of important informa-
tion that is obtained at the referring center helps reduce 
problems during transport and also helps to prepare the 
pediatric cardiac center to receive the newborn. Emergency 
procedures can be planned on arrival with minimal delay. 
The following list could serve as a checklist of points to 
be communicated by a pediatrician or a neonatologist to 
the pediatric cardiology center prior to transportation of a 
newborn with suspected heart disease.

Communication checklist for transportation

1. Prenatal background: Term or preterm, birth order, 
age of mother, important maternal conditions.

2. Birth: Mode of delivery, relevant antenatal issues, Apgar 
scores, birth weight, significant postnatal events if any?

3. Clinical presentation: Why was heart disease suspected? 
Are there associated anomalies or abnormal facies?

4. Current condition: Vitals (heart rate, respiratory rate, 
oxygen saturation, peripheral circulation), lab tests (a 
baseline arterial blood gas analysis report is valuable, if 
available), feeding.

5. Preliminary diagnosis of the cardiovascular 
condition: Results of the physical examination, chest 
X-ray, ECG, and echocardiogram.

6. What has been done so far to resuscitate the 
newborn? What access has been obtained? Is the 
child ventilated or breathing spontaneously? What 
medications have been given (specifically, inotropes, 
prostaglandin)?

7. Relevant socioeconomic issues: What is the social and 
economic background of the family? Which family 
members are likely to accompany the child? How 
much has been communicated to them?

8. Logistics: Transport distance, mode of transport, and 
transporting personnel? Expected time of departure 
and arrival?

Fig. 30C.1 Consequences of hyperoxic ventilation in critical congenital heart disease (CHD) with ductal-dependent systemic 
circulation (A). Ductal constriction and drop in pulmonary vascular resistance (PVR) result in “systemic steal” with hypoperfusion of 
the brain, gut, and kidneys. Maintaining SpO2 around 85% and increasing positive end expiratory pressure (PEEP) (B) increases PVR 
and maintains ductal patency and supports right to left shunt to sustain systemic circulation. Copyright: Satyan Lakshminrusimha.
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Personnel for neonatal transport

Whenever feasible, the newborn should be accompa-
nied by the resident neonatologist or pediatrician taking 
care of the baby and a nurse. Both the team members 
should be familiar with the underlying condition and 
should be aware of the potential problems the newborn 
may face during transport. Periodic communication 
with the pediatric heart center regarding patient’s status 
is important.

Monitoring during transport

Ideally, it is necessary to continuously monitor ECG, blood 
pressure (NIBP/IBP), and oxygen saturations during trans-
portation. When the newborn reaches the referral center, it 
is necessary to summarize the condition during transport 
and indicate important events, if any that occurred during 
transport.

Care of the newborn during transport

A secure airway and an intravenous access are vital. New-
borns on prostaglandin can have periods of apnea. For 
this reason a number of units in the West would routinely 
intubate and mechanically ventilate a newborn on pros-
taglandin infusion during transport. Transporting a new-
born with CHD on prostaglandin infusion often amounts 
to taking a calculated risk in low resource environments. 
The physician involved with the transport should be alert 
to this possibility for apnea and be ready to support respi-
ration with assisted ventilation.

Excessive oxygen (>2 L/min; FiO2 > 0.4) should be 
avoided during transport of most newborns with heart dis-
ease. This is advisable even if PGE1 is used to keep the duct 
open. High FiO2 reduces PVR and can result in excessive PBF 
at the cost of systemic circulation. This is particularly danger-
ous in hypoplastic left heart syndrome (Fig. 30C.1A).

Attention to other basic details, such as temperature con-
trol, fluid balance, avoidance of hypoglycemia, and hypo-
calcemia, are all mandatory as in any neonatal transport 
situations.

Sepsis frequently complicates the management of new-
borns with heart disease. The potential for nosocomial 
sepsis is particularly high for sick newborns that are being 
transported. Meticulous attention to aseptic precautions is 
extremely important.

Definitive management of 
congenital heart disease
Specific treatment options in the tertiary center are 
largely dictated by the precise diagnosis and are listed in 
Table 30C.2.

Mechanical ventilation in newborns 
with congenital heart disease

Why does ventilation become necessary? 
How does it alter hemodynamics?

A critically ill neonate might require mechanical ven-
tilation in the emergency room or intensive care unit 
for impaired oxygenation, impaired ventilation, apnea 

Table 30C.2  Definitive treatment of cyanotic congenital heart disease in newborns

Conditions Specific treatments Comments

d-Transposition with intact 
ventricular septum

Balloon septostomy followed by arterial 
switch operation

Arterial switch needs to be performed 
within the first few weeks

Pulmonary atresia—intact 
ventricular septum

Wire perforation of atretic pulmonary 
valve followed by balloon dilation or 
surgical restoration by RVOT patch, 
stenting of the patent arterial duct may 
also be required in addition

Treatment dictated by precise anatomic 
issues (extent of RV hypoplasia and tricuspid 
valve annulus dimension, presence of right 
ventricle-dependent coronary circulation) 
and experience of the center

Pulmonary atresia with VSD or 
other defects, “severe” TOF

Emergency BT shunt or stenting of the 
arterial duct

Definitive procedure later in life dictated by 
precise anatomy

Critical pulmonary stenosis Balloon valvotomy Excellent long-term outcomes, 5%–10% 
immediate mortality

Obstructed TAPVR Emergency surgical repair Good long-term outcome, immediate 
surgical mortality of 5%–20%

TOF, Tetralogy of Fallot.
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of the newborn, protection of airway, or for facilitating 
optimal transport to a specialized center. In neonates 
with CHD the commonest indication for mechanical 
ventilation include respiratory distress, profound cya-
nosis due to a right heart obstructive lesion, or severe 
systemic hypoperfusion due to a left heart obstruc-
tive lesion. A neonate undergoing repair of CHD also 
requires a variable period of mechanical ventilation in 
the operating room for provision of anesthetic, protec-
tion of airway, and stabilization of cardiorespiratory 
function throughout the perioperative period. The com-
monest presenting signs that aid the clinician in diag-
nosing CHD in a neonate are the presence of a murmur, 
cyanosis, respiratory distress, heart failure, and shock 
[2]. Mechanical ventilation decreases the work of breath-
ing, decreases myocardial oxygen consumption, and 
facilitates manipulation of PVR by influencing the arte-
rial blood gases.

Heart and lungs work synergistically to facilitate opti-
mal tissue oxygen delivery, and intervention in one system 
can significantly impact the other [3]. Mechanical ventila-
tion by changing lung volumes and intrathoracic pressure 
can affect the key determinants of cardiac performance, 
namely, atrial filling or the preload and the impedance 
to ventricular emptying or the afterload. The cardiopul-
monary interactions can be quite significant in a criti-
cally ill neonate requiring mechanical ventilation and an 
understanding of this phenomenon is necessary for opti-
mal hemodynamic and respiratory management in the 
intensive care unit (Fig. 30C.2). Systemic venous return 
depends on the pressure gradient between the extratho-
racic veins and right atrial pressure. Spontaneous respi-
ration decreases the intrathoracic pressure, increases the 
intraabdominal pressure with inspiratory diaphragmatic 
descent, and thus increases the venous return by increas-
ing the gradient for right atrial filling. Positive pressure 

Fig. 30C.2 Impact of Mechanical Ventilation and Increased Intrathoracic Pressure on Hemodynamics—
Cardiopulmonary Interactions. Increased intrathoracic pressure from mechanical ventilation reduces the gradient between 
extrathoracic vein to right atrium leading to impaired venous return. However, intrathoracic pressure also decreases left ventricular 
transmural pressure and enhances systemic arterial flow. Hypercarbia (respiratory acidosis) and to a lesser extent hypoxia enhance 
cerebral blood flow. Hypo- or hyperexpansion of the lung (below or above FRC), hypercarbia and hypoxia reduce pulmonary blood 
flow (PBF). FRC, Functional residual capacity; PVR, pulmonary vascular resistance. Copyright: Satyan Lakshminrusimha.
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ventilation reduces this gradient by directly increasing 
intrathoracic pressure and causes a reduction in right ven-
tricular preload. Hypovolemia, septic shock, and gas trap-
ping with obstructive airway disease can exaggerate this 
ventilation-induced reduction in preload causing signifi-
cant hemodynamic compromise. Mechanical ventilation 
can also impact right ventricular afterload by influencing 
PVR through changes in lung volume (Fig. 30C.3). PVR 
depends on the balance in vascular tone of alveolar and 
extraalveolar vessels. When lung is inflated above func-
tional residual capacity (FRC) the compression of alveolar 
vessels can increase PVR. When the inflating volumes are 
too minimal the increase in PVR is facilitated by the col-
lapse of extraalveolar vessels, which become tortuous as a 
result of the loss of alveolar volume. Additionally, terminal 
airway collapse at low lung volumes can result in alveolar 
hypoxia. This hypoxia can result in pulmonary vasocon-
striction. Hence, maintenance of lungs at FRC without 
producing large shifts in lung volume is essential for opti-
mal hemodynamic performance by maintaining a stable 
PVR. Effect of mechanical ventilation on the left ventricle 
is predominant by affecting the afterload [4]. The primary 
determinant of left ventricular afterload is myocardial wall 
stress, which is a function of left ventricular transmural 
pressure (the difference between left ventricular systolic 
pressure and intrathoracic pressure). Positive pressure 
ventilation reduces transmural pressure by increasing the 
intrathoracic pressure, and hence the pressure differential 
across the left ventricular wall. This is the basis for benefi-
cial effects of mechanical ventilation in off-loading the left 
ventricle in patients with ventricular dysfunction.

Specific considerations in neonatal 
population with CHD

This section will discuss the specific considerations in each 
of the CHD categories. Table 30C.3 summarizes the broad 
principles that dictate ventilatory management.

It is important to recognize that there are no strict guide-
lines with respect to a fixed respiratory rate for each cardiac 
lesion. In our clinical experience, the average respiratory 
rate required to maintain target CO2 depends on the type 
of ventilator and the individual lung compliance for each 
patient given the cardiac condition, the PBF, presence of 
pulmonary venous obstruction, associated respiratory 
infection, if any, and other specific considerations. It may 
vary from as low as 20/min in a neonate with good lung 
compliance to as high as 45/min in a patient with poor 
lung compliance. The standard inspiratory time that is 
used is between 0.40 and 0.44 for all neonates irrespective 
of the type of lesion. The positive end expiratory pressure 
(PEEP) is never escalated beyond 7 due to the impact of 
higher PEEP on these critically ill neonates with a substrate 
of low cardiac output. The tidal volume settings are usually 
between 6 and 8 mL/kg in all cases.

Duct-dependent lesions. The ductus arteriosus is a fetal 
vascular channel, which can be a lifesaving conduit in the 
critically ill neonate with CHD for maintaining PBF or sys-
temic perfusion. Duct-dependent pulmonary circulation 
includes right heart obstructive lesions, such as pulmonary 
atresia, severe pulmonary stenosis, or tricuspid atresia. 
The duct-dependent systemic circulation include left heart 

Fig. 30C.3 Lung Volume (LV) and Pulmonary Vascular Resistance (PVR). Low LV collapses extraalveolar pulmonary vessels 
and increases PVR. High LV compresses alveolar pulmonary vessels and increases PVR. PVR is lowest at functional residual capacity 
(FRC). Copyright: Satyan Lakshminrusimha.
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obstructive lesions like severe coarctation of aorta, aor-
tic arch interruption, or hypoplastic left heart syndrome. 
Although initiation of PGE1 is a critical pharmacological 
intervention that restores ductal patency, mechanical venti-
lation and regulation of arterial blood gases play a key role 
in balancing systemic and pulmonary circulations.

Duct-dependent systemic circulation (Fig. 30C.4).  
These infants present with profound hypotension and 
impending circulatory collapse. Mechanical ventilation 
is required as a part of cardiorespiratory resuscitation 
along with emergent initiation of PGE1 infusion. Ven-
tilator settings should target maintaining a low fraction 
of inspired oxygen (FiO2) preferably room air (21%) 
and maintaining mild respiratory acidosis (PaCO2, 
45–50 mmHg) to increase PVR. Hypercarbia can also 
improve cerebral blood flow (Fig. 30C.2) and prevent 
adverse neurological outcomes [5]. In a randomized 
crossover study that evaluated the response of hypoxia 
and hypercarbia on oxygen delivery and ratio of pulmo-
nary to systemic blood flow (Qp:Qs) in 10 infants with 

hypoplastic left heart syndrome, hypercarbia was associ-
ated with better oxygen delivery, whereas both measures 
reduced Qp/Qs ratio [6].

Duct-dependent pulmonary circulation. These patients  
present with severe cyanosis and metabolic acidosis second-
ary to decreased PBF and profound hypoxemia. Initiation 
of mechanical ventilation to decrease work of breathing 
and ventilator adjustments to optimize PVR can be lifesav-
ing along with prostaglandin therapy to maintain ductal 
patency. Target SpO2 should be around 75%–85% to obtain 
a Qp/Qs ratio of 1.0. An increase in oxygen saturation >90% 
indicates pulmonary overcirculation due to increased 
shunting across the ductus, and subsequent ventilator strat-
egy should aim at reducing FiO2 and increasing PaCO2 to 
around 40 mmHg. In patients who have developed pulmo-
nary edema following increased PBF a diuretic infusion is a 
reasonable adjunct to treatment. Systemic vasodilators like 
milrinone can be considered to improve tissue perfusion 
and correct lactic acidosis in patients who have compro-
mised systemic perfusion.

Table 30C.3  Recommended ventilatory settings for typical intensive care situations in neonates with congenital 
heart disease

Lesions Broad goals
Saturation  
targets Typical FiO2

Other ventilator  
settings

Duct-dependent 
systemic circulation

•	 Maintain	ductal	patency
•	 Avoid	decrease	in	PVR	so	as	to	

prevent pulmonary overcirculation 
and maintain systemic blood flow

80%–85% 0.21 Respiratory rate to target 
PaCO2 of 45–50 mmHg

Duct-dependent 
pulmonary circulation

•	 Maintain	ductal	patency
•	 Identify	pulmonary	overcirculation	

and underperfusion in a given 
clinical setting

•	 Manipulation	of	PVR	to	avoid	
pulmonary overcirculation

75%–85% 0.21–0.4 Respiratory rate to target 
PaCO2 of 40 mmHg

TGA with IVS •	 Maintain	adequate	mixing	at	the	
atrial level

•	 Ventilatory	measures	have	less	
impact on oxygen saturation

70%–80% 0.21–0.5 Respiratory rate to target 
PaCO2 of 40 mmHg

CHD with increased 
Qp (e.g., truncus, TGA 
VSD), single ventricle, 
and no PS

•	 Decrease	pulmonary	
overcirculation

•	 Maintain	somewhat	high	PVR

Target SpO2 
75%–90%

0.21 Respiratory rate to target 
PaCO2 of 45–50 mmHg

Postoperative 
pulmonary 
hypertension

•	 Avoid	increase	in	PVR
•	 Avoid	triggers	of	high	PVR,	

namely, hypoxia, hypercarbia, and 
acidosis

Target SpO2 
>90%

>0.4 Respiratory rate to target 
PaCO2 of 30–35 mmHg

CHD, Cyanotic heart disease; PS, pulmonic stenosis; PVR, pulmonary vascular resistance; TGA with IVS, transposition with intact ventricular septum,  
VSD, ventricular septal defect.
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Transposition of great arteries with intact 
ventricular septum (Fig. 30C.5A)

Transposition of great arteries with intact ventricular sep-
tum is characterized by atrioventricular concordance with 
ventriculoarterial discordance. The systemic and pulmonary 
circulation is parallel and this condition is incompatible  

with life unless there is intercirculatory mixing through 
an atrial septal defect (ASD) or a PDA. In neonates with  
closing ductus severe hypoxia ensues due to poor intercir-
culatory mixing and decreased PBF. Maintaining patency 
of ductus with PGE1 will facilitate mixing and increased 
PBF if the PVR is less than systemic vascular resistance 
(SVR).

Fig. 30C.4 Ductal-Dependent Systemic Circulation in Hypoplastic Left Heart Syndrome. Maintaining ductal patency with 
prostaglandin E1 (PGE1) infusion and avoiding hyperoxia and preventing fall in pulmonary vascular resistance (PVR) by permissive 
hypercarbia (PaCO2 in the 55–65 mmHg range), avoiding hyperoxia (SpO2 of around 85%) and high PEEP (6–8 cmH2O) will 
increase systemic blood flow. PFO, Patent foramen ovale. Copyright: Satyan Lakshminrusimha.

Fig. 30C.5 (A) Transposition of great arteries (TGA) without ventricular septal defect (VSD) and restrictive patent foramen ovale 
(PFO). High left atrial (LA) pressure may lead to pulmonary congestion and further decrease gas exchange. Elevated pulmonary 
vascular resistance (PVR) limits pulmonary blood flow (Qp) and contributes to hypoxemia. Maintaining the patency of the ductus 
arteriosus may not improve oxygenation because of the right-to-left shunt across PDA. (B) Balloon atrial septostomy (BAS) 
improves oxygenation in this patient by improving admixture at the atrial level and reducing pulmonary venous congestion. 
Copyright: Satyan Lakshminrusimha.



630

Section Cardiac Issues in Neonatal Respiratory Care| VI |

Patients who do not respond to PGE1 may require emer-
gent balloon atrial septostomy (BAS) for facilitating mixing 
at atrial level. A potentially dangerous situation is when the 
PVR is high due to a restrictive foramen ovale with elevated 
left atrial pressures, and the shunting across the ductus 
occurs from pulmonary artery to aorta decreasing effective 
PBF and leading to severe hypoxemia. Ventilatory maneu-
vers to decrease PVR may not be effective unless a BAS is 
performed to decompress the LA (Fig. 30C.5B).

Complex CHD with increased pulmonary 
blood flow

These lesions include truncus arteriosus, TGA–VSD, and 
single ventricle variants without pulmonary obstruction 
and are characterized by increased PBF. In transposition 
physiology with a significant VSD, anatomic right to left 
shunt provides effective PBF, that is, volume of systemic 
venous blood that reaches pulmonary circulation; and ana-
tomic left to right shunt provides effective systemic blood 
flow, that is, volume of pulmonary venous blood that 
reaches the systemic circulation. The intercirculatory mix-
ing through VSD depends on the relationship between SVR 
and PVR. If PVR is low, increased right to left shunt at the 
VSD further increases PBF and hastens the development of 
pulmonary vascular occlusive disease. Reducing PVR will 
not greatly influence systemic oxygenation but will only 
augment the recirculating volume in the pulmonary circuit. 
This might decrease the effective systemic blood flow and 
can precipitate a low cardiac output state. In other single 
ventricle lesions with increased PBF, mechanical ventila-
tion should aim at preventing fall in PVR. This is achieved 
by avoiding high concentrations of oxygen and permitting 
hypoventilation to increase PCO2 to 45–50 mmHg. Keep-
ing a higher PEEP will also help to minimize pulmonary 
overcirculation by its incremental effects on PVR. Metabolic 

acidosis resulting from systemic hypo perfusion should be 
corrected appropriately. Temporary medical management 
should be followed by appropriate surgical palliation or 
correction.

Ventricular dysfunction

Mechanical ventilation can affect right and left ventricular 
function by impacting the key determinants of ventricular 
performance, namely, preload, afterload, and contractility.

Right ventricular dysfunction. This can occur in neo-
nates with Ebstein’s anomaly or severe pulmonary artery 
hypertension (PAH) or impaired myocardial protection 
after cardiopulmonary bypass (CPB). Positive pressure ven-
tilation decreases the right ventricular preload by affecting 
the systemic venous return. The ventilator strategies should 
aim at minimizing the mean airway pressures, decreasing 
inspiratory times, and facilitating lower tidal volumes. LVs 
above and below FRC can increase PVR (Fig. 30C.2). Avoid-
ing alveolar hyperinflation by choosing lower tidal volumes 
of 6–8 mL/kg and minimizing atelectasis by judicious use 
of PEEP can prevent dramatic alterations in PVR produced 
by surges in the LVs.

Left ventricular dysfunction. Institution of positive 
pressure ventilation improves left ventricular function by 
decreasing LV afterload. This effect is primarily brought 
about by a rise in intrathoracic pressure, which in turn 
reduces ventricular transmural pressure (the chief determi-
nant of left ventricular wall stress). Additionally, adjunc-
tive use of PEEP facilitates alveolar recruitment in patients 
with left ventricular failure and pulmonary edema who are 
prone to develop pulmonary atelectasis. Mechanical ven-
tilation also provides hemodynamic support in critically 
ill neonates with left ventricular dysfunction by reducing 

Fig. 30C.5 (cont.)
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the work of breathing by respiratory muscle unloading and 
decreasing myocardial oxygen consumption.

Pulmonary hypertension

Ventilatory management in patients with pulmonary 
hypertension should aim to mitigate the factors that 
increase PVR, namely, hypoxia, hypercarbia, acidosis, atel-
ectasis, and extreme swings in LV. Arterial blood gas man-
agement should target PaO2 of 80–100 mmHg, PaCO2 
between 30–35mmHg and maintenance of mild respira-
tory alkalosis. Patients on mechanical ventilation should 
also receive adequate sedation and pain relief, as increased 
sympathetic response to pain can precipitate increase in 
PVR. Patients particularly at the risk of perioperative pul-
monary hypertension include obstructed infracardiac total 
anomalous pulmonary venous connection (TAPVC), com-
plete atrioventricular canal defects, and patients with CHD 
and Down’s syndromes. Pulmonary hypertensive crisis is a 
potential complication, which can develop in the postop-
erative period after repair of obstructed TAPVC. This should 
receive emergent attention by ventilation with 100% oxy-
gen, sedation, and institution of pulmonary vasodilators 
like inhaled nitric oxide (iNO) or sildenafil.

Postoperative ventilation: general 
principles
Neonates undergoing corrective or palliative procedures for 
CHD require a variable period of ventilation in the postop-
erative intensive care unit. Preoperative lung disease, fluid 
overload, alterations in lung compliance after CPB, and 
anesthesia or unstable postoperative hemodynamics might 
prolong the requirement for ventilator support. The target 
of mechanical ventilation should be to obtain adequate 
oxygenation (with minimal FiO2) and ventilation, as well 
as to optimize the postoperative cardiorespiratory function 
till recovery.

Though traditionally pressure-controlled ventilation 
strategies have been favored in neonates, the advent of 
newer generation ventilators with advanced microproces-
sor technology has allowed delivery of volume-targeted 
breaths in neonates. Variable tidal volumes, which occur 
in pressure-controlled modes due to changes in lung com-
pliance, can lead to repeated alveolar derecruitment and 
atelectrauma [7]. Volume-targeted ventilation modes allow 
better control of peak inspiratory pressure (PIP) and deliv-
ery of a target tidal volume (Vt) at a limited pressure [8]. 
The volume-targeted ventilatory modes that are frequently 
used in pediatric cardiac surgical population include pres-
sure-regulated volume control (PRVC) mode, pressure-con-
trolled ventilation with volume guarantee (PCV-VG) and 
volume-assured pressure support (VAPS). All these modes 
utilize the potential advantages of a decelerating form of 

inspiratory flow pattern of pressure control ventilation that 
facilitates uniform distribution of gases and delivery of a 
target tidal volume at a favorable inspiratory pressure. In 
PRVC mode, the PIP for delivering the target Vt is optimized 
by the ventilator after measuring the compliance and aver-
age tidal volume of the previous 3–5 breaths.

All patients on mechanical ventilation should have 
continuous SpO2 monitoring, end tidal carbon diox-
ide (ETCO2) monitoring, and frequent assessment of gas 
exchange by arterial blood gas analysis. The pressure, 
flow, and volume waveforms on the ventilator interface 
should be constantly observed for gaining an insight into 
lung mechanics. Patients should be provided adequate 
pain relief and sedation in the postoperative period to 
facilitate patient–ventilator synchrony and to avoid sym-
pathetic overactivity. Though there is an increasing trend 
toward fast tracking and early extubation in pediatric car-
diac surgery, neonates have been recognized as a vulner-
able population. Extubation is generally attempted when 
effective independent respiration seems likely, oxygen and 
ventilation requirements are sufficiently low and postop-
erative evaluation shows adequate cardiac recovery. Fac-
tors that contribute to delayed extubation include younger 
age, lung disease, prolonged CPB time, presence of genetic 
syndrome, need for surgical reintervention, delayed sternal 
closure, and pulmonary hypertension [9–11]. The wean-
ing practices vary from institution to institution and till 
date a clear-cut criteria has not been established. However, 
the general guidelines for weaning after surgery of CHD 
include the following:

1. Mean airway pressure 8–9 cmH2O (for neonates 
generally)

2. FiO2 less than/or equal to 0.5
3. Hemodynamic stability with minimal inotropic 

support
4. Reliable rhythm (sinus or paced)
5. Absent or minimal drainage from chest drains
6. Absence of pulmonary artery hypertensive crisis
7. Appropriate neurological status to ensure airway 

protection
8. Chest radiograph without significant lung pathology
9. Appropriate blood gases given the underlying 

physiology
10. Absence of any major residual cardiac defect.

Successful extubation of most neonates is likely to occur 
when a low rate of mechanical ventilation is well toler-
ated with pressure support of spontaneous breaths. The 
decrease in respiratory rate is best accomplished by limit-
ing the inspiratory time to around 0.45–0.5 s and gradually 
increasing expiratory time. One suggested criteria that may 
be followed to guide extubation include: FiO2 <0.5, inter-
mittent ventilation rate <10 breaths/min, PIP ≤ 25 cmH2O, 
spontaneous effective tidal volume ≥6 mL/kg, and pressure 
support ≤10 cm H2O. A course of dexamethasone, typically 
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around 24 h in duration, around the time of extubation 
may expedite successful extubation by reducing airway 
inflammation and edema in patients who are at high risk 
for postextubation stridor. Prophylactic steroids have been 
known to reduce postextubation stridor in adults and chil-
dren with airway anomalies; however, the benefits in neo-
natal population are unclear [12].

Extubation failure is a potential complication after 
neonatal cardiac surgery. This can lead to prolonged 
intensive care unit stay, increase complications, and 
increased mortality. Extubation is challenging in neo-
nates primarily due to immature respiratory function, 
small caliber of the airways, and the potential for apnea 
and atelectasis. In a recent analysis of 156 neonates 
undergoing congenital heart surgery, extubation failure 
occurred in 16% patients. Airway diseases and mechani-
cal ventilation longer than 7 days are significant risk 

factors predisposing to extubation failure in the postop-
erative period [13].

Conclusions

Advances in early diagnosis and improved cardiac surgical 
techniques have resulted in increasing number of neonates 
presented to the emergency department and operating room 
for treatment. Mechanical ventilation plays a key role in sta-
bilizing these patients in the intensive care unit and during 
the perioperative period. Volume-targeted ventilator modes 
are being increasingly used in neonates with CHD. Given the 
wide diversity of CHD, an understanding of individualized 
pathophysiology is imperative for choosing optimum ventila-
tory strategy in each clinical scenario for favorable outcomes.
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CHAPTER POINTS

•	 Diagnosis of arrhythmias in neonates needs high index 
of suspicion as signs and symptoms are nonspecific.

•	 Document the rhythm disturbance by standard 
12 lead plus V3R, V4R, V7 electrocardiogram.

•	 Decision to treat an arrhythmia should be based 
on hemodynamic instability not merely making the 
rhythm appear normal.

•	 Understanding the mechanism of arrhythmias is vital 
for appropriate management.

•	 Arrhythmias that present with hemodynamic comprise 
should be managed aggressively as per NRP/PALS 
guidelines.

Abbreviations

ABG Arterial blood gas
AET Atrial ectopic tachycardia

AF Atrial fibrillation
AFL Atrial flutter
ASD Atrial septal defect
AVCD Atrioventricular canal defect
AVRT  Atrioventricular reentrant tachycardia
AVN Atrioventricular node
AVNRT  Atrioventricular nodal reentrant 

tachycardia
AVR Accelerated ventricular rhythm
AV synchrony Atrioventricular synchrony
AV dissociation Atrioventricular dissociation
BPM Beats per minute
CCTGA  Congenitally corrected transposition 

of great arteries
CHF Congestive heart failure
DC Direct current
DORV Double outlet right ventricle
EAT Ectopic atrial tachycardia
ECG Electrocardiogram
ECHO Echocardiogram
IV Intravenous
JET Junctional ectopic tachycardia
LBBB Left bundle branch block
MAT Multifocal atrial tachycardia
PAC Premature atrial contractions
PJRT  Paroxysmal junctional reciprocating 

tachycardia
PSVT  Paroxysmal supraventricular  

tachycardia
PVC Premature ventricular complex
RBBB Right bundle branch block
RFA Radiofrequency ablation
RV Right ventricle
SVT Supraventricular tachycardia
TAPVC  Total anomalous pulmonary venous 

connection
TEP Temporary esophageal pacing
VF Ventricular fibrillation
WPW Wolff–Parkinson–White



634

Section Cardiac Issues in Neonatal Respiratory Care| VI |

Electrocardiogram (ECG) in neonates differs significantly 
from the normal adult pattern due to change in the hemo-
dynamics and physiology after birth along with changes in 
position and size of the heart in relation with the body. 
Similarly, difference exists between term and preterm ECG, 
but the basic principles of interpretation remain same 
(Table 30D.1). The normal values of ECG from birth to 
3 months of age adapted from European Society of Cardi-
ology is given in the Table 30D.2. Incidence of arrhythmias 
in neonates is 1% during first 10 days of life. Fifteen percent 
of neonates with arrhythmia have congenital heart disease. 
Common arrhythmias in neonate associated with structur-
ally normal hearts are as follows:
1. Premature atrial contractions (PAC)
2. Atrial flutter (AFL)
3. Atrioventricular reentrant tachycardia (AVRT)
4. Permanent junctional reciprocating tachycardia (PJRT)
5. Ventricular tachycardia (VT)
6. Heart block

Types of rhythm disturbances

12-lead ECG with rhythm strip is the single most impor-
tant test to determine the type of arrhythmia. During the 
emergency situations at least rhythm strip from defibrilla-
tor should be recorded to diagnose the abnormality and to 
assess response to treatment (as shown in Fig. 30D.1).

In neonates the rhythm abnormalities are divided 
mainly into the following four groups:
1. Tachyarrhythmia: Rhythm disturbances with fast heart 

rate
2. Bradyarrhythmia: Rhythm disturbances with slow heart 

rate
3. Irregular rhythm/premature beats/(ectopics)
4. Others like bundle branch blocks (BBB), long QT 

syndrome (LQTS)
5. Some normal variations: Sinus arrhythmia, short periods 

of junctional rhythm, sinus pauses <2 s, atrial ectopics

Steps to consider in interpretation  
of ECG
•	 Rate	and	its	variation
•	 QRS	type	(narrow	or	broad)
•	 Regular	or	irregular	QRS
•	 Presence	of	P	wave	and	P	axis,
•	 P–QRS	relation,	AV	dissociation
•	 Measurement	of	RP	interval	(Fig. 30D.2)
•	 Response	to	adenosine

Tachyarrhythmia: rhythm disturbances with fast heart rate

•	 Increased activity of normal sinus node: Sinus tachycardia, relative tachycardia
•	 Reentrant tachycardia: Pathway between atria and ventricles/within AV node/locally with atria/ventricle—AVRT, 

atrioventricular nodal reciprocating tachycardia (AVNRT), AFL or atrial fibrillation (AF)
•	 Ectopic automatic focus: Nonreciprocating tachycardia from single abnormal focus—ectopic atrial tachycardia (EAT), 

junctional ectopic tachycardia (JET), VT
•	 Triggered activity: Due to digoxin activity, electrolyte disturbances, and excess catecholamines

Rhythm Characteristics Conditions Treatments
Sinus tachycardia •	 Rate	more	than	98th	percentile	for	that	

age. In the 1st week of life upper limit 
is 166/min while 179/min in the 1st 
month. But always <230/min

•	 Regular	narrow	QRS,	normal	P-wave axis 
and PR interval

•	 Begins	and	ends	slowly
•	 Waxing	and	waning	present

•	 Pain,	fever,	hypovolemia,	
anemia

•	 Congestive	heart	failure,	cardiac	
tamponade

Identify the cause and 
treat the underlying 
etiology

Table 30D.1  Differences in ECG pattern of preterm 
and term neonates

Preterm versus term
•	 Shorter	QRS
•	 Shorter	PR	and	QT	intervals
•	 Less	RV	dominance	at	birth
•	 QRS	axis:	65–175	degree	in	preterm	versus	55–200	

degree in term
•	 Lower	precordial	voltages
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Table 30D.2  Normal values for waves and intervals of ECG from birth to 3 months

Age 
group

Heart 
rate 
(beats/
min)

Frontal 
plane 
QRS axis 
(degree)*

P-wave 
amplitude 
(mm)

PR inter-
val (s)*

QRS 
duration 
V5*

Q III 
(mm)†

Q V6 
(mm)†

R V1 
(mm)‡

SV1 
(mm)‡

R/S 
V1†

RV 6 
(mm)‡

S V6 
(mm)‡

R/S 
V6†

SV1 +  
RV6 
(mm)†

R +  
SV4 
(mm)†

0–1 days 93–154 
(123)

+59 to 
+192 (135)

2.8 0.08–016 
(0.11)

0.02–0.08 
(0.05)

5.2 1.7 5–26 0–22.5 9.8 0–11 0–9.8 10 28 52

1–3 days 91–159 
(123)

+64 to 
+197 (134)

2.8 0.08–0.14 
(0.11)

0.02–0.07 
(0.05)

5.2 2.1 5–27 0–21 6 0–12 0–9.5 11 29 52

3–7 days 90–166 
(129)

+77 to 
+187 (132)

2.9 0.08–0.14 
(0.10)

0.02–0.07 
(0.05)

4.8 2.8 3–24 0–17 9.7 0.5–12 0–9.8 10 25 48

7–30 days 107–182 
(149)

+65 to 
+160 (110)

3.0 0.07–0.14 
(0.10)

0.02–0.08 
(0.05)

5.6 2.8 3–21.5 0–11 7 2.5–16 0–9.5 12 22 47

1–3 months 121–179 
(150)

+31 to 
+114 (75)

2.6 0.07–0.13 
(0.10)

0.02–0.08 
(0.05)

5.4 2.7 3–18.5 0–12.5 7.4 5–21 0–7.2 12 29 53

*2nd–98th percentile (mean).
†98th percentile (1 mm = 100 µV).
‡2nd–98th percentile (1 mm = 100 µV).
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Fig. 30D.2 Method of Measuring RP Interval. (A) Short RP (B) Long RP (C) Pictorial Illustration.

Fig. 30D.1 Rhythm strip showing SVT (above). Flutter waves are evident after Adenosine administration (below).



637

ChapterNeonatal Arrhythmias | 30D |

Rhythm Characteristics Conditions Treatments

Sinus arrhythmia •	 Irregularly	irregular	rate	with	normal	
QRS, normal P axis

•	 Usually	less	pronounced	in	
neonates due to fast heart rate

•	 No	treatment	
required

Supraventricular 
tachycardia (SVT) 
(blanket term)
Typical paroxysmal 
supraventricular 
tachycardia (PSVT)

Origin above bundle of HIS.
Two ways are as follows:
•	 Reentrant circuits

•	 Abrupt	onset	and	termination,	
typically referred as typical paroxysmal 
supraventricular tachycardia (PSVT)

•	 1:1	AV	relationship
•	 Automated focus
 No. 1:1 AV relationship 

•	 Rapid	regular	tachycardia	(constant	
RR interval)

•	 Rate	usually	230/min
•	 Begins	and	ends	abruptly
•	 Abnormal	P	axis	or	absent	P-wave	

(in 40% cases), QRS complexes 
narrow in most of the SVT (90%)

•	 AVRT:	RP	interval	>70 ms
•	 Atrioventricular	nodal	reciprocating	

tachycardia (AVNRT): RP interval <70 s

Between atria and ventricles:
•	 Most	common	is	atrioventricular	

reciprocating tachycardia (AVRT)
Others:
•	 AVNRT
•	 Paroxysmal	junctional	

reciprocating tachycardia (PJRT)
Within atria:
•	 Atrial	flutter	(AFL)
•	 Atrial	fibrillation	(AF)
•	 Atrial	ectopic	tachycardia	(AET)
•	 Junctional	ectopic	tachycardia	

(JET)
•	 Most	common	pathological	

tachycardia in neonate 
(abnormal rhythm arises from 
atria, AV junction or accessory 
pathways)

Stable:
•	 Vagal	maneuvers
•	 Adenosine
•	 Propranolol
•	 Digoxin
Refractory:
•	 Procainamide	or	

flecainide
Unstable:
•	 Cardioversion
•	 Transesophageal	

pacing

Wolff–Parkinson–
White (WPW) 
syndrome 
(accessory 
pathway between 
atria and ventricle 
mediated 
tachycardia) 
(Fig. 30D.3)

•	 PR	interval	<100 ms
•	 QRS	complex	duration	≥80 ms
•	 Absence	of	Q	waves	in	V6
•	 Left	axis	deviation
 Two of the four aforementioned criteria 

required for diagnosis
 Delta wave seen on surface ECG

•	 Mostly	seen	in	structurally	
normal heart

•	 Other	causes:	Ebstein’s	anomaly,	
CCTGA, hypertrophied 
cardiomyopathy and cardiac 
tumors

AVNRT
(Fig. 30D.4)

•	 Atrioventricular	node	reentry,	P	wave	
usually not visible, superimposed on 
QRS complex

•	 AV	block	usually	terminates	tachycardia
•	 P	waves	are	usually	obscured	by	QRS	

due to short RP interval 70 ms

•	 AVNRT	is	less	common	in	
healthy newborns

•	 Usually	associated	with	
cardiorespiratory disorders such 
as congenital diaphragmatic 
hernia, congenital heart disease 
or sepsis

•	 Adenosine

PJRT •	 Long	RP	tachycardia
•	 Inverted	P	waves	in	II,	III,	AVF	leads	with	

P wave proceeds QRS
•	 AV	block	always	terminates	tachycardia
•	 Unusually	slow	conduction	occurs	

over the accessory pathway, 
resulting in incessant behavior and a 
characteristically short PR interval

•	 Can	lead	to	tachycardia-induced	
cardiomyopathy if uncontrolled

•	 Restarts	typically	after	
cardioversion or Adenosine

Stable:
•	 Beta-blocker
•	 Amiodarone
•	 Flecainide
Incessant/Unstable:
•	 Radiofrequency	

ablation
Maintenance:
•	 Flecainide
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Fig. 30D.4 Electrocardiogram (ECG) showing narrow QRS, short RP interval with P waves embedded in QRS complex (arrow 
pointing) suggestive of atrioventricular nodal reciprocating tachycardia (AVNRT).

Fig. 30D.3 WPW Syndrome. Sinus rhythm with short PR interval, broad QRS complexes with a slurred upstroke to the QRS 
complexes—Delta wave (arrows pointing Delta wave). Dominant S wave in V1 indicates right-sided accessory pathway.
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Rhythm Characteristics Conditions Treatments

AFL (Figs. 30D.5 
and 30D.6)

•	 Sawtooth	pattern	(flutter	wave)
•	 Rate	in	infants	usually	between	300	and	

500 with variable conduction from 1:1 
to 4:1

•	 In	neonates	2:1	conduction	is	common	
(rate usually lower than typical PST)

•	 As	AV	node	is	not	a	part	of	the	reentrant	
circuit, AV conduction may be variable 
and ventricular rate may be irregular

•	 Generally,	self-limited	in	
neonates with normal heart

Stable:
•	 Digoxin	+	Propranolol
•	 Amiodarone
•	 DC	cardioversion	

(occasionally)
•	 Digoxin	is	needed	

for long-term 
management

Unstable:
•	 Cardioversion
•	 Transesophageal	

pacing
•	 Avoid	Flecainide	

or Propafenone in 
isolation

AF •	 Irregularly	irregular
•	 No	two	RR	intervals	are	the	same
•	 P	waves	difficult	to	appreciate	bizarre	

and chaotic

•	 Rarely	seen	in	neonates Stable:
•	 Digoxin	and	

Procainamide
Unstable:
•	 Cardioversion

Atrial ectopic 
tachycardia (AET/
EAT) (Fig. 30D.7)

•	 Abnormal	P	wave	and	altered	P	axis
•	 The	rate	can	ramp	up	or	slow	down	over	

minutes in contrast to the sudden onset 
and offset of PSVT

•	 Continues	even	in	the	presence	of	heart	
block or after adenosine administration

•	 Can	cause	tachycardia-induced	
cardiomyopathy (TIC) if incessant/
uncontrolled

•	 Abnormal	ectopic	focus	from	
atria

•	 Usually	seen	after	surgical	
repairs as a result of tissue 
irritation during cardiac surgery

Stable:
•	 Propranolol,	Sotalol	

or Amiodarone
•	 Digoxin	+	

Procainamide
•	 Class	IC,	III	

antiarrhythmic drugs
Unstable:
•	 IV	Amiodarone

Junctional ectopic 
tachycardia 
(Figs. 30D.8 
and 30D.9)

•	 AV	dissociation	with	RR	interval	longer	
than PP rate that differentiates it from 
atrial focus tachycardia

•	 Focus	at	AV	node	or	proximal	bundle	of	
HIS

•	 Inverted	P	waves	in	lead	II
•	 Recognized	as	a	narrow	QRS	tachycardia	

with VA dissociation and slower atrial 
rate

•	 Most	common	in	postsurgical	
period

•	 Primarily	seen	during	rewarming	
from cardiopulmonary bypass 
and within 3 days of the surgery

Stable:
•	 Cooling,	inotropes	

reduction
•	 Vagal	maneuvers,
•	 Magnesium	sulfate,
•	 Beta-blockers
Unstable:
•	 Overdrive	pacing	(AAI	

mode)
•	 Optimize	AV	

synchrony—DDI
•	 Amiodarone
•	 Procainamide

Multifocal atrial 
tachycardia (MAT)

•	 Long	RP	interval	with	varied	P	waves
•	 Highly	variable	atrial	rates	with	varying	

P-wave morphologies and periods of AF 
and AFL

•	 Rare
•	 Seen	in	postsurgery	involving	

atrial chambers like TAPVC

•	 Do	not	respond	
to Adenosine or 
cardioversion

•	 IV	Amiodarone	
generally required
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Fig. 30D.5 ECG Showing Narrow Complex Tachycardia With Flutter Waves (Sawtooth Pattern) 2:1 Conduction Best 
Seen in Precordial Leads V1, V2, V4.

Fig. 30D.6 ECG Showing Atrial Flutter With 2:1 Conduction. Note: the P waves are best seen in limb leads II, III, and AVF 
(arrow), regular RR intervals, narrow QRS complexes.
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Fig. 30D.7 (A–B) ECG showing supraventricular tachycardia (SVT)—long RP tachycardia. Ectopic atrial tachycardia (EAT). Note: the 
abnormal P wave and axis (arrow) with narrow QRS complexes.
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Fig. 30D.8 Postoperative ECG of a Neonate With Junctional Ectopic Tachycardia (JET) Operated for Transposition of 
Great Arteries (TGA) With Ventricular Septal Defect (VSD). Note: the P waves (arrow) inverted in limb lead II and P waves 
dissociated from QRS with atrial rate less than the ventricular rate.

Fig. 30D.9 ECG of a Neonate With Congenital JET. Note: the narrow complexes with atrioventricular dissociation (AV 
dissociation).
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Rhythm Characteristics Conditions Treatments

Ventricular 
tachycardia (VT) 
(Fig. 30D.10)

•	 Rate	between	200	and	500	beats/min
•	 Abnormal	QRS	(not	like	sinus	and	may	

not be necessarily wide)
•	 AV	dissociation
•	 T	waves	typically	opposite	to	QRS	

polarity
•	 At	slower	rate	atria	may	be	

depolarized in a retrograde manner 
with 1:1 ventricular to atrial  
association

•	 Capture	beats
•	 Narrow	QRS	than	other	beats,	fusion	

beats
•	 More	than	three	ventricular	complexes	

comprise VT

•	 Uncommon
•	 The	most	common	form	of	

neonatal VT is an automatic 
mechanism arising from the 
right ventricular outflow tract

•	 Myocarditis
•	 Rare	cardiac	tumors	

(hamartomas and 
rhabdomyomas)

•	 Electrolyte	and	metabolic	
abnormalities

•	 Cardiac	channelopathies	such	as	
long QT syndrome (LQTS) and 
Brugada syndrome

Stable:
•	 Lidocaine,	

Procainamide
Chronic therapy:
•	 Beta-blocker	and	

antiarrhythmic 
drugs—class IA, IB, 
IC, and III

•	 Digoxin	and	
adenosine not useful

Unstable:
•	 Electrical	

cardioversion

Polymorphic 
ventricular 
tachycardia 
(Fig. 30D.11)

•	 QRS	complexes	change	its	polarity	
and amplitude to appear rotating 
around the ECG baseline (to turn on 
a point)

•	 It	can	deteriorate	to	ventricular	
fibrillation (VF) if not treated promptly

•	 LQTS—hypomagnesemia
•	 Antiarrhythmic	drug	toxicity

•	 Correct	electrolyte	
disturbances

•	 Magnesium	sulfate
•	 Chronic	therapy—

beta-blocker

Accelerated 
ventricular rhythm 
(AVR)

•	 Regular	wide	QRS	with	rate	(sustained/
nonsustained)

•	<20% of the sinus rate

•	 Uncommon,	benign	rhythm	in	
otherwise healthy neonates

•	 Usually	no	
hemodynamic 
compromise and 
resolves with time

VF •	 Complete	chaotic	rhythm—rapid	and	
irregular rhythm with hemodynamic 
instability

•	 Consider	LQTS	or	Brugada	
syndrome

•	 Asynchronous	
cardioversion

•	 Lidocaine	+	
Asynchronous 
cardioversion.

Important points for tachycardia

•	 Undetected prolonged tachycardia can lead to cardiac 
dysfunction followed by circulatory Collapse.

•	 Tachycardia is considered wide if QRS duration is more 
than 0.09 s.

•	 Common signs and symptoms of SVT in infants 
include vomiting, pale or blue skin, restless ness, 
irritability, unusual sleepiness, feeding difficultly and 
fast breathing.

•	 SVT is considered sustained if persists more than 30 s. 
Sustained SVT leads to CHF in 50% of neonates after 
48 h.

•	 P waves may be difficult to recognize both in sinus 
tachycardia or SVT once the rate exceeds >200/min.

•	 All broad complexes in neonate should be considered 
as VT until proven otherwise.

•	 SVTs like AF and MAT are rare in neonates. AF is often 
associated with cardiac abnormalities, especially with 
LA enlargement.

•	 Approach to the various tachycardia is given in 
Figs. 30D.12–30D.14.
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Fig. 30D.10 (A–B) ECG showing broad, uniform QRS complexes within each lead and AV dissociation suggestive of monomorphic 
ventricular tachycardia (VT).
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Fig. 30D.11 ECG Showing QRS Complexes With Varying Amplitude, Axis, and Duration (Polymorphic VT). Note: the QRS 
complexes twist around the isoelectric line (Torsades de pointes).

Fig. 30D.12 An Approach to Tachyarrhythmias. AF, Atrial fibrillation; AFL, atrial flutter; AVNRT, atrioventricular nodal reentrant 
tachycardia; AVRT, atrioventricular reentrant tachycardia; EAT, ectopic atrial tachycardia; JET, junctional ectopic tachycardia; MAT, 
multifocal atrial tachycardia; PJRT, paroxysmal junctional reciprocating tachycardia; P rate, atrial rate; V rate, ventricular rate.
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Fig. 30D.13 An Approach to Wide QRS Tachycardia. AVRT, Atrioventricular reentrant tachycardia; P rate, atrial rate; RBBB, 
right bundle branch block; SVT, supraventricular tachycardia; V rate, ventricular rate; VT, ventricular tachycardia.

Fig. 30D.14 Features of Various Tachycardias. AVNRT, Atrioventricular nodal reentrant tachycardia; AVRT, atrioventricular 
reentrant tachycardia; EAT, ectopic atrial tachycardia; JET, junctional ectopic tachycardia; MAT, multifocal atrial tachycardia; PJRT, 
paroxysmal junctional reciprocating tachycardia; WPW, Wolff–Parkinson–White.
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Premature beats and pauses

Rhythm Characteristics Causes Treatments
Sinus pauses 
(Fig. 30D.15)

•	 Sinus	pauses	are	usually	followed	by	
escape beats from the atria or the 
atrioventricular (AV) junction

•	 Pauses	of	more	than	2	s	are	
considered abnormal

•	 May	occur	in	healthy	newborns •	 Usually	no	treatment	is	
needed

•	 Long	pause	may	indicate	
LQTS

Atrial ectopics 
(Fig. 30D.16)

•	 Premature	P	wave	having	different	
morphology and axis compared to 
sinus P wave

•	 May	or	may	not	conduct	to	
ventricles with or without block

•	 If	significant	number	of	PAC’s	are	
blocked it produces bradycardia

•	 Can	initiate	or	terminate	SVT

•	 Common	in	neonates
•	 Mostly	benign	in	nature	and	

tend to decline within few 
postnatal weeks

•	 Can	occur	with	digitalis	toxicity
•	 PACs	are	the	most	common	

type of arrhythmias in neonates

•	 Benign	no	treatment	is	
required

•	 Digitalis	toxicity	
management

Ventricular 
ectopics 
(Fig. 30D.17)

•	 Usually	abnormal	QRS	with	normal/
prolonged QRS duration (up to 
0.08 ms) not similar to sinus rhythm 
without preceding P wave

•	 Usually	followed	by	a	full	
compensatory pause

•	 Isolated	PVC’s	are	normally	
seen in healthy neonates

•	 Frequent	and	sustained	PVC’s	
rarely denotes diseased heart

•	 When	occur	in	groups	of	two	
or three (couplets or triplets) 
may denote myocardial 
dysfunction

•	 Address	underlying	cause
•	 Usually	no	treatment	is	

required
•	 More	worrisome	if	

underlying heart disease 
present or due to 
myocardial dysfunction 
or in couplets

Premature 
junctional 
complexes

•	 Premature	origin	of	beats	from	AV	
node or proximal bundle of HIS

•	 Narrow	normal	QRS	complexes	
with usually absent P or P seen 
after QRS

•	 Isolated	junctional	ectopics	
are seen with normal hearts

•	 If	not	due	to	underlying	
structural heart 
disease—no treatment 
is required

Important points about premature/ectopic beats

•	 Ectopic beats are commonly seen in 30% of healthy preterm and term infants.
•	 It may be unifocal (uniform PVC’s) or multifocal (different QRS complexes).
•	 PAC’s are the most common rhythm abnormalities in the neonate.

Bradyarrhythmia: rhythm disturbances with low heart rate

Primary: Due to depolarization of pacemaker cells or decrease conduction through the cardiac conduction system. Exam-
ple: myocarditis, surgical heart block

Secondary: Due to alteration of normal functioning of the heart causing slowing down of sinus node pacemaker or 
conduction through AV node. Example: hypoxia

Symptomatic bradycardia: Cardinal signs of unstable hemodynamics with bradycardia like shock with hypotension, 
poor end organ perfusion, altered consciousness, respiratory failure, and sudden collapse
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Fig. 30D.15 (A–B) ECG displaying the typical pattern of frequent premature atrial contractions (PAC) (arrows) followed by pause 
(blocked PAC). Note: the prolonged RR interval.
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Fig. 30D.16 Atrial Ectopic Beats.

Fig. 30D.17 Ventricular ectopics (horizontal arrows) with bigeminy.
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Rhythm Characteristics Causes Treatments
Sinus 
bradycardia

•	 Heart	rate	lower	than	normal	for	age
•	 During	1st	week	lower	limit	is	91/min	

(2nd percentile) while it is 107/min at 
2nd percentile during 1st month of 
life

•	 Usually	secondary	to	underlying	
systemic illness—hypothermia, 
hypothyroidism, acidosis, 
hypoxia, hypoglycemia, etc.

•	 Most	common	pathological	
cause is hypoxia

•	 Propranolol	or	digoxin	may	be	
the causative mechanism

•	 20%–90%	of	healthy	
neonates may show features of 
transient bradycardia like sinus 
bradycardia, sinus pauses, and 
junctional escape

•	 May	be	result	of	stressful	labor

•	 Treat	underlying	cause
•	 If	symptomatic	and	

heart rate less than 
60/min and poor 
perfusion, then begin 
CPR

•	 If	not	improved	
Epinephrine (0.01–
0.03 mg/kg/dose)

•	 Atropine	(0.02	mg/kg)	
minimum dose 0.1 mg/
dose and maximum 
2 mg/dose)

•	 Isoprenaline	(0.02	mcg/
kg/min, maximum dose 
of 0.5 mcg/kg/min)

•	 Temporary	transvenous	
cardiac pacing

First-degree 
heart block 
(Fig. 30D.18)

•	 Slowed	conduction	through	the	
AV node resulting in PR interval 
prolongation

•	 Usually	not	associated	with	diseased	
conduction system

•	 Electrolyte	disturbances	and	
associated with some CHD such 
as DORV, ASD, AVCD, CCTGA, 
Ebstein’s anomaly

•	 Drugs	that	prolong	the	PR	
interval. Example: Digoxin

•	 Treat	underlying	
cause, otherwise no 
treatment required

Second-degree 
heart block 
(Mobitz type I) 
(Fig. 30D.18)

•	 Intermittent	block	of	conduction	of	
atrial beats to the ventricle resulting 
in dropped QRS complexes

•	 Progressive	lengthening	of	the	
PR interval until a QRS is dropped 
and the cycle starts again with a 
shorter PR interval that progressively 
lengthens

•	 Usually	indicates	block	in	the	AV	
node

•	 Wenckebach	conduction	occurs	
in healthy neonates

•	 Address	underlying	
cause otherwise no 
treatment needed

Second-degree 
heart block 
(Mobitz type II) 
(Fig. 30D.18)

•	 Patterned	dropping	of	QRS	
complex with a fixed ratio of 
atrial depolarization’s (P waves) to 
conducted beats with a consistent PR 
interval throughout

•	 Higher	risk	than	Mobitz	I
•	 Variation	in	the	RR	interval	

distinguishes second-degree from 
third-degree AV block

•	 May	progress	to	complete	heart	
block

•	 Occasionally,	infants	who	have	
congenital LQTS present with 
bradycardia due to second-
degree AV block

•	 Treat	underlying	cause
•	 If	symptomatic	with	

low ventricular rate, 
then may need 
pacemaker

Third-degree 
heart block 
(complete 
heart block) 
(Fig. 30D.19)

•	 Complete	block	of	AV	node	resulting	
in AV dissociation between atrial and 
ventricular events

•	 No	relationship	between	the	P	waves	
and QRS complexes with regular RR 
intervals and regular PP intervals.

•	 Atrial	rate	> ventricular rate.

•	 Neonatal	heart	block	is	
associated with maternal 
autoimmune disease, that is, 
systemic lupus

•	 Complex	CHD	or	rarely	infective	
causes like myocarditis

•	 Emergency	pacing	
is indicated in all 
symptomatic neonates, 
wide complex escape 
rhythm, asymptotic 
neonates with 
rate <55/bpm and 
cardiomegaly
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Fig. 30D.18 ECG features of (A) first-degree heart block, (B) second-degree heart block-type I, (C) second-degree heart block 
type II.

Fig. 30D.19 Complete Heart Block.
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Fig. 30D.20 ECG showing long QT interval (depicted in circles).

Others

Long QT syndrome
If QT interval is greater than 50% of RR interval, then diag-
nosis of LQTS is evident. Otherwise in a suspected case of 
LQTS or positive family history, Adrenaline test is required 
to diagnose it (Figs. 30D.20 and 30D.21).

Bundle branch block
•	 RBBB/LBBB very rare in neonates, usually associated 

with structural heart disease like RBBB with prolonged 
PR seen with Ebstein’s/postcardiac surgery.

•	 LBBB is seen with myocarditis/severe cardiomyopathy. 
Hereditary BBB is an autosomal dominant inherited 
disease. Left anterior fascicular block are seen with 
AVCD, tricuspid atresia.

Evaluation and management 
protocol

1. To assess hemodynamic status of the neonate
2. Support airway, breathing, maintain temperature
3. IV access, intubation if needed
4. Emergency treatment for unstable arrhythmia (DC 

shock) and later to assess type and nature
5. If stable, then 12-lead ECG to decide type and nature 

of rhythm disturbance
6. Risk factor for arrhythmia—to rule out secondary 

causes like 7H, 5Ts (see later)
7. Antenatal and drug history
8. Assessment with serum electrolytes, ECHO (to rule out 

associated structural heart disease, ventricular func-
tion), arterial/venous blood gas

9. Management of rhythm disturbances—acute and long 
term

10. Requirement of inotropes and diuretics
11. Need for invasive therapy, radiofrequency ablation
12. Follow-up and chronic therapy

Management of arrhythmia 
in neonates

General points
•	 Most important decision in managing neonatal rhythm 

disturbances is to assess first hemodynamic instability.
•	 If baby have no signs of circulation/pulseless or having 

signs of poor perfusion, then consider it as impending 
arrest and act according to Pediatric and Neonatal 
Advanced Life Support (PALS and NALS) guidelines.

•	 With hemodynamic compromise, immediate treatment 
is to perform synchronized cardioversion for SVT and 
defibrillation—DC shock for VT.

•	 During every step of management, maintain airways, 
oxygenation, and circulation.

•	 Always try to identify the reversible causes (7H)—
hypovolemia, hypoxia, hydrogen ion (acidosis), 
hypothermia, hypoglycemia, hypokalemia/
hyperkalemia, hypomagnesemia, and 5T—toxins/
drugs, tamponade, tension pneumothorax, thrombosis, 
trauma (Fig. 30D.22).
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Fig. 30D.21 Method of Measuring QT Interval and ECG Showing Long QT Interval.

Fig. 30D.22 ECG Showing Regular Rhythm, Widened QRS Complex in a Sine-Wave Configuration. Note: there are no 
discernible P waves. The T waves fused with the widened QRS complexes.
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Specific treatment
1. Vagal maneuvers: Initiate diving reflex by placing 

bagged iced over the nasal bridge for 10 s to maximum 
of 30 s.

2. Cardioversion: Usually, reentry tachycardias respond 
well to DC cardioversion, while tachycardias due 
to abnormal focus (JET/EAT/PJRT) do not respond. 
Paddle size for neonates and up to 10 kg is 4.5 cm.
a. Synchronized: Used for unstable patients 

with SVT, VT with pulses, and AFL who have a 
perfusing rhythm with evidence of cardiovascular 
compromise. Used electively for selected stable 
SVT, AFL, or VT. Start with dose of 0.25–0.5 J/kg for 
SVT/VT with a pulse with cardiovascular instability. 
Augment every time by 50%–100% with maximum 
dose is 2 J/kg. If no response, then reevaluate the 
diagnosis of SVT and check the reversible causes.

b. Unsynchronized/Defibrillation: Pulseless arrest 
with VT/VF (shockable rhythm). It is used in 

between CPR but not for asystole or pulseless 
electrical activity. Initiate with dose of 1–2 J/kg 
followed by 4 J/kg. If still arrhythmia persists, then 
again use 4 J/kg.

3. Adenosine: Drug of choice for SVT. To be administered 
as fast as possible in view of short half-life of 10 s. It 
acts by producing transient AV conduction block. Dose 
required 0.1 mg/kg followed by 0.2 mg/kg. It should 
be given using two syringes connected to a stopcock or 
three-way T-connector followed by rapid normal saline 
bolus flush (Fig. 30D.1).

4. Antiarrhythmic drugs: If vagal maneuver or adenosine 
fails in a stable patient, then consult pediatric 
cardiologist. Usually, digoxin and/or beta-blocker 
are the first line agents. Other drugs that can be used 
are Amiodarone, Flecainide, Procainamide, Sotalol, 
Quinidine, etc. Verapamil should not be used in 
infants, as it has been associated with irreversible 
electromechanical dissociation and sudden death. 
Flecainide and Sotalol were proved to be effective in 

Fig. 30D.23 A Brief Approach and Management of Tachycardia and Bradycardia.
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case of refractory SVT either alone or in combination. 
In case of unstable SVT not responded with two doses 
of shock, then consider Amiodarone or Procainamide.

5. Transoesophageal pacing (TEP): Whenever 
available or feasible TEP is effective in terminating 
tachyarrhythmias. Burst pacing through TEP may help 
in terminating reentrant type of SVT.

6. Maintenance therapy: In an easily reverted Adenosine 
reentrant tachycardia, drug of choice is long-acting 
Beta-blocker. If status is not known or in case of 
WPW syndrome: Propranolol, 0.5 mg/kg/dose should 
be given by oral route in divided doses. Neonate 

presenting with shock or in patients where tachycardia 
was difficult to control or patients who required 
intravenous Amiodarone, more potent drugs like 
Sotalol/Amiodarone/Flecainide is required alone or in 
combination. Digoxin should be used in combination 
with beta-blocker/Flecainide. Digoxin dose should be 
reduced to half when given along with Amiodarone.

7. Radiofrequency ablation: Reserved for difficult 
arrhythmia unable to control with medications 
like PJRT.

8. Approach to the treatment of various rhythm 
disturbances is given in the Fig. 30D.23.
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Neonatal Shock Management
Abbas Hyderi, MD, FRCPC, FAAP, R.V. Jeya Balaji MD, Karunakar Vadlamudi, MD

Introduction

Hypotension in a newborn has been traditionally used 
interchangeably as neonatal shock erroneously. Neonatal 
shock is a more complex cellular phenomenon and usu-
ally an end result of homeostasis and disequilibrium due 
to interplay between cardiovascular (CV), respiratory, and 

neurohumoral systems among others. What makes this 
pathophysiologic state even more dramatic and challeng-
ing is the fact that neonate is in the process of “adaptation” 
of circulations especially in the extremely premature and 
prone to multiple disease states while critically ill.

Definition

Shock can be defined in many ways, but a commonly known 
definition is that shock is a state of cellular and tissue hypoxia 
due to reduced oxygen delivery and/or increased oxygen con-
sumption or inadequate oxygen utilization. In other words, 
shock is simply a state of “mismatch” of metabolic supply 
and demand at the cellular level, but not merely a numerical 
low value of blood pressure (BP) as may be often mistaken.

Stages of shock

Classically, shock “phases” are usually classified as follows:
1. Compensated (vital organ function maintained by 

compensatory mechanisms).
2. Uncompensated (failure of compensatory mechanisms, 

clinically presents with features systemic hypoperfusion 
[e.g., low BP, lactic acidosis, oliguria, poor cap refill 
time, and so on]).

3. Irreversible (in the event of persistence of 
aforementioned, progresses to irreparable cell damage 
and cell death/tissue necrosis).

Types of shock

Classically, shock “types” are usually denoted as hypovole-
mic shock, cardiogenic, and distributive shock. However, 
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CHAPTER POINTS

•	 Pathophysiology of shock in newborns is unique since 
it is associated with physiologic transition from fetal 
circulation to neonatal circulation at birth.

•	 The key to the management of shock in the newborn 
period is early identification and determination of 
etiology to provide appropriate care.

•	 Frequent reassessment and close monitoring are 
essential to prevent progression to irreversible shock

•	 Selecting an inotrope or vasopressor is determined by 
the cause of shock and the desired therapeutic activity 
targeting the underlying pathogenesis.

•	 Vasopressors should be initiated in refractory 
hypotension despite adequate fluid resuscitation.
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certain subtypes exist depending on clinical situation and 
age groups, including septic shock, anaphylactic shock, or 
neurogenic shock.

Shock pathophysiology

To understand the pathophysiology it may be important to 
review some hemodynamic terms in context of the cardiac 
cycle. Details of fetal, transitional, and postnatal circulation 
are well-detailed elsewhere in the book and reader is thus 
referred. Some hemodynamic concepts are as follows:
•	 Ideally hemodynamic equilibrium → (VO2 = DO2) where 

VO2, oxygen consumption and DO2 is oxygen delivery to 
the tissue. Loss of this equilibrium leads to shock

•	 BP: Force exerted by circulating blood on the walls of 
arterial vessels

•	 Pulse pressure (PP) = Systolic – Diastolic BP and Mean 
BP (MBP) = DBP + one-third PP

•	 Cardiac output (CO) = Stroke volume (SV) × Heart 
rate (HR)

•	 SV is volume blood ejected with each beat effected by 
preload, contractility and afterload

•	 BP = CO × Systemic vascular resistance (SVR) or 
SVR = BP/CO (used in estimating SVR)

•	 Systemic flow = Velocity (v) × Cross-sectional area 
(CSA)

•	 Cerebral perfusion pressure 
(CPP) = MBP − Intracranial pressure (ICP)

•	 DO2 (in mL/min) = Blood flow (Q) × Arterial oxygen 
content (CaO2)

•	 CaO2 = Arterial O2 content depends on O2 bound to 
hemoglobin (Hb) + Dissolved O2

•	 CaO2 content calculated as = [1.34 × Hb (g/
dL) × SaO2] + [0.0031 × PaO2 (mmHg)] and expressed 
as mL/dL

•	 CvO2 = Venous oxygen content = [1.34 × Hb (g/
dL) × SvO2] + [0.0031 × PvO2 (mmHg)] and expressed 
as mL/dL

•	 Tissue oxygen extraction is estimated as CaO2 − CvO2 
or SaO2 − SvO2 if further simplified

•	 VO2 = (O2 consumption) − VO2 (initially not effected 
by decrease in flow until tissues capacity to extract O2 
is exhausted, at this point VO2 becomes directly flow-
dependent) [1]

•	 Regional tissue saturation (rSO2)* of vital organs like 
brain, renal, intestine, and so on.

•	 FOE* = (Fractional oxygen extraction) fraction of tissue 
O2 consumed (0.15–0.33) [2,3]

•	 TOI* = Tissue oxygen index is the ratio of oxygenated 
HbO2 to total Hb (55%–85%) [2,3]

•	 V/Q ratio = Ventilation perfusion ratio is currently 
being able to be estimated (>0.8–1)

*Derived by near infrared spectroscopy (NIRS). For 
example, if SaO2 is 92% and SvO2 is 77%. Then FOE is 15 
or 0.15% (normal range).

Lastly, to summarize from above, shock is a state where 
delivery of oxygen (DO2) not able to meet the cellular 
oxygen demand/consumption in tissue (VO2). Hence, to 
reverse chock the six prominent variables of shock in the 
CaO2 equation need to be manipulated to regain hemo-
dynamic equilibrium/clinical reversal of shock. Key factors 
are HR, preload, contractility, afterload, Hb, SaO2 (%). 
Furthermore, the complex interaction of various factors in 
maintaining hemodynamics is shown in Fig. 31A.1, with 
the common goal to constantly maintain and “match”—
the supply and demand (the “center” in Fig. 31A.1).

Pathophysiological correlates 
of neonatal disease states
Using the aforementioned principles and abnormality of 
each variable, a number of common disease states present 
in the newborn period. A good understanding/detection of 
pathophysiological derangement is paramount in trying to 
reverse the reachieved hemodynamic equilibrium. Tools to 
assess are described in next section. Most common tool in 
today’s NICU is the use of targeted neonatal echocardiogra-
phy (TnE) for a real time assessment of CV hemodynamics. 
A succinct pictorial summary of pathophysiological correlates 
of neonatal disease states is described later (Fig. 31A.2) [5].

What is normal blood pressure in neonate? Correct 
answer is: this question has not been answered by litera-
ture, as far as 2018.

There are large variations in NICU practice across the 
globe in determination as to what is normal BP. Most cen-
ters use a simplified “thumb rule.” Across the spectrum, 
there are at least 15 definitions based on various studies. 
No single definition is widely accepted, but 3–4 are most 
commonly used and reported in studies. The “thumb rule” 
of MBP less than GA (gestational age) has no pathophysi-
ologic or evidence basis and based from a consensus of 
experts for respiratory distress syndrome (RDS) in a Joint 
Working Group British Association Perinatal Medicine, 
1992 [6].

In 2006, a Canadian survey of neonatologist (n = 95) 
was sought, albeit no consensus arrived. Great varia-
tion in practice regarding when to intervene and with 
what agent(s) and at what threshold. Most common BP 
definition used was the aforesaid thumb rule MBP < GA 
followed by Watkins et al. [7], Zubrow et al. [8], and Miall-
Allen et al. [9]. See later for discussion on various BP cri-
teria. Most common volume expander used in this survey 
was normal saline. Most common treatment regimen was 
Volume–Dopamine–Hydrocortisone (32% of responders) 
next closely followed by regimen Volume–Dopamine–
Dobutamine (29% of responders) [10].
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Fig. 31A.1 Hemodynamic Equilibrium and Factors Affecting Each Component [4]. 

Fig. 31A.2 Factors Contributing to Low Cardiac Output With Clinical Examples [5]. ALCAPA, Anomalous left coronary 
arising from pulmonary artery; CHD, congenital heart disease; HOCM, hypertrophic obstructive cardiomyopathy; MAP, mean 
airway pressure; PDA, patent ductus arteriosus; PPHN, persistent pulmonary hypertension; PV, pulmonary veins, RV, right ventricle; 
SVT, supraventricular tachycardia; TMI, transient myocardial ischemia; VT, ventricular tachycardia. Modified with permission from 
Giesinger RE, McNamara PJ. Hemodynamic instability in the critically ill neonate: an approach to cardiovascular support based on 
disease pathophysiology. Semin Perinatol 2016;40(3):174–188 [5].
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Furthermore, in 2014 further exploration led to a larger 
international survey of about 26,000 very low birth weight 
(VLBW) infants across 38 countries which was published 
using a web-based questionnaire [11]. The majority of respon-
dents (73%) used the thumb rule of MBP in mmHg as less 
than GA in weeks, as the “cut off” to determine hypotension. 
However, 60% of respondents used additional assessment 
tools including echocardiography being the most commonly 
used in about 74% of them. A prospective study by Lee et al. 
in neonates in first 24 h and by 12–24 h MBP in mmHg was 
noted to trend toward GA in weeks. The MBP in first 12 h was 
lower potentially pointing toward a fact that MBP improves 
on an hourly basis [12]. The specific “normative” data on BP 
in 23–25 weeks of GA within 7 days of life was published in 
2007 [13]. This study further quantified the previous study’s 
[12] principle that BP continuously improves even in absence 
of intervention in first 48 h. It was noted that MBP improves 
by 0.3 mm/h in first 24 h, whereas the next 24 h rate of rise 
slows down to 0.1 mm/h, thereafter stable plateau graph is 
obtained [13,14].

Interestingly, in the same publication [11] about 80% 
of neonatologist stated they would consider “permissive 
hypotension” approach on nonintervention in a clinical 
setting where a numerical value below the thumb rule but 
without signs of poor organ perfusion on assessment [11–
15]. A detailed subsection on assessment of hemodynamic 
derangement in organ perfusion follows.

Historically, classical studies like Miall-Allen et al. 
have shown that preterm neonates <30 weeks with MBP 
<30 mmHg is associated with an increased incidence of 
severe neurologic lesions and/or deaths than those infants 
with a MBP > 30 mmHg (P < 0.01) [9]. This abrupt value 
of 30 mmHg is sometimes informally often referred to as 
“Allen’s” cut off. There is some pathophysiologic argument 
supporting these numbers (see Section: The Autoregulation). 

Watkins et al. [7] also corroborated previous study finding 
that hypotension (defined < 10th centile) associated with 
intraventricular hemorrhage (P < 0.0005) and mortality. 
They also arrived at an equation in estimating MBP. The so 
called Watkins formula for (mean) MBP in first 96 h of VLBW 
infants is ([31.6] + [0.1 × hours of life] + [0.0057 × BW]) 
[7]. Many authors have used BP curves generated by various 
authors and common ones include Zubrow et al. [16], Nun-
tramuit [17], Bada et al. [18], Versmold et al. [19], Goldstein 
et al. [20], Cunningham et al. [21] (Table 31A.1).

Lastly, despite so many variations in BP definitions, it 
is clear that no one definition is superior. For purpose of 
this review we have chosen to use either the northern neo-
natal initiative (NNI) [23] or the Zubrow’s graphs [22]. 
The Zubrow’s graphs were cumulative data of 1–99 days 
in about 600 infants admitted to 14 NICUs’ in the United 
States and also data generated by Philadelphia [16]. Simi-
larly, the NNI data are robustly collected with ∼400 infants 
in the United Kingdom, and give a comprehensive BP 
assessment from 3rd centile to 97th centile of SBP, DBP, or 
MBP (Table 31A.2).

Hence, by choosing hypotension as BP <3rd centile, it 
allowed us to “correct or reverse” the hemodynamic abnor-
mality based on specific pathophysiology contributing to 
hypotension.

Lastly, it must be again noted here that simply a BP value 
<3rd centile for age/GA may not mean the infant is in 
shock as infant may have minimal to no metabolic supply/
demand “mismatch.” This phenomenon is further clarified 
with autoregulation (AR) and NIRS later.

The autoregulation
AR is an inherent vascular property of a vascular bed/tis-
sue where vessel dynamics are altered by neuroendocrine 

Table 31A.1  Normative data on blood pressure (BP) commonly quoted in literature and used worldwide [9–23]

Author (year) Definition BP Type study and number (n) References

Miall-Allen et al. (1987) MBP < 30 mmHg Prospective (n = 33) [9]

Watkins et al. (1989) Weight-based criteria Retrospective (n = 131) [7]

Cunningham et al. (1999) MBP < 10th centiles Retrospective (n = 232) [21]

Goldstein et al. (1995) SBP < 35 mm (<750 g) Prospective (n = 191) [20]

Lee et al. (1999) Graphs by lower 95% CI Prospective (n = 61) [12]

Versmold et al. (1981) Graphs 1st 12 h Prospective (n = 16) [19]

Bada et al. (1990) Graphs 1st 48 h as ±2SD Prospective (n = 72) [18]

Zubrow et al. (1995) Graphs > 24 h until 99 days Prospective (n = 608) [16]

Batton et al. (2007) Graphs BP 5th–95th centiles Retrospective (n = 142) [13]

McNamara et al. (2016) Graphs 3rd–97th centiles Prospective (n = 398) [23]
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pathways with a goal of preservation of end organ perfu-
sion. This property of the arteries has a limited capacity and 
as a result blood flow to the tissue will decrease when BP is 
below a “critical threshold.”

AR can be static or dynamic. The dynamic AR (measur-
ing before steady state) seems not to exist in preterm infant 
[24]. However, the static AR (measuring at steady state) is 
developed albeit at a lower threshold. AR plateau has a clas-
sical relation between MBP and cerebral blood flow (CBF) 
(Fig. 31A.3).

The AR plateau for CBF and its lower threshold in a 
preterm newborn is found to be at 30 mmHg while upper 
threshold is not exactly known. It is reasonable assumption 
that ischemic threshold is about 50% of resting blood flow. 
It is assumed in preterm infants that critical closing pres-
sure (CrCP) is near MBP (note: CPP = MBP − CrCP).

Various animal studies have corroborated this AR con-
cept and the CBF–BP interaction. In newborn lambs, AR 
could be completely abolished for ∼7 h with a 20-min 
hypoxemia [25]. The classical beagle puppy study in 1982 
where rapid BP fluctuation induced by hypovolemia/hypo-
tension and volume expansion leads to IVH similar to that 
seen in premature infants. The plausible explanation was 
that cerebral circulation had “lost autoregulation” (pres-
sure passive circulation) and was in a compensatory “pro-
tective” state, when vessels were maximally dilated while 

Table 31A.2  Normal neonatal BP centiles (northern 
neonatal nursing initiative) [23]

GA (weeks)
Systolic 
(mmHg)

Diastolic 
(mmHg)

Mean 
(mmHg)

24 32 15 26

25 34 16 26

26 36 17 27

27 38 17 27

28 40 18 28

29 42 19 28

30 43 20 29

31 45 20 30

32 46 21 30

33 47 22 30

34 48 23 31

35 49 24 32

36 50 25 32

Blood pressures thresholds–3rd percentile as per gestational age. GA, 
Gestational age; mmHg, Millimeter mercury.

Fig. 31A.3 Cerebral Autoregulation in a Preterm Infant [24]. 
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hypotension was ongoing and a sudden reperfusion of 
immature vessels with a poor supporting matrix by volume 
reexpansion may have led to IVH [26].

Overall, AR is lost in various states, such as prolonged 
hypoxemia, acidosis, asphyxia, wide CO2 fluctuation, 
among other pathologic states. It is also worth stating that 
the more immature the neonate, the less AR mechanisms 
are developed and also seem to be less robust during the 
first 72–96 h of postnatal life.

Cerebral pressure passivity is quantified by pressure pas-
sive index (PPI) or period of time cerebral perfusion is pas-
sive (i.e., impaired AR). Hypotension index (HOI) is the 
period of time when blood pressure remains below the 
threshold of hypotension (using MBP <10th centile) [7]. 
A strong correlation is found between HOI and PPI. Sim-
ply, longer periods of hypotension are associated with lon-
ger periods of cerebral pressure passivity. This suggests an 
increased risk of cerebral ischemia when systemic hypoten-
sion is associated with cerebral pressure passive circulation. 
Higher PPI is associated with hypotension (P < 0.001) and 
inverse relation noted between PPI and GA [27].

Recently, with the use of transfer function analysis (TFA), 
Vesoulis et al. [28] have quantified AR in the human pre-
term infant in first 72 h in real time. These data lend cre-
dence to the concept that impaired AR diminishes ability 
to cope with perturbations in systemic perfusion in the 
most immature infant and AR develops as infant matures 
with increasing postnatal age. Further, it was noted that 
IVH infants had worse ability to autoregulate than no IVH 
infants [28].

Cerebral perfusion: It appears obvious that the most 
important organ that needs perfusion maintained dur-
ing critical period of pressure passive transitional circula-
tion where autoregulatory mechanisms are still immature 
is the brain. CBF, as can be recalled, is proportionate to 
MBP + ICP. Several assessment tools at current date are 
available, but the most upcoming and promising is the 
combined dynamic cardiac assessment via integration of 
TnE and NIRS data. Superior vena cava (SVC) flow (derived 
by TnE) is suggested to be a surrogate marker of CBF. 
Venous return from the head and neck region corresponds 
to nearly 80% of SVC flow. Another benefit of measuring 
SVC flow is avoidance of errors in measurement induced by 
shunts common in this transition period (the patent ductus 
arteriosus [PDA]) [29]. Further, there is a good correlation 
with SVC flow and cerebral NIRS and lactate. Furthermore, 
Hunt et al. demonstrated a correlation of low SVC flow to 
poor neurological outcome at 3 years (P < 0.002) [30].

NIRS has the potential to assess the cerebral hemody-
namic in real time. NIRS measures the changes in HbO2 
and HHb using near infrared light with different wave-
lengths, 760 and 850 nm. This permits the calculation of 
regional tissue saturation (rSO2). Knowledge of peripheral 
arterial saturation SaO2 will then mathematically help esti-

mate fractional tissue oxygen extraction (FTOE) by using 
simple deduction (FTOE = [SaO2 − rSO2] ÷ [SaO2]) [31]. 
The sick tissue desperation to increase the tissue demand 
the greater the FTOE until tissue enters cell death/irrevers-
ible stage where necrosis ensues and FTOE drops. Lastly, 
animal studies in piglets have proven that FTOE correlates 
positively with tissue oxygen index (TOI). The NIRS data 
can be focused on a specific vascular bed either the mes-
enteric, renal, cerebral, or peripheral or simplified use of 
a multisite to combine results. However, NIRS technology 
seems exciting, has critics questioning the reliability of sen-
sors, reproducibility, comparability between techniques/
studies among others. The details are outside scope of this 
review. Cochrane review published in September 2017 
concluded based on one RCT that low oxygenation was 
far more common in control group versus NIRS interven-
tion group. However, this difference did not translate to 
statistical significant difference in mortality [32]. This mul-
tinational European RCT was conducted in 166 preemies, 
although suggested a trend toward benefit without serious 
adverse effects was not powered to detect differences in 
clinical outcomes. Notwithstanding the trial found bor-
derline significant reduction in all-cause mortality near-
term in NIRS control group (ARR 0.5 [95% CI 0.29–1.0]) 
[33]. Furthermore, normative NIRS data in first 72 h for 
999 VLBW infants have recently been published [34]. For 
detailed discussion on this topic reader referred to SafeBo-
osc trial publications [35].

Then, practically can we get an estimate and use autoregula-
tion data clinically?

Estimation of AR is dynamic and difficult to understand 
but critical to correct hemodynamic alteration, especially 
in cerebral circulation. Current noninvasive metrics to do 
so include use of simultaneous BP monitoring, saturations 
and regional brain saturations with estimation of TOI, FOE 
by using NIRS monitors. For instance, if in an infant with a 
MBP of <35 mmHg causes the oxygen extraction to exceed, 
while maintaining the MBP >35 mmHg maintains a nor-
mal FOE and TOI. It may be argued that this “threshold 
of 35 mmHg” in this baby is the lower limit of AR, and 
therapy can be “targeted” to aim for a MBP >35 mmHg [2].

Assessment of organ perfusion and hemodynamic derange-
ment.

Hypotension (numerical low BP) alone without signs 
of systemic organ hypoperfusion was not shown to be asso-
ciated with poor outcomes when compared with infants 
without hypotension [36]. Moreover, it has been shown that 
treating every hypotension (irrespective signs of hypoperfu-
sion) is associated with increased mortality in NEOPAIN 
trial [37]. Hence, the concept of “permissive hypotension” 
and assessment of organ perfusion are important.

Assessment of compromised organ perfusion is based 
on a combination of following techniques. TNE is cur-
rently gaining popularity. Some hemodynamic indices 
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include BP, left ventricular output (LVO), right ventricular 
output (RVO), SVC, perfusion index, central venous pres-
sure (CVP), mixed venous O2, NIRS, and subdata among 
various others.

Standard tools of organ perfusion assessments of neo-
nate include the following:
1. Vital signs—heart rate (HR), BP
2. Clinical examination, capillary refill time (CRT), 

pulses, sensorium
3. Arterial waveform (if indwelling), temperature 

differentials, mixed venous SO2, urine output (UO)
4. Biochemical data—lactate levels, base excess >8, IL-6, 

IL-8, beta-2 microglobulin, serum cortisol, and so on [38]
Tachycardia is the compensatory response to improve CO 

(note: BP = HR × CO). Furthermore, a recent review of objec-
tive measures of CV assessment details the metrics [39].

Oliguria (UO < 0.5 mL/kg/h), when persistent is associ-
ated with mortality in children [40]. Nephrology data in 
NICU has suggested that UO less than 1.5 mL/kg/h after 
24 h of life was associated with predischarge mortality [41]. 
It may be assumed that this mortality may be related to 
significant organ hypoperfusion.

Further, although prolonged CRT remains an imprecise 
tool, it is still the most commonly performed test to assess 
microcirculation for this tissue as it adds value to assess-
ment [41]. Prolonged CRT > 4 s recognizes low systemic 
flow with positive likelihood ratio (LR+ 7).

MBP < GA age in weeks is 90% specific to detect low BP 
[39]. In combination, a neonate with CRT > 4 s and lac-
tate > 4 mmol/L is 97 % specific to detect low blood flow 
[39]. In conclusion, if MBP < GA age is combined with 
prolonged CRT and lactate > 4, then it appears practical to 
rule in low blood flow due to a very high specificity.

MBP is classically assessed by indwelling arterial line 
in the critically ill neonate. However, the vast majority of 
babies do not have an arterial line and it is a common 
practice to use noninvasive oscillometric BP measurement. 
Studies have shown good correlation between noninvasive 
to invasive BP value [42,43] while others noted overestima-
tion when BP measured noninvasively. These BP methods 
have been used and validated in various studies evaluating 
effects of inotropes [44].

Enhanced hemodynamic 
assessments tools

Targeted neonatal echocardiography 
assessment
Majority of units in Europe, Australia, and Canada are per-
forming point of care cardiac assessment. This is a growing 
trend in the United States. We have used this tool extensively 

in conjunction with traditional hemodynamic metrics in 
caring for neonates with compromised hemodynamics. 
Most objective metrics have now normative data but few 
are exclusively identified by subjective expertise. Preload 
assessment is usually performed by noting an inferior vena 
cava (IVC) diameter patency especially in a conventional 
ventilated infant [14]. Normal values >5 mm in term infant 
is suggested to denote adequate venous filing of the heart 
(i.e., normal preload). In an infant on oscillator the use of 
age appropriate LV end diastolic diameter with 2 SD is sug-
gested tool to assess preload status [14]. Other suggested 
measures may include pulmonary venous flow (LA filling), 
and subjective LV chamber size/filling by an experienced 
expert. Contractility is assessed by many metrics includ-
ing VcFc, wall stress, COs (LVO), ejection fraction, and also 
subjective “squeeze” of ventricles [5]. Afterload calculation 
noninvasively is cumbersome as systemic peripheral vascu-
lar resistance (SVR) needs to be calculated first. (SVR = BP/
LVO) equation can be used in estimating SVR. Further, pul-
monary vascular resistance (PVR) can be estimated by pul-
monary artery acceleration time (PAAT): RV ejection time 
(RVET) as a fraction. The smaller the fraction, the higher is 
the PVR. These surrogate measures are especially useful in 
absence of fetal shunts and also for trending (e.g., preino-
trope vs. postinotrope). LV dysfunction has been quantified 
by LV preejection period (LV PEP) >80 ms or LV PEP/ET 
(>0.45) [45].

Vasoactive inotropic score (VIS): This score was first 
developed in the 1990s in the pediatric CICU where post-
cardiac surgery children would need CV support especially 
in first 48 h. This score has been recently modified and 
expanded by Gaies et al. [46]. The score was studied in 
174 patients to be 80% specific to predict morbidity and 
mortality if patient has maximum high VIS. Max VIS was 
classified as “high” when VIS exceed range of 20–24 score 
within 24 h and 15–19 after 24 h. Furthermore, VIS (the 
score) computation consists of following components with 
an illustration:
•	 VIS formula: Dopamine dose (µg/kg/min) + 

Dobutamine (µg/kg/min) + 10 × Milrinone (µg/
kg/min) + 100 × Epinephrine (EPI) (µg/kg/
min) + 100 × Norepinephrine + 10,000 × Vasopressin 
(units/kg/min)

•	 For example: If an infant is in CV support of Dopamine 
at 10 µg/kg/min, Dobutamine at 10 µg/kg/min, EPI at 
0.05 µg/kg/min, and Milrinone at 0.5 µg/kg/min, then 
the VIS of infant is = 10 + 10 + 5 + 0.5 = 25.5 (very high).
Another particular usefulness of VIS potentially could be 

in trending overall CV support and predicting short-term 
CV prognosis. However, the VIS has not been validated in 
large RCT yet. However, we find this tool to be useful as 
an adjunct objective severity of CV illness and marker and 
some NICU’s have incorporated in their treatment algo-
rithms [2,3]. One negative feature of the VIS score is that 
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it does not take Hydrocortisone into consideration during 
management of hypotension.

V/Q mismatch assessment: The cardiopulmonary sys-
tem functions as a single hemodynamic unit in meeting 
the tissue metabolic demands. A well-known pulmonary 
hemodynamic phenomenon is V/Q matching where ven-
tilation (V) is optimized to tissue perfusion (Q) while 
optimizing hemoglobin dissociation curve (avoidance of 
shift right or left) to attain best gas exchange and improve 
DO2 to tissue, hence, meeting the VO2 (tissue oxygen 
demand). Noninvasive methods now simplified have 
been tried and validated in neonates and preterm infants. 
Most commonly simplified used method is the slide-shunt 
rule [47].

Whom to treat and when to treat 
hypotension
The answer to this question is unclear. However, some 
answers will possibly come from RCT—hypotension in 
preterm (HIPS trial). Hypotension here was defined as 
MBP < GA. Intervention arm Dopamine intervention. Pri-
mary outcome survival to 36 weeks PMA free of severe brain 
injury. This study has recently completed recruitment; and 
the study results are awaited. [22].

The ELGAN study was a large multicenter study with 
1506 infants, of which 945 infants were followed with 
neurodevelopmental delay (NDD) at 2 years postnatal age. 
Since hypotension definition was not defined in literature, 
this group used one of the three operational definitions 
to label an infant “hypotensive on day 1.” First definition 
(i.e., low) is MBP in lowest quartile, second definition (i.e., 
labile) if MBP lability in upper quartile for quantity, and 
third definition (i.e., pressor) was clinician’s discretion 
to use pressor to support BP. At 2 years the hypotensive 
ELBW infants were noted to have no evidence of increased 
NDD in hypotensive compared to normotensives. This 
large studies’ findings lend credence to the concept that 
numerical hypotension alone is not associated with poor 
NDD. Hence, it is potentially possible in some infants that 
intervention was unwarranted [15]. In the next section a 
brief description of ongoing trials and studies are further 
summarized.

Hence, in summary, it appears until further data from 
trials become available a targeted approach based on col-
lective signs of hypoperfusion, best guesstimate of the 
pathophysiology of the cardiopulmonary unit in the set-
ting of low BP may be a reasonable approach to treat.

Interventions in hypotension
A brief overview of the pharmapathology of the agents will 
be presented followed by a targeted approach and interven-
tion (individualized). The use of TnE and NIRS will further 

help narrow selection. By 2014, 74% European NICU’s 
were using TnE as a tool to assess hemodynamics [11]. The 
following are current therapy options to choose, if it is a 
deemed necessary to intervene.
1. Crystalloid (normal saline 0.9%, lactated ringers 

solution)
2. Colloids (5% albumin, fresh frozen plasma) and 

packed red cells/whole blood
3. Dopamine
4. Dobutamine
5. EPI
6. Norepinephrine (NE)
7. Vasopressin (AVP)
8. Milrinone
9. Phenylephrine
10. Isoprenaline
11. Levosimendan
12. Pentoxifylline (PTX)
13. Others hemodynamic strategies are as follows

a. Weaning a high mean airway pressure while 
maintaining an optimal FRC

b. Delayed cord clamping to optimize Hb, to conserve 
fetal hemoglobin (HbF)

c. V/Q mismatch optimization and optimizing Hb 
(Hb–O2 curve optimization)

d. Closure of hemodynamic compromising  
shunts (e.g., large hemodynamically significant 
PDA)

Basic pharmacology

The basic pharmacopathology of adrenergic receptors and 
knowledge of various inotropes and their site/mechanism 
of actions with relative concentrations and dosing is essen-
tial in targeting a therapy to maximize physiology of choice. 
The basic receptor anatomic locations and functions are 
noted as follows:
1. Alpha 1: Smooth muscles (of blood vessels) → 

Vasocontricts peripheral veins and coronaries
2. Alpha 2: Presynaptic nerves → Increases conduction, 

vasocontricts peripheral veins, coronaries
3. Beta 1: Smooth muscles (cardiac myocytes) → 

Increases HR, contractility, conduction velocity
4. Beta 2: Blood vessels and bronchi → Dilates smaller 

blood vessels, bronchodilation
5. Dopaminergic: Renal, mesenteric beds → Vasodilation
6. V1a: Vasopressine receptor → Peripheral 

vasoconstriction only
The various inotropes have effects of different periph-

eral vascular and cardiac receptors (adrenergic, dopami-
nergic, and vasopressin) in relative strength, as noted in 
Tables 31A.3 and 31A.4.
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Volume replacement
As it is well known that absolute hypovolemia is rare in a 
preterm infant without corresponding clinical story (such as 
placental abruption, fetomaternal bleed, and large intracra-
nial hemorrhage). Most hypotensive preterm infants have 
normal intravascular volume status [49,50]. Since accurate 
volume estimation is difficult and with unreliable accuracy 
in a newborn most centers may opt to give an initial volume 
replacement 10–20 mL/kg/dose in a hypotension of unclear 
etiology. There is evidence that excess empirical fluids 
administration without signs of hypovolemia is associated 
with worsening mortality. Ewer et al. noted >30 mL/kg/day 
of normal saline in first 48 h is associated mortality in less 
than 28-week preterm [51]. Type of fluid to correct hypo-
volemia hypotension is also controversial. It may be obvi-
ous to restate the identifiable fluid losses that need to be 

corrected with the corresponding physiological agent (e.g., 
PRBC transfusion in a fetal anemic and hypotensive infant).

However, RCTs done 2 decades ago showed crystalloid is 
as effective as colloid (5% albumin) with additional advan-
tage of less fluid retention by 48 h. The prevalent argument, 
especially in adult ICUs, is that colloids remain in the intra-
vascular compartment longer and is not entirely proven in 
neonates as it is likely that sick preterm infants have a resul-
tant capillary leak and reflection coefficient may be so low 
that fluids cross the capillary walls independent of oncotic 
pressure gradient [49,50]. In animal models, protein leaks 
lead to interstitial edema and fluid retention into alveolar 
space leads to worsening of hyaline membrane disease 
(HMD) [52]. Furthermore, a Cochrane review in 2001 con-
cluded Dopamine was more successful in correcting hypo-
tension compared to albumin 5% [26].

Table 31A.3  Cardiovascular actions mediated by various receptors [48]

Note

α1 β1/β2 α1/α2* β2 DA1/DA2 V1a

Cardiac Cardiac Vascular Vascular Cardiac/Vascular Vascular

Vasoconstriction 0 0 ++++ 0 0 ++++

Vasodilatation 0 0 0 ++++ ++++† 0

Inotropy ++ ++++ 0 0 +/++ 0

Chronotropy 0 ++++ 0 0 0 0

Conduction 
velocity

0 ++++ 0 0 0 0

*α2-Receptors cause arterial vasodilation and venous vasoconstriction.
†Renal, mesenteric, coronary circulation > Pulmonary circulation > Extracranial vessels of the neck.

Table 31A.4  Estimated relative cardiovascular effects of inotropes, lusitropes and vasopressors [48]

Adrenergic, dopaminergic and vasopressin receptors

α1/α2 β2 α1 β1/β2 DA1/DA2 V1a

Vascular Vascular Cardiac Cardiac Vascular/Cardiac Vascular

Phenylephrine ++++ 0 + 0 0 0

Norepinephrine ++++ 0/+ ++ ++++ 0 0

Epinephrine ++++ ++++ ++ ++++ 0 0

Dopamine* ++++ ++ ++ +++ ++++ 0

Dobutamine† +/0 ++ ++ ++++ 0 0

Isoprenaline 0 +++ 0 ++++ 0 0

Vasopressin 0 0 0 0 0 ++++

α1/α2/β1/β2, Subtype of α- and β-adrenoreceptors; DA, dopamine; DOB, dobutamine; vasopressin receptor expressed in the vasculature.
*Dopamine also has serotoninergic actions.
†Efficacy of dobutamine is independent of its affinity for adrenoreceptors.
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The perils of rapid volume expansion have been studied 
and include higher incidence of BPD, increased IVH [53]. 
Greenough et al. in 2002 have shown consistent associa-
tion between increased colloid use and poorer long-term 
neurodevelopmental outcomes [54]. A Cochrane meta-
analysis in 2014 overall suggested higher fluid intakes 
were associated with a trend toward increased mortality 
but these trends were not statistically significant [55]. Vol-
ume expansion has no effect on cerebral oxygen delivery as 
compared to a cardiotropic medications (e.g., Dopamine) 
which provide small increase in cerebral oxygen delivery 
measured by NIRS data [56].

Furthermore, volume expansion at birth or delayed cord 
clamping or cord milking has regained interest in the neo-
natal literature in prevention of hypotension and optimiza-
tion of fetal hemoglobin and its favorable oxygen binding 
properties. Other maneuvers to improve volume of blood 
reaching the cardia include weaning excessive mean airway 
pressure especially while on the oscillation and/or prompt 
identification and drainage of air leaks.

Hence, currently unless there is an evidence of intravas-
cular volume loss or hypoalbuminemia; initial volume 
expansion is recommended as empiric normal saline 0.9% 
or lactated Ringer’s solution up to maximum 10–20 mL/kg/
dose. Should this be ineffective in correcting hemodynamic 
derangement then a detailed clinical assessment is manda-
tory ideally with a TnE to search for the cause. An interesting 
and extensive review of all studies in this area has been pro-
vided by Evans and its summary reemphasizes avoidance of 
repeated fluid bolus beyond 20 mL/kg/day without an obvi-
ous etiology in prevention of the “Michelin Man” appearance 
(generalized edema) [57].

Dopamine
Dopamine is a sympathomimetic and a naturally occur-
ring precursor of noradrenaline/adrenaline. It is released by 
stress, the adrenal medulla, and neural tissues endogenously. 
According to many surveys, Dopamine is the most com-
monly used inotrope in NICU today; approximately 25% of 
Dopamine is converted to noradrenaline endogenously [5]. 
As we note from Tables 31A.3 and 31A.4, relative actions of 
Dopamine are concentrated on peripheral alpha-1, alpha-2 
receptors (++++), and cardiac beta-1 receptors (++++) with 
reduced peripheral beta-2 action (++) and receptor stimu-
lation of dopaminergic receptors. It exerts CV effects via 
dose-dependent stimulation of dopaminergic-, alpha-, 
beta-receptors. Dopamine also has serotonergic actions. 
In addition, by stimulating epithelial, peripheral neuronal 
dopaminergic, and adrenergic receptors, Dopamine acti-
vates dopaminergic receptors and the resultant renal and 
endocrinal effects are independent of CV effects [58].

Dopamine affects all three major determinants of CV 
function (preload, contractility, and afterload). By decreas-
ing venous capacitance improves preload [59]. Contractility 
and afterload is mediated by beta-receptors and peripheral 
alpha/beta, respectively [58].

At lower doses (0.5–5 µg/kg/min), dopaminergic recep-
tors are activated potentially stimulating vasodilatation in the 
renal, mesenteric, and coronary vascular beds [58]. There is, 
however, considerable controversy regarding the vasodilatory 
action on renal and coronary beds [60]. At higher doses, beta 
cardiac inotropic effect followed by peripheral vasoconstric-
tion-mediated alpha-receptors takes over. The dose-depen-
dent effects of dopamine are depicted in Fig. 31A.4.

Fig. 31A.4 Dose-Dependent Effects of Dopamine in Neonates [61].
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However, data from preterm infants suggest that order 
of receptor sensitivity is different in preterm infants while 
dopaminergic and alpha-receptors stimulation occur before 
beta stimulation. Thus, the enhanced responsiveness of the 
preterm infant to pressor effects of dopamine in the early 
postnatal period is further complicated by fact that there is 
decreased clearance of dopamine by sick preterm infants 
enhancing its pressor effects clinically. It must be emphasized 
that excess vasoconstriction can further impair end organ 
perfusion and potentially worsen hemodynamics clinically 
[62]. A RCT using Dopamine at 5 µg/kg/min versus albumin 
could not demonstrate improvement in CBF although this 
study noted significant effects on systemic circulation [63]. 
The Dopamine group had an effective increase in MBP.

Cochrane meta-analysis in 2003 of five trials suggested 
superiority of Dopamine over Dobutamine in increasing 
blood pressure. There was no difference between these two 
inotropes on overall mortality or brain injury. One trial 
showed Dobutamine increased LVO. However, they con-
cluded that no firm recommendation could be made to 
prefer dopamine or dobutamine as the drug of choice [64].

A meta-analysis in 2011 of Dopamine use in hypotensive 
preterm and cerebral hemodynamic was published includ-
ing 12 eligible studies. The results showed that Dopamine 
is associated with significant increases in BP in hypotensive 
preterm infants. With exception of EPI where BP increase is 
higher, Dopamine is superior to therapeutic agents in increas-
ing BP. Dopamine also increases CBF in hypotensive infants, 
however, incidence of adverse neurological outcomes was 
not increased with Dopamine compared to other agents [59].

In a head-to-head RCT between Dopamine and Hydro-
cortisone fewer infants were successfully treated with 

Hydrocortisone (81%), while Dopamine was successful in 
100%. Albeit, the magnitude and rapidity of response was 
similar in both groups in the first 12 h [65].

The European consensus guideline in 2016 suggested [66] 
that Dopamine is more effective in treating hypotension, 
although in case of myocardial dysfunction and low CO, 
Dobutamine can be a rational choice given its pharmaco-
logic property of enhancing contractility while mild periph-
eral action vasodilatation (reduce afterload) [66]. It is also 
emphasized that there is no difference between these two 
drugs in terms of mortality or severe IVH in the longer term.

Adverse effects of Dopamine, especially at higher dosing, 
include tachyphylaxis, ventricular arrhythmias, excess periph-
eral vasoconstriction, excess myocardial oxygen consumption, 
site extravasation, increase Na+ and bicarbonate losses, pitu-
itary hormonal suppression (hypothyroidism, etc.) [67,68].

Dobutamine
Dobutamine, unlike Dopamine, is not an endogenous 
hormone and a synthetic drug that closely mimics cat-
echolamine actions. It is a relatively cardioselective sympa-
thomimetic catecholamine with significant alpha and beta 
effects and limited chronotropy. This drug was initially 
developed as a short-term i.v. therapy for adults with car-
diac failure as the positive inotropy improved ventricular 
function while decreasing pulmonary arterial pressure [59]. 
The efficacy of Dobutamine is independent of its affinity 
for adrenal receptors. Dobutamine has relative affinity for 
cardiac beta receptors (++++) and peripheral alpha 2 (++). 
Dobutamine dose-dependent effects are described later 
(Tables 31A.3 and 31A.4 and Fig. 31A.5) [61].

Fig. 31A.5 Dobutamine Dose-Dependent Effects [61]. 
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Dobutamine is suited for myocardial dysfunction with 
low CO (LCO) and improves left ventricular end-diastolic 
(LVED) pressures. The CV effects start as low as 3–5 µg/kg/min  
up to maximum 20 µg/kg/min. It has a dose-dependent 
increase in CO, SBF, among others [69,70]. Further, Dobu-
tamine does not rely on release of endogenous catechol-
amines for inotropic effect.

Cochrane review in 2010 concluded that there are no stud-
ies with sufficient power to compare inotropes to “no-treat-
ment” in preterm infants with low systemic blood flow [71]. 
The Osborn trial in 2012 was a head-to-head trial comparing 
Dobutamine to Dopamine with low systemic blood (SVC) 
flow normalization as the therapeutic end point. Dobu-
tamine was associated with greater increase in SVC flow 
and less severe periventricular-IVH [69]. A follow-up study 
by same author at 3 years noted no significant difference 
between two groups except surviving infants in Dobutamine 
group had a higher development quotient [72]. Another RCT 
performed by Spanish investigators in 2015 concluded that 
there was a tendency toward improved short-term perfusion 
and clinical outcomes in infants with low SVC treated with 
Dobutamine [73]. However, the study was underpowered.

Studies on Dobutamine effects on preterm with car-
diac functional parameters have shown that after 20 min 
of Dobutamine of approximately 8–10 µg/kg/min, cardiac 
functional parameters improved including SV, ejection 
fraction, blood velocities of anterior cerebral artery, supe-
rior mesenteric artery, and renal artery; and some of these 
parameters remained improved even 8–10 h later. This 
establishes the cardiovascular superiority of Dobutamine 
in preterm infants with myocardial dysfunction [45]. LV 
dysfunction was defined by echo criteria (LV preejection 
period [LV PEP]) >80 ms or LV PEP/ET (>0.45). Dobuta-
mine is shown to have a consistent positive inotropic effect 
but variable peripheral vasodilation [74].

Overall, it appears that Dobutamine may be more effec-
tive in asphyxiated hypotensive preterm infants with myo-
cardial dysfunction who are also present with elevated PVR 
as an adjunct agent [49]. There is indirect evidence from 
HR variability data with Dobutamine, leading experts to 
suggest preload optimization prior to initiating Dobuta-
mine to mitigate the potential vasodilator negative effects 
and drop in BP [73].

Dobutamine’s adverse effects include tachycardia, 
undesirable drop in BP due to variable peripheral vasodi-
latation. Higher dosing may impair myocardial diastolic 
performance.

Adrenaline/Epinephrine
EPI is a pan-selective sympathomimetic, hence, is agonist to 
alpha-1, alpha-2, beta-1, beta-2 receptors. EPI is an endoge-
nous catecholamine released by adrenal gland due to stress 
stimuli. In Low doses increases myocardial contractility 
and some peripheral vasodilatation (beta-2 effects); In high 
doses—alpha effects predominate like peripheral vasocon-
striction and increased afterload. Pharmacologic effects of 
EPI are discussed later. Adrenaline competitively increases 
cardiac output, SVR, and SBP greater than Dopamine in 
animal models. (Note: as we recall the VIS scoring EPI is 
100 times Dopamine for µg) [46] (Fig. 31A.6).

Further, another study comparing EPI versus Dopamine 
in VLBW <96 h, in which Dopamine up to 10 µg/kg/min 
was used and EPI up to 0.5 µg/kg/min. Authors concluded 
that low-dose EPI is as efficacious as low-moderate dose of 
Dopamine in increasing MBP in a VLBW population [75].

Further, another retrospective study using EPI for VLBW 
(when MBP < GA definition for hypotension was used) 
with BP improved with a dosing >0.05 µg/kg/min, EPI was 
able to raise BP in all critically ill subjects not responding 

Fig. 31A.6 Adrenaline Dose-Dependent Effects [61]. 
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to Dopamine >15 µg/kg/min. It was presumed that infants 
must have had sepsis and vasodilatation; and hence, the 
beneficial effects of alpha effect and UO might be counter-
acted by due to beta-2 vasodilatation [44].

Epinephrine side effects:Tachycardia, hypertension, 
decreased systemic perfusion (medium to high doses), 
lactic acidosis (worsening metabolic acidosis), increased 
gluconeogenesis, increased insulin need—another con-
cern of EPI is chronic use can lead to myocardial ischemia 
(increased myocardial oxygen demand) that causes to 
increase chronotropic/inotrope effect of EPI. Animal mod-
els show evidence that prolonged/high dose EPI in piglets 
is associated with myocardial injury (sarcolemma rupture/
mitochondrial injury) [76].

Overall, although EPI is a potent inotrope with signifi-
cant cardiovascular actions, there is insufficient evidence 
about safety, optimal dosage for EPI in sick neonates. 
Current consensus practice in most NICU is to use EPI in 
refractory hypotension with a minimal dosage for a mini-
mum time period to restore hemodynamics.

Noradrenaline
Noradrenaline/NE is another sympathomimetic with ago-
nist actions predominant on alpha-1 and alpha-2 receptors 
with affinity for beta-1 receptors leading to more peripheral 
vasoconstriction and significant inotropic actions respec-
tively. NE in neonates has been used with success in septic 
shock and pulmonary hypertension to augment the periph-
eral vascular resistance and improve PVR, respec-tively. 
Physiologically attractive, although NE is less commonly 
used overall as was less well studied in neonates compared 
to traditional inotropes.

The combined effects of EPI/NE and Dopamine may 
have advantages of improved renal perfusion and increased 
renal fraction of CO [49]. Alpha-1 vasoconstriction 
increases venous return from capacitance vessels and helps 
optimize preload further indirectly with relatively less 
tachycardia due to its effect on vagal tone. NE potentially 
has been implicated to be beneficial due to ventricular–
arterial coupling and pulmonary vasodilator effect, espe-
cially with data from animal studies.

In a large multicentered RCT with 1600 adult patients 
with shock comparing head-to-head NE and Dopamine, it 
was found that there was an increasing trend toward death 
at 28th day postinotropes in Dopamine arm (P < 0.07). 
Strikingly, the rate of arrhythmias in Dopamine was twice 
as much as in NE arm (P < 0.001) [76].

Other studies of near-term infant (22 newborns) with 
refractory septic shock (refractory to fluid and Dopamine/
Dobutamine) were treated with NE (median dosing 0.5 µg/
kg/min). NE was effective in increasing SBP, hemodynamic 
metrics including UO, cardiac function, and tissue perfu-
sion [14].

In 2016, a study of 48 preterm infants with median 
27 weeks, NE was found to be effective in treating preterm 
hypotensive infants associated with sepsis or PH. NE can 
be used in relatively low dose as first line [77]. Previously, 
studies have shown physiologic benefit of NE in fluid 
refractory septic shock in term infants. Recently, similar 
results have been replicated in preterm infants with septic 
shock. Whether NE improves long-term outcomes is not 
certain.

Side effects: Tachycardia, unpredictable total increase 
in SVR/PVR, relative decrease in CO (due to increased LV 
afterload), with higher doses can decrease tissue perfu-
sion, hypertension, decreased myocardial oxygen delivery, 
extravasation necrosis, “accidental” priming and spike in 
BP especially VLBW < 96 h.

Overall, NE may appear to have some physiological 
superiority over Dopamine in specific scenarios includ-
ing septic shock, pulmonary hypertension.More trials are 
required for recommending NE as first-line shock therapy 
as is currently emerging in adult literature.

Lastly, American College of Critical Care Medicine 
(ACCM) in September 2017, published Clinical Practice 
Parameters for shock recommends NE in its algorithm with 
warm septic shock especially fluid/Dopamine-resistant 
hypotension [78].

Vasopressin
Vasopressin (AVP) or antidiuretic hormone (ADH) is a 
posterior pituitary hormone secreted in response to hyper-
osmolality. The endogenous receptors leading to periph-
eral vasoconstriction are mediated by V1a receptors, renal 
water reabsorption mediated by V2a, and neurotransmitter 
release of cortisol hormone mediated by V3a. Terlipressin 
is an analogue of AVP with pronounced V1a constrictor 
effect; and hence, higher potency with higher likelihood of 
side effects. The half-life of AVP is 6 min and Terlipressin 
is 6 h.

The compensated shock neonate is presumed to have 
adequate AVP levels, however, when infant slips into vaso-
dilator uncompensated shock, it is suggested that there is a 
relative deficiency of AVP endogenously [79].

There is limited evidence on dosing ranging from RCTs 
(doses 0.01–0.04 units/kg/h). AVP use has been sporadic 
in postcardiac bypass and in catecholamine-resistant shock 
in VLBW preterm infant as case reports [80]. This medica-
tion has minimum to no cardiac Inotropic or chronotropic 
effect with significant vasoconstrictor effect and additional 
pulmonary vasodilator effect.

A head-to-head trial of AVP to Dopamine in 2015 with 
70 VLBW infants on day 1 was done. The group defined 
hypotension as MBP < GA and symptomatic hypoten-
sion or MBP < GA by less than 4 mmHg [81]. Although 
the arms had no difference in primary outcomes (raising 
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MBP greater or sooner), the AVP group had secondary ben-
efits from absence of tachycardia seen in Dopamine group, 
and presence of better pulmonary outcomes in short term 
(lesser surfactant, normalized pCO2, reduce RDS most 
likely secondary to pulmonary vasodilatation). Hence, 
AVP might have some pulmonary benefits in addition to 
significant pressor effects with lack of cardiac side effects. 
Although, this small trial showed a “promise,” larger phase 
2 or 3 trials are needed. Obvious limitation is that it is a 
small sample size study and safety cannot be established 
with such a small study patients [81].

Another study of ELBW infants with median GA of 
25 weeks treated refractory shock with AVP at doses (0.01–
0.04 units/kg/h) and noted a significant improvement in 
MBP, UO within 12 h [82].

Side effects: Splanchnic hypoperfusion and potential for 
NEC, rebound vascular hyporeactivity and recurrent hypo-
tension (postdiscontinuation AVP), oligoanuria, IVH (use 
within 72 h) [82].

AVP may be viable alternative in intractable shock in face 
of vasodilatation and acute kidney injury [79]. It may also 
be a viable rescue in catecholamine-resistant shock espe-
cially septic shock. Dosing range (0.01–0.04 units/kg/h). 
Further, research evaluating this pressor is needed. Liver 
necrosis noted at higher doses ∼0.36 units/kg/h dose [82].

Overall, benefits of AVP definitely seen in vasodilator 
uncompensated shock, with some pulmonary vasodilator 
benefits, renal benefits with no cardiac inotropic or chro-
notropic effect. However, splanchnic or peripheral vaso-
constriction at high dose remains a concern. Safety dosing 
not yet established. Hence, at present, not enough data to 
recommend its routine use are shock-resistance.

Milrinone
Milrinone is a methylxanthine derivative and a phospho-
diesterase type 3 inhibitor. Milrinone is commonly known 
as inodilator due to its inotropic effect combined with pul-
monary and systemic vasodilator effect and is a lusitropic 
medication. Potentially useful when myocardial dysfunc-
tion (especially diastolic dysfunction) and heart needs 
support as well as needs an afterload reduction agent. Cur-
rently, increasingly used in the setting of a postligation car-
diogenic shock (PLCS).

Small study in Toronto 24–32 weeks in 2014, showing 
utility of its use in PLCS especially in low CO (defined as 
LVO < 200 mL/kg/min), was associated with recovery of 
LVO, TDI leading to positive inotropic, vasodilation, and 
afterload reduction [83].

Evidence from an Australian RCT in 90 < 30-week 
infants within 6 h of life. Milrinone infusion (0.75 µg/
kg/min) was compared with placebo with improvement 
of SVC flow (>45 mL/kg/min) as an outcome measure. 
The trial showed there was no effect. This is likely due to 

decreased effectiveness in a immature myocardium and 
also need for preceding volume and also possibly due to 
late start of Milrinone ∼4 h after SVC nadir, or lastly pos-
sibly due to dosage itself [84].

A large double-blinded RCT (PRIMACORP trial) was 
a multicenter trial across North America with 238 term 
neonatal and young children. The trial noted Milrinone 
(0.75 µg/kg/min) in post-CHD surgery has shown to reduce 
the postcardiac surgery, LCO syndrome (LCOS) with a RRR 
55% (preemies were excluded) [85]. The most likely expla-
nation was that in postcardiac clamping there is a sudden 
increase in SVR and PVR and increased biventricular after-
load and decreased cardiac contractility (cardioplegia). 
This phenomenon was thought to be somewhat reversed 
with the Milrinone given for 36 h prior to established LCO. 
Interestingly, established LCO (cardiac index < 2 L/min) is 
an exclusion criterion.

However, in a retrospective study in a non-TnE center 
in the United States could not replicate the risk-reduction 
effect of Milrinone in PLCS when used in a nontargeted 
manner at lower doses (0.25 µg/kg/min) [86].

Furthermore, Cochrane has analyzed five studies in neo-
nates and young children and concluded that at this time, 
there is insufficient evidence of effectiveness of prophylac-
tic Milrinone in preventing PLCS [87].

Side effect: Minimum adverse effects but include vari-
able hypotension, tachycardia among others [84–87].

Overall, it appears that the pharmacology of Milrinone 
is attractive in specific pathophysiology especially when 
diastolic dysfunction with high PVR scenario, or postcar-
diac surgery scenario. However, larger trials need to be 
performed to clarify exact dose, efficacy, and clinical indica-
tions of Milrinone.

Levosimendan
A novel molecule with a mechanism of action of calcium 
sensitizing inotrope and increases affinity to Troponin C 
and is a ATP sensitive K channel opener in cardiomyo-
cytes. It also has vasodilator effect and thought to be ben-
eficial in increased afterload scenarios. Hence, consid-ered 
an inodilator with positive lusitropic effect and induces 
vascular relaxation in smooth muscle of peripheral and 
coronaries. It does so without increasing calcium (ICF), 
thus avoiding well-known catecholamine and phospho-
diesterase-related side effects [88–92]. Hence, pharma-
cologically Levosimendan is close to Milrinone in its 
therapeutic effect.

Although it is relative new in the neonatal population 
and less experience in NICU, it has currently been used in 
60 countries in adults either to prevent or to treat postcar-
diac surgery LCOS. However, three large RCTS in adults 
failed to show a beneficial effect of prophylactic Levosi-
mendan over placebo in this subpopulation [88–90].
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Ricci et al. was the first prospective trial to show a cardio-
vascular benefit (VIS scores with P < 0.0001) with Levosi-
mendan over other conventional inotropes in 63 neonates 
post-CBG [92].

Furthermore, a prospective RCT “pilot” in 2012 had two 
arms. Postcardiac surgery while weaning CBG, infants were 
randomized to either of two arms Levosimendan versus Mil-
rinone with prevention of LCO syndrome as an outcome 
within 90 min. Results noted that prophylactic Levosimen-
dan was superior to Milrinone in raising the CO and CI [93].

Interestingly, a Spanish trial combined VIS with NIRS 
data while evaluating Levosimendan versus Milrinone as 
post-CBG. The Milrinone group had higher VIS and more 
acidosis. Authors concluded that Levosimendan may have 
advantages over Milrinone as an inodilator [94].

Overall, Levosimendan is an emerging molecule with 
inodilation properties and further studies are needed to 
ascertain its role in current day NICI/CICU.

Pentoxifylline
It is a methylxanthine derivative/newer concept is a neona-
tal sepsis redox cycle involving redox-active agent; it pre-
vents intestinal vasoconstriction and has noted beneficial 
effect on endothelial cell function and coagulation in sep-
sis, especially late onset sepsis. Six RCTs suggest PTX given 
with antibiotics in neonatal sepsis shock reduces mortality 
and length of stay. The ACCM, in September 2017 recom-
mends a 5-day course of PTX in septic shock [78].

The dilemma of treatments

In spite of multiple studies, in absence of concrete evi-
dence, at this time as of 2018, there is no clarity on the best 
approach and therapy as guided by the current state of evi-
dence. The best approaches would be a physiological basis 
and/or an expert consensus basis until more trials are done. 
There are trials studying this question and hope to have 
some answers in the next few years (HIPS trial, NICHD–
ELGAN trial, TOHOP trial, AHIP trial among others).

The Canadian neonatal database in <29 weeks showed 
that inotrope use is about 10% (approximately 8000 
infants per year). Inotrope use was also associated with use 
in sicker infants as well as with both higher mortality and 
morbidity.

Another study in 2013 showed that treating hypoten-
sion with definition of MBP. Thirty weeks did not improve 
regional oxygenation (RcSCO2) potentially, as they were in 
the autoregulatory zone. Additionally, patients are at higher 
risk of unnecessary pharmacotherapy without short-term 
cerebral oxygenation benefits [95] or long-term NDD at 
2 years.

Most current NICUs have chosen to approach neonatal 
shock by specifically reversing the purported pathophysiology 

and most likely mechanisms (Figs. 31A.2 and 31A.9) [5]. As 
noted in Fig. 31A.2, broad categories are: (1) optimizing pre-
load, (2) optimizing contractility, or (3) modulating after-
load.

It may also be practically argued that currently the man-
agement of neonatal shock could be divided into three cat-
egories types of NICU centers.
1. The NICU with TnE and NIRS capability in resources 

and manpower.
2. The NICU with TnE alone capability in resources and 

manpower.
3. The NICU with clinical facilities and echocardiography 

as cardiology consult service.

In the NICU A. There is emerging studies that use of 
advanced hemodynamic tools such as the NIRS monitoring 
to assess regional organ perfusion and oxygen extraction is 
common. In these centers it may be best to choose a nor-
mative data most representative of their NICU and follow 
a standardized guideline. A tertiary care center in Canada 
(Winnipeg, MB) has been able to demonstrate lesser clini-
cal recovery days when previous clinical regimens were now 
changed to integrated hemodynamics [2,3]. Time to recov-
ery in compromised hemodynamics was 32 h (median) 
compared to 71 h (median) previously among many other 
parameters studied. The published guideline is as follows 
(Figs. 31A.7 and 31A.8):

In the NICU B. The approach here is to choose a more 
cardiovascular-focused hemodynamic etiopathophysio-
logic-based approach based on BP 3rd–97th centile, signs 
of hypoperfusion with the assumption that <3rd centile 
is hypotension for that GA and chronologic age. The ther-
apy is tailored to the diagnosed pathophysiology which is 
the best guess from clinical examination, laboratory mea-
sures, and TnE findings. A suggested approach is given later 
and is depicted in standard neonatology textbooks [5] 
(Fig. 31A.9). A common example is isolated low diastolic 
BP in otherwise well neonate could be seen in hemody-
namic significant PDA (Hs-PDA), and hence, diagnosis and 
therapy should be directed toward the PDA rather than 
interventions trying to raise BP beyond a number without 
attending to pathophysiology (the PDA as diagnosis).

In the NICU C. The approach is traditionally tried and 
tested with sound clinical acumen using clinical skills and 
tools to assess shock and hypoperfusion (see section on 
tools of assessment aforementioned). However, should a 
septic shock be suspected or confirmed, the American Col-
lege of Ccritical Medicine has recently published a stepwise 
time-critical shock guidelines for neonate in September 
2017 [78]. Furthermore, in resource limited settings a sim-
plified algorithm has also been published recently [96] 
(Fig. 31A.10).
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Fig. 31A.7 Integrated Hemodynamics Algorithm as a Suggested Approach [2,3].  BP, Blood pressure; CGA, corrected 
gestational age; CHD, congenital heart disease; CRT, capillary refill time; DPB, diastolic blood pressure; FOE, fractional oxygen 
extraction; LV, left ventricle; MBP, mean blood pressure; NIRS, near-infrared spectroscopy; NS, normal saline; SBP, systolic 
blood pressure; SIRS, systemic inflammatory response syndrome; SVR, systemic vascular resistance; TnE, targeted neonatal 
echocardiography; TOI, tissue oxygenation index. Adapted with permission from Elsayed YN, Fraser D. Integrated evaluation of 
neonatal hemodynamics. Part 2: systematic bedside assessment. Neonatal Netw 2016;35(4):192–203 [3].
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Fig. 31A.8 Algorithm for Assessment and Treatment of Hypotension According to SBP, DBP or MBP [5].  AP, Arterial pressure; CRT, capillary refill time; iNO, 
inhaled nitricoxide; LV, left ventricle; NSAID, nonsteroidal antiinflammatory drug; PDA, patent ductus arteriosus; PGE1, prostaglandinE1; PPHN, persistent pulmonary 
hypertension; PVR, pulmonary vascular resistance; SIRS, systemic inflammatory response syndrome; SVR, systemic vascular resistance; TnE, targeted neonatal 
echocardiography. Reproduced with permission Giesinger RE, McNamara PJ. Hemodynamic instability in the critically ill neonate: an approach to cardiovascular 
support based on disease pathophysiology. Semin Perinatol 2016;40(3):174–188. [5].
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Future directions, trials, and research
As neonatology continues to evolve, newer technologies are 
becoming available, such as impedance electrical cardiom-
etry, impedance cardiograph among many other technolo-
gies. However, the next steps in hemodynamic revolution 
appear to be the use of simultaneous multimodal chan-
nels detecting not only systemic hemodynamic but all vital 
organ hemodynamic data in real time and dynamic with 
neurocritical monitoring [97] (Table 31A.5).

Summary and conclusion

In summary, we conclude that “neonatal shock” is a patho-
physiological and deranged state of VO and DO2 mismatch. 
Hence, therapy must be geared to reverse this pathophysi-
ological derangement.

Indeed, a simple question like: What is a normal BP has 
a complex answer: and at this time the precise answer is 
unknown.

Hence, recommendation remains that a low BP “num-
ber” alone may not be treated. There needs to be more signs 
of hyoperfusion and or physiologic corroboration data to 
start therapy. Novel methods of assessing autoregulation, 
V/Q mismatch may be included in overall hemodynamic 
assessment and plans to potentially devise a robust treat-
ment plan. Although, these newer metrics are not yet 
proven in a randomized controlled trial to prevent/treat 
shock. However, in the interim while trials are still ongoing 
it may be prudent to continue managing shock based on 
the best etiopathophysiologic clinical data available includ-
ing NIRS-/TnE-generated (integrated IEH protocols or TnE 
algorithms).

It appears that knowing two rules are a paramount 
before we embark of treating an infant with a pharmacol-
ogy agent. First, in-depth pathopharmacologic knowledge 
of inotropes/receptors, and second, in-depth pathophysi-
ology and hemodynamic knowledge of infant’s disease in 
real time.

Lastly, although it appears that multimodal monitor-
ing and NIRS with neurocritical care is heading toward 

Fig. 31A.9 ACCM 2017 Algorithm for Stepwise Hemodynamic Support in the Newborns [78]. 
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Fig. 31A.10 A Simplified Algorithm for Neonatal Shock (Resource Limited Settings) [96]. Modified with permission from 
Bhat BV, Plakkal N. Management of shock in neonates. Indian J Pediatr 2015;82(10):923–929 [96].

Table 31A.5  A brief summary of ongoing trials/studies

Sr. no. Names Recruit Results Condition Intervention References

1 Early BP in ELGAN C NO Low BP Dopamine
HC
Placebo

[98]

2 HC treatment in HIE R NO Low BP
HIE

HC
Placebo

[99]

3 HIP trial R NO Low BP
IVH

Dopamine
Placebo

[22]

4 HC in VLBW C NO Low BP HC
Placebo

[100]

5 TOHOP trial U NO Low BP Treatment [101]

6 AHIP trial C NO Low BP Treatment [102]

7 NICHD—observational C NO Low BP HC [103]

8 Monitoring of systemic 
perfusion using NIRS

R NO Hypoperfusion NIRS monitoring [104]

C, Completed; HC, hydrocortisone; HIP, hypotension in preterm; NIRS, near infrared spectroscopy; R, recruiting; VLBW, very low birth weight.
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standard of care in times to come, for now, we have to 
wait for existing trials to finish and more larger RCTS 
are needed to answer these complex hemodynamics 
questions.

To conclude, we remind ourselves that absence of evi-
dence is not evidence of absence. Hence, we continue to 
practice neonatal medicine in 2018 remembering prin-
ciples of hippocratic oath of medicine primum non nocere 
(first do no harm!).
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Hypotension and Shock in Preterm Newborns
Merlin Pinto, P.K. Rajiv, MBBS, DCH, MD, Jeya Balaji, Thouseef Ahmed

Shock is defined as a state of failing circulation character-
ized by inadequate tissue perfusion resulting in decreased 
oxygen and nutrient supply combined with decreased 
clearance of the metabolic by-products from the organ 

system. The incidence of shock is high in preterm infants 
compared with term infants and is commonly seen in the 
first few days after birth [1]. Development of shock serves as 
an independent predictor of early neonatal mortality, mor-
bidity, and neurological impairment [2].

The recognition of shock in preterm infants is immensely 
difficult during transitioning circulation. This gray area 
poses a clinical dilemma for timely diagnosis and effective 
management. The factors that play into this are uncertain 
treatment threshold levels, treatment target levels, and 
appropriate management techniques including medica-
tions and the presence of physiological shunts [2].

The unique characteristics of the 
neonatal cardiovascular system

The basic understanding of the intricacies of the neonatal 
myocardium is essential in explaining the pathophysiology 
of shock. The neonatal myocardium operates at a near-max-
imal capacity [3]. Cardiac myocytes are still in developing 
phase and contain high proportion of fibrous tissue [4] 
(not innervated by sympathetic fibers). These more rounded 
myocytes contain immature T-tubules, sarcoplasmic reticu-
lum [5], and large disorganized mitochondria [6], their con-
traction is highly dependent on calcium influx. Any changes 
in ionized calcium level affect myocardial contractility.

Anatomical, physiological, and biochemical differences 
of the newborn heart are as follows:
1. Newborn myocardium has limited capacity to increase 

stroke volume (can increase only up to 30%) above 
the basal level in hyperdynamic circulation states. 
The increase in heart rate is the major contributor to 
increased cardiac output compared to adults which are 
usually a combination of both.

2. The parasympathetic system is fully developed at birth 
compared to the sympathetic system.
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CHAPTER POINTS

1. The newborns with MAP in the hypotension range 
may have normal blood flow and oxygen delivery.

2. Numerical data suggestive of hypotension should be 
evaluated for perfusion and cardiovascular dynamics 
before initiating treatment.

3. Symptomatic hypotension and its management in 
preterm infants is associated with significant morbidity 
and mortality. Cautious treatment is advised.

4. The management strategies should be carefully 
extrapolated from adults due to anatomic and 
physiologic differences in the cardiovascular system.

5. An individualised comprehensive assessment and 
management strategy should be devised for every 
newborn with shock.
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3. The presence of PDA affects circulation by the flow of 
blood across the defect, depending on the systemic or 
pulmonary vascular resistance.

4. Lactate is the energy source for neonatal myocardium 
compared to adults where it is fatty acids [7].
Other parameters which increase the risk for hypoten-

sion in preterm infants are as follows:
1. Preterm infants are usually on positive pressure 

ventilation either through CPAP or mechanical 
ventilation. Mechanical ventilation increases intrathoracic 
pressure and decreases venous return, uncommonly seen 
in spontaneously breathing infants on CPAP, and thereby 
decreasing the systemic blood flow [8].

2. Relative adrenal insufficiency is a known entity in 
preterm infants due to immaturity of adrenal glands. 
This results in suboptimal cortisol production in 
response to stressful stimuli. The hypothalamic–
pituitary axis also remains suppressed transiently due 
to maternal antenatal steroids [9].
The response to cardiac drugs is different in newborns 

when compared with children and adults. Most of the vaso-
active drugs increase heart rate as well as afterload. Increase 
in afterload nullifies the positive inotropic effect. Therefore, 
a greater increase in afterload may negatively impact by 
decreasing the cardiac output [10] which is called inotro-
pic/afterload imbalance (Table 31B.1).

Hemodynamic monitoring 
of preterm infants

On admission to NICU, an infant is attached to various 
types of equipment for continuous hemodynamic moni-
toring. An ideal method is described as easy, reliable, 
convenient, painless, effective, and can record real-time 
measurements, which currently is nonexistent and yet to 
be developed. In general, the subjective assessment of good 
circulation is described as well-perfused, pink, good urine 

output and active infant [11]. However, the objective assess-
ment is essential in monitoring sick infants.

Some of the methods usually used are as follows:
1. Clinical monitoring

a. Continuous heart rate monitoring: It is routinely 
practiced in all NICUs. However, the changes in 
the heart rate depend on various factors such as 
anemia, drugs, asphyxia, and so on.

b. Blood pressure monitoring: It is done usually by 
noninvasive method using cuff measurements, 
intermittently. The accuracy and reliability depend 
on the usage of appropriate size and application of 
the cuff. If frequent monitoring is needed, umbilical 
or peripheral intra-arterial catheter is placed.

c. Saturation monitoring: It is done either by pulse 
oximeter or by blood gas monitoring which 
is routinely used in NICU. The detection of 
fetal hemoglobin, carboxyhemoglobin, and 
methemoglobin is not possible with clinical 
oximeter monitoring.

d. Carbon-dioxide monitoring: It is used by end-tidal 
capnography in ventilated patients, transcutaneous 
carbon-dioxide monitoring, or blood gas monitoring. 
Sudden large variations may reflect the acute changes 
in the hemodynamic status of the infant.

 The sensitivity of this assessment can be increased by 
supplementing with biochemical parameters such as 
lactate, pH, base deficit, and hemoglobin [12].

2. Echocardiography
 This is the objective assessment of the hemodynamic 

status of the infant. It is indicated when one or multiple 
of the above parameters are consistently abnormal. 
The information gathered during this study are cardiac 
contractility, output, pulmonary hemodynamics, PDA, 
and shunting across it. It is also used for assessment of 
the volume status and myocardial dysfunction [13].

3. Assessment of systemic and organ blood flow
 Near-infrared spectroscopy (NIRS) technology 

records the oxygen delivery and consumption along 

Table 31B.1  Factors affecting hemodynamic response to shock and its management in neonates, when compared 
with older children and adults

1. Presence of patent ductus arteriosus

2. Perinatal asphyxia

3. Developmental differences
•	 Immaturity	of	cardiomyocyte	structure	and	function
•	 Transition	from	fetal	to	neonatal	circulation

4. Persistent pulmonary hypertension

5. Decreased ability to handle fluid load and contractility of the myocardium

6. Transient adrenal insufficiency of prematurity
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with fractional oxygen extraction by measuring the 
hemoglobin flow and venous saturation. The pulse 
oximeter uses the light signal from the arterial pulse. 
NIRS uses the total light signal from the vascular 
bed mainly from venous-weighted capillary blood. It 
was initially used only for the research, and over the 
course of time it has been used in the monitoring of 
sick infants in NICUs. It is gaining popularity as an 
important monitoring tool in hypotensive or shock 
neonate.

 The utilization of NIRS in sepsis/septic shock helps 
in the early recognition of tissue hypoxia and aids in 
better management. The values recorded by NIRS have 
shown good correlation with invasive monitoring 
techniques [14]. A positive relationship between 
regional cerebral oxygenation index and venous 
oxygen saturation has been endorsed by many studies 
[15–18]. NIRS has been studied in post operative 
cardiac surgical infants, in a study of 79 neonates 
with hypoplastic left heart syndrome, in the first 48 
hours postoperative period the difference in the body 
and cerebral oxygen saturation of 10 or more was 
associated with the increased risk of biochemical shock 
and postoperative complications [19]. NIRS can assist 
in the real-time assessment of the tissue perfusion.

The potential uses of NIRS are as follows:
1. Noninvasive monitoring of cardiac output.
2. Noninvasive monitoring of cerebral oxygen saturation.
3. Early recognition of shock.
4. Assessment of response to therapy.
5. Early detection of necrotizing enterocolitis.

Despite this significant correlation, the sensitivity and 
reliability of NIRS are debated. The lack of standardization 
across devices, absence of normative data, decrease in reli-
ability with increase in subcutaneous tissue, and unproven 
cost–benefit analysis [20] are some of the hurdles need 
to be overcome before accepting NIRS as standard of care 
across the world (Fig. 31B.1).

Blood pressure and cerebral 
blood flow

Autoregulation is a type of myogenic reflex. It palys an 
important role in maintaining blood flow during varia-
tions in mean arterial pressure within considerable limits. 
Extremely preterm infants have immature cerebral auto-
regulation depending on the gestational age, other factors 
such as male sex, low birth weight were associated with 

Fig. 31B.1 NIRS demonstrating the decrease in renal and cerebral oxygen saturation, corresponding increase in saturation levels 
after appropriate intervention. Adapted from Samraj RS, Nicoals L. Near infrared spectroscopy (NIRS) derived tissue oxygenation in 
critical illness. Clin Invest Med. 2015; 38(5):E285-295 [20].



682

Section Cardiac Issues in Neonatal Respiratory Care| VI |

symptomatic hypotension necessitating treatment in NICU 
[1]. The relationship between mean arterial pressure and 
autoregulation has been studied for decades. The animal 
models show, when the cerebral blood flow decreases to 
50% of it resting state the brain ischemic injury ensures 
[21]. Miall-Allen VM [22] et al studied MAP and brain 
injury in preterm infants between 26-30 weeks of gestation 
and found that when mean arterial pressure stayed lower 
than 30 mmHg for at least an hour, it was associated with 
intracerebral hemorrhage and cerebral ishemic injury.

Greisen G [21] emphasizes that the cerebral blood flow 
decreases when the MAP is below 30 mmHg and the upper 
limit of the of the MAP to affect the cerebral blood flow is 
not known. Adequate cerebral blood flow is maintained dur-
ing the plateau phase of the curve as shown in Fig. 31B.2. In 
contrast to this Tyszczuk et al. [23] in preterm infants of gesta-
tional age between 24-34 weeks found no correlation between 
cerebral perfusion and MAP either above or below 30 mmHg. 
More studies are needed for better understanding this relation.

Hypotension

Hypotension is defined as mean minus 2 standard deviations 
or <10th centile for the gestational age. The mean arterial 
blood pressure closely corresponds to the gestational age [24] 
of the infants and is frequently used in the clinical setting. 
This definition holds good for the first 48 h of age after which 

the age-specific nomograms should be used for the diagnosis 
(refer to Figs. 31B.3 and 31B.4 for blood pressure values for 
preterm infants <28 weeks of gestation). Once the hypoten-
sion is diagnosed in these tiny infants, the management var-
ies from center to center. In some NICUs, the treatment is 
initiated based only on numbers, and in others the overall 
pictures including risk factors, clinical findings, laboratory 
parameters, and echocardiography findings are considered.

Dempsey et al. [25] describe the concept of permissive 
hypotension as nontreatment of the blood pressure even if 
it is below the clinically accepted range till tissue perfusion 
is maintained.

Some clinicians may disagree not to treat hypotension 
persisting for >3 h or if the blood pressure values are sig-
nificantly lower or when there is accompanied low blood 
flow. In these events, one may feel more compelled to start 
volume and/or vasopressor therapy immediately. Overzeal-
ous management of hypotension results in more harm. 
Hence, monitoring of tissue perfusion in the hypotensive 
infant can guide the appropriate management.

The importance of identifying and treating hypotension in 
preterm infants is to prevent brain injury and impaired neu-
rodevelopment. A recent systematic review showed significant 
association between hypotension and increase in brain injury 
diagnosed by head ultrasound [26]. There is a multitude of 
research supporting this association, but the threshold at 
which blood pressure causes the brain injury, whether low/
high blood pressure with or without treatment, or a combina-
tion of both increase the risk is still debatable.

Fig. 31B.2 Autoregulation of Cerebral Blood Flow and its relation to Mean Arterial Blood Pressure. The plateau phase 
of the curve shows cerebral autoregualtion. Below the threshold of 30 mmHg the the cerebral blood flow falls more than in 
proportion of pressure and above the upper limit of the MAP the cerebral blood flow increases steeply increasing the risk of 
cererbal injury. Reproduced with permission from Greison G, Autoregulation of cererbral blood flow in newborn babies. Early 
Human Development. 2005;81:423-428.
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The studies by Fanaroff and Fanaroff [27] and Batton 
et al. [28] showed treated symptomatic hypotension in 
ELBW infants in first 72 h of life is associated with significant 
short-term and long-term morbidity, delayed motor devel-
opment, hearing loss, and death. Batton et al. [29] in pre-
term infants between 23 and 26 weeks of gestation found 
that hypotension with treatment was associated with severe 
retinopathy of prematurity, severe intraventricular hem-
orrhage, and mortality. However, the regression analysis 
found there was no significant difference in survival or in 
hospital morbidity rates among the treated and untreated 
groups. On the contrary, the EPIPAGE 2 [30] study showed 
a significantly higher survival rate with no major morbidity 
in preterm infants <29 weeks treated for isolated hypoten-
sion in less than 72 h. Due to these conflicting findings, 
further large randomized control trials are needed to arrive 
at a definitive conclusion. Untill then antihypotensives 
should be cautiously used in ELBW infants.

Low cerebral oxygenation is shown to be associated 
with lower neurodevelopmental outcomes. Alderliesten 
et al. [31] showed that the mean arterial blood pressure 
lower than the gestational age need not correspond to 
low cerebral oxygenation and low neurodevelopmental 

outcomes. Hence, in an infant with a low MAP, it may be 
worthwhile to check the cerebral oxygenation by NIRS, 
before initiating treatment. In most of the hypotensive 
studies, the treatment threshold considered is low blood 
pressure values rather than low blood flow or cardiac out-
put affecting the mortality and morbidity [32].

Alternatively, the superior vena cava (SVC) flow has 
been of interest in predicting intraventricular hemorrhage 
(IVH). Cerebral venous returns constitutes 80% of Supe-
rior vena caval blood. Decrease in superior vena caval 
blood to <40–41 ml/kg/ min is significantly associated 
with IVH and mortality [33–35]. On the contrary, recent 
studies argue the interobserver reliability and reproduc-
ibility of the test and inconclusiveness of SVC flow in pre-
dicting IVH [36].

Pathophysiology of hypotension

Blood pressure is a product of cardiac output and systemic 
vascular resistance. Increase or decrease in one or both can 
affect blood pressure [15].

Fig. 31B.3 Blood Pressure Values in Extremely Premature Infants by Postgestational Hours. Dashed line represents the 
blood pressure estimate, while solid line represents the boundaries of the 95% confidence interval. Reprinted with permission 
from Macmillan Publishers Ltd., Journal of Perinatology; Vesoulis ZA, El Ters NM, Wallendorf M, Mathur AM. Empirical estimation 
of the normative blood pressure in infants <28 weeks of gestation using a massive data approach. J Perinatol 2016;36:291.
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Fig. 31B.4 Normal Blood Pressure Trends for Preterm Infants Over the First 28 days of Gestational Age. Boxes show 
the 10th–90th percentiles and the vertical line shows the delineating range. Reproduced with permission from Springer. Pediatr 
Nephrol. Kent L, Meskell S, Falk MC,Shadbolt B. Normative blood pressure data in non ventilated premature neonates from 28–36 
weeks of gestation. Pedatric Neohrology. 2009;24(1):141–146.
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1. Hypovolemia: Absolute hypovolemia is a loss of 
circulating blood volume either internally due to 
bleeding into internal organs/third space loss or 
externally such as abruption of the placenta and many 
other causes. Relative hypovolemia is vasodilation 
with resultant inadequate filling of vascular bed with 
existing blood volume [37]. This results in inadequate 
filling pressure leading to decreased cardiac output and 
hypotension.

2. Myocardial dysfunction

 Myocardial contraction is an energy-dependent 
process. In preterm infants, as mentioned earlier, it is 
still in the process of maturation. It mainly depends 
on extracellular calcium for contraction rather than the 
calcium from the sarcoplasmic reticulum. The preterm 
hypotensive infants do not respond appropriately to 
volume or medications. In addition to this, the preterm 
infants are highly sensitive to increased afterload and 
this further decreases the cardiac output and worsens 
blood pressure and systemic blood flow.

Shock

Shock is a pathophysiologic state characterized by an 
imbalance between oxygen delivery and oxygen demand 
in the tissues leading to tissue hypoxia [38]. Prime deter-
minants of the shock are systemic blood flow, blood oxy-
gen content, oxygen demand, and oxygen extraction by the 
organ systems. However, measuring all or any of these in 
a clinical setting is extremely challenging and impossible. 
The oxygen delivery to the organs is best reflected by the 
mixed venous partial pressure of oxygen (PO2). In preterm 
neonates, this value is compromised by the presence of 
shunt at atrial and at patent ductus arterial level.

Shock without hypotension

The primordial aspect of treatment of shock in term/pre-
term neonates is recognizing shock in its early phase. Iden-
tifying the cause, initiation of management strategies timely 
is essential to improve outcomes. In compensated shock, 
which is also called early or reversible shock, various neu-
roendocrine mechanisms are at play to maintain normal 
blood pressure and this normal blood pressure does not 
translate into normal flow. The flow could be normal or high 
depending on the degree of peripheral vascular resistance 

with variable blood pressure. In preterm newborns, there 
is poor correlation between the blood pressure and blood 
flow especially in first few days after birth [39–41].

Normotensive shock is usually seen in septicemia. In a 
study done on newborn piglets by inducing GBS sepsis [42], 
the cardiac output is decreased in the early phase of sepsis 
with increasing pulmonary hypertension and normal blood 
pressure was sustained by vigorous peripheral constriction. As 
the course of sepsis progresses, the blood pressure falls con-
trary to adults which results in warm shock (increased cardiac 
output with vasodilation-induced hypotension).

The adult literature shows treatment of shock with goal-
directed therapy, where the goal is to achieve mixed venous 
saturation of more than 70% and involves use of vasopres-
sors, early volume therapy, and blood and blood products 
transfusion as needed. However, in neonates, there is a 
lack of this approach due to difficulty in obtaining mixed 
venous saturation.

Treatment of normotensive shock in preterm neonates 
should be directed toward normalizing cardiac output and 
optimizing systemic and pulmonary vascular resistance. 
Dobutamine with or without low-dose epinephrine can 
be rightly used. Dobutamine at dose of 2–5 µg/kg/min 
increases myocardial contractility by direct stimulation of 
myocardial adrenergic receptors. At higher doses, dobuta-
mine increases heart rate and increases the tissue metabolic 
rate. Administration of the fluid bolus should be consid-
ered depending on the pathophysiology.
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1. In compensated shock, if the clinical and echo findings 
are consistent with pulmonary hypertension, inhaled 
nitric oxide can be used to improve right ventricular 
output [42].

2. If decreased intravascular status due to leaky blood 
vessels or loss of blood either due to IVH or NEC is 
suspected, fluid boluses are to be considered before 
commencing dobutamine/low-dose epinephrine.

Shock with hypotension

The nonavailability of identifying shock in its early phase 
and lack of instituting timely management leads to the irre-
versible phase of shock. Hypotension develops when shock 

starts rolling from reversible to irreversible phase. The mor-
bidity and mortality of newborn with low blood pressure 
and shock is very high [42]. When the diagnosis of hypo-
tension is made based on the numerical data, a thorough 
evaluation of the clinical, laboratory, and echocardiogra-
phy with or without NIRS data should be obtained. The 
etiological cause of the hypotension should be explored to 
better aid in the treatment.

The hemodynamic management of shock with hypoten-
sion mainly involves three strategies:
1. Fluid boluses
2. Vasopressor medications
3. Inotropic medications

Refer to the chapter 31A. Neonatal Shock Management, 
for a detailed description of the aforementioned strategies 
in treatment of hypotension with shock (Fig. 31B.5).

Fig. 31B.5 A Simplified Algorithm for Management of Neonatal Shock. Reproduced with permission. Bhat BV, Plakkal N. 
Management of shock in neonates. Indian J Pediatr. 2015;82(10):923–929
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The challenges unique to the fluid and medication 
administration in the preterm infants compared with adult 
and pediatric population are as follows:
1. The absence of knowledge about the maturity of the 

receptors for the effective functioning of administered 
medications.

2. The long lag times/dead space through the long 
catheters, as the infusion rates are low.

3. Use of multiple medications can leave a meager room 
for parenteral nutrition, thereby increasing the risk of 
metabolic complications.

4. The is a dearth of literature/studies regarding the safety 
of many drugs and their adverse effects, especially 
when used in preterm infants.

Key learning points

1. The management strategies of shock should be 
carefully extrapolated from adults due to anatomic and 
physiologic differences in the cardiovascular system.

2. The newborns with mean arterial blood pressure values 
in the hypotension range may have normal blood flow 
and oxygen delivery.

3. Mere numerical data suggestive of hypotension should 
not lead to the initiation of treatment. The overall 
perfusion and cardiovascular dynamics should be 
assessed before treating. Persistently low numbers 
for >3 h after first 24–48 h of birth may warrant 
investigations and initiation of the treatment early.

4. An individualized comprehensive assessment and 
management strategy should be devised for every 
newborn with shock.
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Management of Shock

Hypotension and Poor Circulation in Neonates
Koert de Waal, MD, PhD

Introduction

Neonatal hypotension is ideally defined as a clinical con-
dition of abnormally low arterial blood pressure affecting 
perfusion [1]. Newborns in the neonatal intensive care 
are of variable gestation, weight, and postnatal age, hence 
one accepted cut point of low blood pressure in mmHg is 
not available. Furthermore, the clinical diagnosis of poor 
perfusion is also not without difficulties, making the diag-
nosis and treatment of hypotension in neonates complex 
[2]. There is little disagreement that inadequate perfusion 
or poor circulation should be treated. However, it is still 
unknown what standards or thresholds should be used to 
trigger treatment, and which agents should be used [3]. 

The causes of neonatal hypotension vary from immature 
myocardium, ischemic myocardial damage after hypoxic 
injury, loss of blood, loss of vascular tone as seen in sep-
sis, to underlying structural heart diseases (Fig. 31C.1) [4]. 
Therapies for complications of prematurity can cause low 
blood pressure, with medications such as sedatives, opioids, 
or antiepileptics reducing vascular tone, and high intratho-
racic pressures with mechanical ventilation reducing pre-
load and lower blood pressure. It is not possible to treat 
all of the above utilizing the same approach, and hence the 
selection of specific cardiovascular support often requires 
more information than just a blood pressure reading to tar-
get the therapy to the underlying problem. Hypotension as 
a new clinical feature in a previously stable baby requires 
immediate attention and investigations, and cardiovascular 
supportive treatment will often be needed. However, very 
preterm infants with transitional hypotension (low blood 
pressure in the first few hours after birth) pose a specific 
problem as to when and how to treat [5]. Currently, there is 
no known blood pressure threshold below which very pre-
term infants are at an increased risk for a poor outcome. 
Although short-term outcomes might be improved, there is 
little evidence that antihypotensive therapy improves long-
term outcomes for infants with low blood pressure, how-
ever defined [6–8].

Hemodynamic assessment of the 
newborn

Perfusion is defined as the balance between energy and 
nutrient delivery to meet cellular demand. The physiology 
behind adequate perfusion is complex, and requires many 
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•	 Assessment of perfusion in newborns can be difficult.
•	 Adding blood flow measures to clinical assessment 

can help support targeted treatment.
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functions of the body to work together [9]. Arterial oxygen 
content has to be delivered to organs and tissues using the 
heart as pump (contractility), sufficient volume to pump 
around (preload), and a driving pressure difference. Basic 
physiological principles, pressure = flow × resistance, are 
neatly tailored to local needs with large variations depend-
ing on wherein the cardiovascular system is measured 
(Fig. 31C.2).

An “ideal” tool for the assessment of perfusion would 
provide continuous, noninvasive parameters of cellular 
and organ energy balance. As such a measurement does 
not exist, we have to rely on alternatives summarized in 
Table 31C.1. Each diagnostic tool provides unique infor-
mation on part of the physiological process as described 
earlier, but none of them can describe all.

Clinical assessment

Clinical examination is essential in detecting poor perfu-
sion. However, all current clinical parameters have significant 

limitations in predicting stroke volume [10]. Normal capillary 
refill in newborn infants is generally less than 3 s. However, 
the diagnostic accuracy of this clinical test to predict low blood 
flow is limited to significantly increased refill times (>5 s. 
There is no association between heart rate and cardiac output 
or clinical perfusion. Urine output is low in all newborns in the 
first day, making interpretation difficult and there are no stud-
ies correlating urine output (and cutoff) and cardiac output. A 
serum lactate >2.8 mmol/L can reasonably predict low blood 
flow on day 1, and persistent high values (>5.6 mmol/L) are 
associated with morbidity and mortality [11,12].

Blood pressure

Because of the limited techniques and skills available for 
bedside hemodynamic assessment, blood pressure remains 
the most used diagnostic tool to establish perfusion. The 
accuracy of blood pressure measurements is dependent 
on technique (location of measurement, device used) and 
this aspect deserves attention when considering treatment 
[13,14]. The systolic pressure is the amount of pressure 

Fig. 31C.1 Common Causes of Hypotension in Neonates (See Text for Details). Copyright: Satyan Lakshminrusimha.
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that blood exerts on arteries and vessels while the heart 
is beating, whereas the mean pressure is the average arte-
rial pressure during a single cardiac cycle. Determinants of 
blood pressure are stroke volume and arterial wall com-
pliance (stiffness), and interactions between the two can 
vary depending on the physiological situation. Mean blood 
pressure does not provide information about pulse pres-
sure (systolic pressure − diastolic pressure), and might not 
reveal clues to certain underlying pathology.

Normal blood pressure values are not easy to obtain 
in very preterm infants, as many would receive thera-
pies that could influence cardiovascular function. Blood 
pressure is dependent on gestational age, and gradually 
increases over the first days of life. Table 31C.2 provides 
a guide to the lowest centiles of blood pressure values 
found in newborn infants [15]. The established rule 
of thumb “mean blood pressure < gestational age” is 
not supported by any evidence, but can help guide the 

Fig. 31C.2 Variation in Flow, Volume, Pressure, and Resistance in the Cardiovascular System.

Table 31C.1  Hemodynamic assessment tools [3]

Clinical Noninvasive Invasive

Cardiac function Heart rate Echocardiogram Catheterization

Artery Pulse volume Noninvasive blood pressure 
(NIBD)

Arterial blood pressure

Peripheral blood flow Capillary refill Pulse oximetry, laser Doppler

End organ perfusion Organ function; urine 
output, K+, lactate

Near-infrared spectroscopy, 
aEEG (brain)

Arterial blood gas, mixed 
venous saturation

Veins Jugular venous pressure Echocardiography Central venous pressure
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clinician as to indicate what blood pressure is low and if 
further action is needed.

Blood flow

Adding blood flow measurements to the hemodynamic 
assessment can significantly increase insight into the 
physiology and pathophysiology at hand. Echocardiog-
raphy provides detail on cardiac function, volume status, 
and shunts through the ductus arteriosus and the foramen 
ovale [16]. Vascular resistance can be calculated and help 
provide further insight into the cause of the hypotension 
and poor perfusion. Blood flow is the blood velocity (mL/
min) in a vessel, stroke volume is blood volume (mL) per 
single heart beat, and cardiac output is stroke volume × 
heart rate (mL/min), usually indexed on weight. The most 
common used blood flow parameters are right ventricular 
output (RVO), left ventricular output (LVO), and flow in 
the vena cava superior (SVC flow) [17]. Although no stud-
ies explored the absolute threshold of low systemic blood 
flow and whether treatment improves outcome (similar 
to the situation with hypotension), an SVC flow less than 
30 mL/kg/min at 5 h of age and less than 45 mL/kg/min 
thereafter or a ventricular output (RVO or LVO) less than 
150 mL/kg/min is associated with increased morbidity 
and mortality [18–20].

Cardiovascular support therapies

Hypotension and poor perfusion can be supported with 
volume, inotropes, lusitropes, and vasopressors [21]. It is 
important to understand the estimated relative cardiovas-
cular receptor stimulatory effects of each individual cardio-
vascular support medication, as receptor number, binding 
capacity and stimulatory effect changes with increasing ges-
tational age and postnatal age [22,23].

Dopamine is the most commonly used cardiovas-
cular support therapy in neonatology, mostly having a 

vasopressor effect with minimal or no increase in blood 
flow. There is accumulating evidence that dopamine 
in higher doses (>10 mcg/kg/min) increases the pul-
monary vascular resistance to the same or even higher 
extent as it increases the systemic vascular resistance, 
especially during hypoxia [24,25]. Dopamine should be 
used with caution in infants with pulmonary hyperten-
sion. Dobutamine has inotropic effects, as do epineph-
rine and norepinephrine. Before prescribing any drug, it 
is important to consider the underlying pathophysiology 
of the cardiovascular compromise as well as the pharma-
cokinetics and pharmacodynamics of the drug you want 
to prescribe (Table 31C.3).

Although much supportive data on pharmacodynam-
ics are available from animal and adult studies, limited 
data are available on cardiovascular action in new-
born infants, and even less on actions in very preterm 
infants [21]. The expected action (e.g., vasoconstriction 
with dopamine) is not always happening, and this is 
reflected in a 10%–20% nonresponder rate of commonly 
used cardiovascular support medications. Careful titra-
tion of these medications is fundamental to decrease 
the chances of side effects and enhance drug effective-
ness. Catecholamine overload should be avoided, but an 
appropriate starting dose could improve response rates. 
Many available clinical guidelines would recommend to 
start norepinephrine at a dose of 0.05 mcg/kg/min, but 
the available clinical evidence shows that this dose is not 
sufficient for newborn infants. Effective doses in term 
and preterm infants were 10× higher at a median dose 
of 0.5 mcg/kg/min [26,27]. Continuous monitoring, 
including echocardiography, and adjustment of therapy 
if the patient does not respond are needed to optimize 
cardiovascular support. Some neonatal units, including 
our own, have changed the choice of first-line vasoactive 
drug from dopamine to epinephrine or norepinephrine 
depending on the clinical findings (presence of PPHN) 
and the findings on echocardiography. The risk of tachy-
cardia might be reduced by replacing one vasopres-
sor–inotrope for another (epinephrine for dopamine or 
norepinephrine for epinephrine) instead of adding them 
all together.

Table 31C.2  Estimated lowest percentiles of blood pressure (mmHg) in newborn infants

Gestation (week) Systolic Mean Diastolic

23–28 36–38 23–28 —

28–29 40 33 25

30–35 45 35 28

≥36 50 40 30
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Stepwise approach to cardiovascular 
support

Hypotension and/or poor perfusion are clinical signs due 
to an underlying disease processes and pathology, so the 
primary goal would be to treat the underlying cause and 
to restore tissue perfusion. Cardiovascular supportive treat-
ment might be needed until the underlying cause has been 
controlled, and should be targeted toward the pathophysi-
ology found on clinical examination and additional assess-
ments. Review and document all clinical and available 
physiological parameters such as clinical appearance, men-
tal state, capillary refill, blood pressure (including how and 
where measured), current respiratory support and settings, 
(changes in) oxygenation, lactate, pH, and echocardiogra-
phy findings if available. Document your initial working 
diagnosis (the most likely cause of the hypotension and/
or poor perfusion) and describe the expected underlying 
physiology. Choose your cardiovascular supportive treat-
ment, and document your expected actions. Predefining 
“success” can help guide escalation of therapy. If the chosen 
treatment is not successful, consider changing drug dose or 
type and repeat your diagnostic assessment. Common clin-
ical situations with cardiovascular compromise are detailed 
below with a suggested stepwise approach to treatment. 

The treatment suggestions are based on the limited avail-
able clinical studies, animal data, and unpublished per-
sonal case series data.

Transitional hypotension in the very 
preterm infant
If low blood pressure is the only sign (i.e., normal clini-
cal assessment of perfusion, normal lactate, normal urine 
output) and there are no significant risk factors for the 
immediate development of poor perfusion (peripartum 
hemorrhage, sepsis, significant perinatal hypoxia), current 
evidence does not support the use of cardiovascular sup-
port therapies as this does not improve short-term (cerebral 
perfusion) or long-term (neurodevelopment) outcomes. 
However, with persistent (>3 h) or very low blood pressure 
or associated low blood flow, many clinicians feel increas-
ingly obliged to start supportive measures. There is consid-
erable debate whether to start dopamine or dobutamine, 
and targeted treatment could be directed by adding mea-
surements of blood flow. If no echocardiography is avail-
able, one could direct treatment based on the prevalence 
of the presence of low blood flow. In ventilated preterm 
infants, the prevalence is estimated at 30%, but this is sig-
nificantly lower if the infant is on nasal CPAP [28,29].
•	 Step 1. Fluid expansion (10 mL/kg bolus over 60 min, 

up to 20 mL/kg). Generally, the most accepted first 

Table 31C.3  Cardiovascular support agents, mechanism of action, and physiological targets

Cardiovascular  
support agent Expected actions Comments Physiological target

Volume Improves cardiac input Low preload, collapsed systemic veins

Dopamine Pressor Increases afterload
May increase PAP/SAP ratio

Systemic hypotension, normal blood 
flow

Dobutamine Pressor, improves 
contractility

Tachycardia
May decrease PAP/SAP ratio

Low contractility, low blood flow

Epinephrine Pressor, improves 
contractility

Tachycardia
Beta-adrenergic stimulation with 
hyperglycemia and increased lactate
May decrease PAP/SAP ratio

Low contractility, low blood flow, 
systemic hypotension

Norepinephrine Pressor, improves 
contractility

Increases afterload
Can decrease PAP/SAP ratio

Low contractility, systemic 
hypotension with PPHN

Milrinone Phosphodiesterase 
inhibitor, improves 
contractility

Reduces afterload
Tachycardia, systemic hypotension
May exacerbate right-to-left 
shunting

Low contractility, low blood flow, 
high afterload

Vasopressin Pressor, no effect on 
contractility

Increases afterload Systemic hypotension refractory to 
catecholamine

PAP/SAP, Pulmonary to systemic pressure ratio.
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intervention, although with very limited supportive 
evidence.

•	 Step 2. If normal blood flow or blood flow is 
unknown, start dopamine 5 mcg/kg/min and increase 
with 5 mcg/kg/min until effect. If low blood flow, start 
dobutamine 10 mcg/kg/min.

•	 Step 3. If dopamine >10 mcg/kg/min is needed, 
consider echocardiography to evaluate blood flow, 
preload, contractility, and blood flow distribution. 
If low blood flow, start dobutamine 10 mcg/kg/min. 
Consider hydrocortisone 1 mg/kg/dose every 8 h.

•	 Additional steps. Epinephrine can be considered for 
refractory hypotension and persistent acidosis. There is 
no clinical data available on the use of norepinephrine 
in this clinical situation.

Sepsis with cardiovascular 
compromise, or systemic 
inflammatory response syndrome 
after major surgery
•	 Step 1. Early fluid expansion (20 ml/kg bolus in 

30 min, up to 60 mL/kg).
•	 Step 2. If unsuccessful to restore blood pressure, start 

norepinephrine 0.3–0.5 mcg/kg/min and increase with 
0.1 mcg/kg/min until effect. Alternatively and if no 
PPHN is present, start dopamine 5 mcg/kg/min and 
increase with 5 mcg/kg/min until effect.

•	 Step 3. If norepinephrine >0.5 mcg/kg/min or 
dopamine >10 mcg/kg/min is needed, consider 
echocardiography to evaluate blood flow, preload, 
contractility, and blood flow distribution. Consider 
hydrocortisone 1 mg/kg/dose every 8 h.

•	 Additional steps. Preterm infants with sepsis often 
present with high central blood flow and (initial) 
good contractility. Persistent acidosis might change 
cardiac function that can respond to dobutamine. 
Dopamine can increase the splanchnic circulation 
and might be beneficial when NEC is suspected. 
Epinephrine and/or vasopressin as rescue therapy 
should be considered for refractory hypotension and 
persistent acidosis.

Cardiovascular support in infants 
with pulmonary hypertension
•	 Step 1. Lowering pulmonary pressures with 

inhaled nitric oxide reduces right ventricular 

afterload, and should be started early in the 
disease process, preferably after confirmation 
with echocardiography. Inhaled nitric oxide is 
contraindicated when pulmonary venous pressure 
is significantly increased (as seen with severe left 
ventricular dysfunction).

•	 Step 2. Cardiovascular support can be indicated 
for left ventricular dysfunction (often early) and/
or right ventricular dysfunction (often later, after 
ductal constriction). Norepinephrine as first-
line drug has the best pharmacodynamics for the 
treatment of low blood pressure (inotropy, increasing 
systemic vascular resistance > pulmonary vascular 
resistance) and left ventricular dysfunction in term 
and preterm infants with PPHN. Dopamine has the 
worst pharmacodynamics, and should be avoided 
when possible. Increasing inotropic support until 
so-called “supra-systemic pressures” are reached is not 
recommended, as this will increase the pulmonary 
pressure as well and does not restore the systemic to 
pulmonary pressure imbalance.

•	 Additional steps. Milrinone can be used to treat low 
systemic blood flow due to cardiac dysfunction, but 
can cause significant systemic hypotension in preterm 
infants. Low-dose vasopressin as additive has been 
shown to be effective in improving oxygenation in 
small cohort studies. Careful management of mean 
airway pressure can assist in optimizing cardiac 
function. Continuous distending pressure can 
significantly increase right atrial pressure. Pump 
function can be optimized with conventional 
ventilation strategies if lung parenchymal disease 
allows.

Cardiovascular support after 
significant perinatal hypoxia
•	 Step 1. Fluid expansion (10 mL/kg bolus over 60 min, 

up to 20 mL/kg).
•	 Step 2. If significant cardiovascular compromise is 

present, obtain a cardiac ultrasound to determine 
cardiac function and target treatment appropriately. 
Hypotension due to depressed cardiac function with 
low blood flow will respond best to dobutamine, 
hypotension due to loss of vascular tone, and normal 
blood flow to dopamine.

•	 Additional steps. Pulmonary hypertension after 
hypoxic ischemia responds to normalizing pCO2, 
acidosis, and blood pressure.
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Monitoring of Gas Exchange in the NICU
Bobby Mathew, MBBS, MRCP, Junaid Muhib Khan, MD, FAAP, FAAF, Satyan Lakshminrusimha, MD

The lung is the organ of gas exchange in mammals. Gas 
exchange is a complex process involving dynamic interactions 
between the respiratory, cardiovascular, and central nervous 
systems. In healthy individuals breathing room air, the blood 

gases are maintained in a narrow normal range. However, 
in premature infants and sick newborns receiving supple-
mental oxygen or assisted ventilation, gas exchange may be 
compromised. The deleterious effects of hypoxia, hyperoxia, 
hypocarbia, and hypercarbia on morbidity, mortality, and 
neurodevelopmental outcomes have been well documented 
[1–4]. Hence close frequent monitoring of blood gases is 
needed to optimize respiratory and cardiovascular support 
and maintain homeostasis. Analysis of arterial blood gas 
(ABG) is the gold standard for assessment of gas exchange. 
However, blood gas analysis provides only a snapshot of a 
very dynamic process, and often there is a delay unless per-
formed using a point-of-care device. Arterial access is also 
associated with inherent risks such as vasospasm, thrombosis, 
ischemic injury (see Chapter 37 B on limb ischemia), blood 
loss, and resulting anemia. Noninvasive methods confer min-
imal risk to the patient and do not require a specimen and 
provide continuous measurement. Various modalities such 
as pulse oximetry, transcutaneous monitoring of oxygen and 
carbon dioxide tension, end-tidal carbon dioxide monitor-
ing, and near-infrared spectroscopy (NIRS) allow less inva-
sive and more continuous assessment of gas exchange and 
are being used in the neonatal intensive care unit (NICU). 
This chapter describes the various modalities of monitoring 
of gas exchange, the indications, strengths, and limitations as 
it relates to infants receiving neonatal intensive care. A brief 
review of the physiology of acid-base balance, gas exchange 
and transport, and the technical aspects of blood gas mea-
surement is included.

Physiology of gas exchange

The blood gas analysis provides information about gas 
exchange in the lungs and oxygen extraction and utiliza-
tion at the tissue level. As the blood passes the pulmonary 
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CHAPTER POINTS

•	 Gas exchange is often compromised in preterm and 
sick term newborns in the NICU and needs close 
monitoring.

•	 Neonatal respiratory conditions and their 
management can result in hypoxemia, hyperoxemia, 
hypocarbia and hypercarbia and can potentially 
have deleterious effects on morbidity, mortality and 
neurodevelopmental outcomes.

•	 Arterial blood gas analysis provides information on 
gas exchange in the lungs and metabolism at the 
tissue level and is the gold standard; however, it is 
invasive, requires a blood sample and assesses gas 
exchange on an intermittent basis only.

•	 Noninvasive monitoring using pulse oximetry, 
transcutaneous oxygen saturation and carbon 
dioxide monitoring, capnography and near infrared 
spectroscopy provide continuous assessment and have 
decreased the need for frequent blood gas analysis.
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capillaries, oxygen diffuses from the alveolus into the pul-
monary capillary and carbon dioxide from the blood into 
the alveolus. In an individual with normal lung function, 
the hemoglobin is fully saturated with oxygen in the blood 
that returns to the left atrium. In conditions that allow 
blood from the right ventricle to the left atrium, bypassing 
the gas exchange processes in the lung, leads to a decrease 
in arterial oxygen content. This may be due to ventilation 
perfusion mismatch with pulmonary blood flow through 
atelectatic or underventilated alveoli (intrapulmonary 
shunt) or through an anatomic right-to-left shunt as in 
cyanotic congenital heart disease (CHD) (extrapulmonary 
shunt, Fig. 32.1). The carbon dioxide level in the arterial 
blood is the measure of the adequacy of alveolar ventila-
tion. As minute ventilation decreases or with perfusion to 
atelectatic areas of the lungs the PaCO2 in the arterial blood 
increases. ABGs provide information about adequacy of 
alveolar ventilation and ventilation–perfusion matching.

Oxygen transport
The gas tension is the partial pressure of a gas in the blood. 
The partial pressure of a gas is the pressure exerted by the 
gas in a mixture of gases. It is related to the concentration of 
the gas to the total pressure of the mixture. Oxygen diffuses 
into the pulmonary capillary from the alveolus down its 
concentration gradient. Gas exchange in the lungs occurs 
as a function of partial pressure differences in oxygen and 
carbon dioxide between the alveoli and the blood in the 
pulmonary capillaries. Although the solubility of oxygen 
in blood is not high, the difference in the partial pressure 
of oxygen in the alveoli (PAO2, approximately 100 mmHg) 
versus in the blood of the pulmonary capillaries (40 mmHg, 
usually the same as mixed venous PvO2) is high (about 
60 mmHg). This large difference in partial pressure creates 
a very strong pressure gradient that causes oxygen to rapidly 
cross the respiratory membrane from the alveoli into the 
blood. The partial pressure of oxygen in the arterial blood 
in a newborn is between 55 and 90 mmHg. Most of the 
oxygen (approximately 97%) is bound to the hemoglobin 
and the rest 3% is dissolved in plasma. Although only a 
small fraction of oxygen is dissolved in the plasma, this is 
physiologically very important as this is the fraction that is 
available for diffusion to the tissue.

The oxygen delivery to the tissues is dependent on the 
cardiac output and the oxygen content of the blood. The 
oxygen content of the arterial blood is the sum of the oxy-
gen bound to hemoglobin and the dissolved fraction. The 
amount of oxygen carried by the hemoglobin-bound frac-
tion depends on the hemoglobin concentration and the 
percent saturation of hemoglobin. The oxyhemoglobin dis-
sociation curve depicts the relationship between PaO2 and 
the oxygen saturation. It is sigmoidal over the physiological 
range with the hemoglobin almost fully saturated at PaO2 

between 80 and 100 mmHg. The amount of oxygen bound 
to hemoglobin at any given pO2 depends upon the position 
on the hemoglobin–oxygen dissociation curve. The posi-
tion of the oxyhemoglobin dissociation curve depends on 
the type of hemoglobin, adult hemoglobin (HbA) versus 
fetal hemoglobin (HbF), the concentration of red blood cell 
2,3-diphosphoglycerate (2,3-DPG), temperature, and pH. 
Higher levels of HbA, 2,3-DPG, temperature, and hydrogen 
ions concentration shift the curve to the right which favors 
the release of oxygen from the hemoglobin. The amount of 
dissolved oxygen is directly proportional to the PaO2 and 
at normal body temperature is about 0.3 mL dissolved in 
100 mL of plasma for 100 mmHg of oxygen. The oxygen 
content in the blood can be mathematically expressed as:

= ×
× + ×

CaO (in mL / dL of blood)
Hb (g%) Oxygen capacity

% saturation 0.003 PaO (in mmHg)

2

2

Oxygen capacity is the maximum amount of oxygen that 
can be carried by a gram of hemoglobin that is fully satu-
rated and is 1.34 mL oxygen per gram of 100% saturated 
hemoglobin.

In a normal newborn infant with hemoglobin of 15 mg/
dL with oxyhemoglobin saturation of 100% and the PaO2 
of 100 mmHg the oxygen content of the arterial blood is 
approximately equal to

× × + × =15 1.34 1 0.003 100 20.3 mL O /100 mL2

of arterial blood or 0.2 mL O2 per mL of arterial blood.
Assuming that the normal newborn cardiac output is 

approximately 120 mL/kg/min, the systemic oxygen deliv-
ery may be calculated approximately to be:

×
= ×
=

Cardiac output (Qs) Oxygen content (CaO )
120 mL / kg / min 0.2 mL O / mL of blood
24 mL O / kg / min

2

2

2

In the resting state, oxygen consumption in a neonate is 
approximately 6 mL/kg/min. The body extracts 6 mL/kg/
min oxygen from the 24 mL/kg/min of oxygen delivered 
within extraction rate of approximately 25% of the deliv-
ered oxygen. The blood that is returning to the heart would 
therefore be approximately 75% saturated. The mixed 
venous saturation of the blood is an indication of the 
adequacy of tissue perfusion and oxygen delivery. In most 
cases, in neonates, mixed venous saturation monitoring is 
not performed and other indirect indicators of anaerobic 
metabolism such as lactic acid levels are relied upon as 
indicators of adequate tissue oxygen delivery.

Carbon dioxide transport

The PaCO2 in the arterial blood reflects the balance 
between metabolic production of carbon dioxide and its 
excretion by ventilation through the lungs. Although the 

CaO2(in   mL/dL   of   blood)=Hb   (g%)×Oxygen   capacity×%   saturation-
+0.003×PaO2(in   mmHg)

15×1.34×1+0.003×100=20.3   mL   O2/100   mL

Cardiac   output   (Qs)×Oxygen   content   (CaO2)=120   mL/kg/min×0.2   mL   O2/mL   o
f   blood=24   mL   O2/kg/min
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Fig. 32.1 Invasive and Noninvasive Assessment of Gas Exchange in Neonates. Gas exchange in the lung occurs at the 
alveolocapillary membrane. Oxygen and CO2 diffuse from and to the alveolus. The PACO2 and PAO2 are in equilibration with 
pulmonary blood. During exhalation, the initial part of exhaled gas (phase I) is predominantly from the airway and has minimal 
CO2. During phase II, a mixture of airway and alveolar gas is exhaled resulting in increase in CO2. During phase III, alveolar gas 
is exhaled and the EtCO2 evaluated by capnography. The physiologic dead space “dilutes” exhaled gas and increased dead 
space increases the difference between PACO2 and EtCO2. Arterial blood gas analysis is the gold standard invasive assessment 
of gas exchange and measures partial pressure of arterial oxygen, CO2, and arterial oxygen saturation (PaO2, PaCO2, and SaO2). 
Increasing venous shunt (either due to pulmonary hypertension, congenital heart disease, or ventilation–perfusion mismatch) can 
decrease PaO2. A pulse oximeter measures oxygen saturation (SpO2) and is a reliable estimate of SaO2. Transcutaneous sensors 
heat the cutaneous capillary bed and measure CO2 and O2 tension (TcPCO2 and TcPO2). A capillary blood sample obtained after 
warming the heel (“arterialized” sample) is commonly used in neonates. NIRS can measure tissue oxygen saturation (rSO2). Mixed 
venous blood gas analysis provides partial pressure of CO2 and O2 and oxygen saturation (PvCO2, PvO2 and SvO2). EtCO2, End-
tidal CO2; NIRS, near-infrared spectroscopy; PACO2, alveolar tension of CO2; PAO2, alveolar tension of O2. Modified from Assisted 
Ventilation of the Neonate. 6th ed. Copyright: Satyan Lakshminrusimha.
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partial pressure difference of CO2 between the pulmonary 
capillary (46 mmHg) and the alveolus (40 mmHg) is lower, 
the high solubility of CO2 (about 20 times greater than that 
to O2) allows for the rapid equilibration of the CO2 ten-
sion between the pulmonary capillary blood and alveolar 
compartments, which occurs within a fraction of the transit 
time of the red blood cells along the pulmonary capillar-
ies. Carbon dioxide is carried in the blood as carbonic acid 
(85%), carbaminohemoglobin (10%), and the rest as dis-
solved in the plasma. During maximal exercise, CO2 pro-
duction increases by as much as 20-fold of the basal rate, 
but the associated hyperventilation keeps the CO2 tension 
in body fluids relatively constant.

Assessment of acid-base balance (Fig. 32.2)

To analyze the acid–base status from a blood gas, three 
questions must be addressed:
1. Is there acidosis/alkalosis?

a. Is the pH <7.4 or >7.4
2. What is the primary cause of the disturbance?

a. Respiratory acidosis if PaCO2 is elevated, respiratory 
alkalosis if PaCO2 is low.

b. Metabolic acidosis if bicarbonate is low or 
metabolic alkalosis if bicarbonate is high

3. Is it compensated? And is the compensation 
appropriate?
An acute increase of PaCO2 (as in the acute phase of RDS) 

by 10 mmHg is expected to drop the pH by 0.08 and increase 
the HCO3 by 1 mEq/L. A chronic increase of PaCO2 by 
10 mmHg (as in infants with BPD) decreases the pH by 0.03 

units and increases the HCO3 by 3.5 mEq/L. This magnitude 
of compensation is true up to 70 mmHg PaCO2.

Blood gas analysis

The traditional blood gas analysis provides values for the 
pH, the partial pressure of oxygen, and carbon dioxide, 
bicarbonate, and the base excess. The pH is the measure 
of acidity or alkalinity of a solution and is the negative 
logarithm of the hydrogen ion concentration in the solu-
tion. The blood is slightly alkaline (compared to water) 
with a pH of 7.35–7.45. When the pH drops from 7.4 to 
7 the hydrogen ion concentration increases 2.5-fold. The 
enzymes catalyzing different reactions within the body 
work at an optimal level in the physiological range of pH 
and become nonfunctional below a critical range. The body 
has an elaborate mechanism to keep the pH within the 
physiological range under varying levels of exercise/stress. 
These mechanisms include the different buffer systems in 
the blood, the lungs and the kidneys. The predominant buf-
fer system in the body is bicarbonate in the plasma. Hemo-
globin, plasma phosphate, and plasma proteins also play 
important role to buffer the extracellular compartment.

Measurement of pH
The first pH electrode was discovered in 1906 by Max Cre-
mer. The pH electrode is based on the principle that an 
electrical potential develops when two liquids of different 

Fig. 32.2 Basics of Acidosis and Alkalosis and Compensatory Mechanisms.
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pH come in contact at opposite sides of a thin glass mem-
brane. The pH electrode in the blood gas analyzers consists 
of a glass measuring electrode and a reference electrode. 
The tip of the measuring electrode is a thin glass membrane 
that is capable of ion exchange which senses the hydro-
gen ion concentration of the test solution. The reference 
electrode potential is produced by the reference electrode 
internal element which is in contact with the reference fluid 
solution kept at a pH of 7. The voltage output produced is 
Iinearly dependent upon the pH of the solution being mea-
sured. The pH is determined by measuring the potential 
difference between these two electrodes which is converted 
to and displayed as the pH. The pH electrode’s sensitivity 
increases linearly with temperature and hence it is impor-
tant to input the temperature of the solution being mea-
sured.

Measurement of PaCO2

The PaCO2 sensor is a modification of the pH electrode by 
Stowe and Severinghaus. The electrode has an outer Silas-
tic semipermeable membrane through which CO2 diffuses 
into the bicarbonate buffer. CO2 reacts with the buffer 
forming carbonic acid which then dissociates into bicar-
bonate ion and hydrogen ions.

+ → → ++ −CO H O H CO H HCO2 2 2 3 3

The hydrogen ion diffuses across the glass electrode 
and this change is measured as it is with the pH electrode. 
The PaCO2 is determined from the change in pH using the 
Henderson–Hasselbalch equation.

Measurement of PaO2

The partial pressure of oxygen is measured using the Clark 
electrode. It consists of a platinum cathode and the silver 
chloride anode immersed in phosphate buffer. The plati-
num electrode is covered with a small lipophilic plate and 
a gas permeable membrane that separates the test specimen 
from the electrode and is selectively permeable to oxygen. 
Oxygen diffuses into the electrolyte to contact the cathode. 
Electrons are drawn from the anode surface to the cathode 
to reduce the oxygen. The current produced is proportional 
to the PaO2 of the test solution.

Measurement of bicarbonate
Bicarbonate is the principal buffer in the plasma and the 
predominant form of carbon dioxide transport in the 
blood. Bicarbonate is a calculated value from the measured 
values of pH and PaCO2 using the Henderson–Hasselbalch 
equation. Actual bicarbonate is calculated from the pH and 
pCO2 of an aerobically drawn arterial specimen. As the pH 
is affected by the PaCO2 and to eliminate the effect of the 

respiratory component, the standard bicarbonate is calcu-
lated with standard values of PaCO2 of 40 mmHg, PaO2 
100 mmHg, and temperature at 37°C. Standard bicarbon-
ate is hence a more precise measure of the metabolic com-
ponent of acidosis. Bicarbonate levels may be decreased 
due to loss of HCO3 from the kidneys or the intestines, 
consumption from need for buffering of excessive acid in 
the body, or from failure to regenerate bicarbonate. Bicar-
bonate levels may be elevated due to increased generation 
of HCO3 or excessive loss of hydrogen or chloride ions as 
occurs with loss of acid from the stomach or with diuretic 
use or with excessive administration of base.

Measurement of base excess
The base excess is defined as the concentration of titratable 
base when a fluid is titrated to a pH of 7.4 at a pCO2 of 
40 mmHg or it is the number of millimoles of strong acid 
needed to titrate a blood sample to pH of 7.4 at pCO2 of 
40 mmHg. It can be calculated using the Van Slyke equa-
tion or using a nomogram [5]. The base excess is positive 
if there is a surplus and negative when there is a deficit of 
bicarbonate. The base excess is calculated using the values 
of hemoglobin, PaCO2 and bicarbonate.

Base excess reflects the metabolic component of acid-
base balance. Two values of BE are provided by the blood 
gas analyzer. Base excess in whole blood BE(B) and the in 
extracellular fluid BE(ECF). The BE(ECF) is independent of 
the effects of PaCO2 and is hence the recommended param-
eter to use clinically.

Direct measurements are more accurate and reliable; the 
parameters that are automatically calculated by the ana-
lyzer may be subject variables that are not accounted for, 
contributing to error.

Common acid–base disturbances 
in the NICU

Respiratory acidosis
Carbon dioxide is the product of aerobic metabolism of 
glucose in the tissues. It is transported in the blood as 
bicarbonate (85%), carbaminohemoglobin (10%), and 
dissolved carbon dioxide (5%) and excreted through the 
lungs. Respiratory acidosis is due to carbon dioxide reten-
tion from impaired excretion through the lungs. Common 
causes of hypercarbia include atelectasis (ventilation–per-
fusion mismatch), decreased surface area for gas exchange 
as in pulmonary hypoplasia and bronchopulmonary 
dysplasia (BPD), decreased alveolar ventilation as occurs 
either during mechanical ventilation with inadequate 
minute ventilation or in spontaneously ventilating infants 

CO2+H2O→H2CO3→H++HCO3−
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with decreased respiratory drive, or muscle weakness. 
Hypercarbia also occurs with airway obstruction and with 
obstruction of endotracheal tube in mechanically ven-
tilated infants. Restriction of the chest wall as in thoracic 
dystrophies or severe scoliosis also leads to hypercarbia. 
Imbalance in the carbohydrate to fat and protein balance 
can lead to greater CO2 load and lead to CO2 retention in 
the acute phase of RDS or in infants with BPD. Hypercar-
bia or fluctuation in PaCO2 impairs cerebral autoregula-
tion and increases the risk of intraventricular hemorrhage 
[4]. Acidosis also increases pulmonary vascular resistance 
(PVR) and worsens oxygenation in infants with hypoxemic 
respiratory failure and persistent pulmonary hypertension 
of the newborn.

Respiratory alkalosis
Respiratory alkalosis is rare as a primary acid–base abnor-
mality. In infants on mechanical ventilation, respira-
tory alkalosis is often secondary to excessive ventilation. 
It occurs commonly in infants with hypoxic-ischemic 
encephalopathy (HIE) related to metabolic acidosis and 
the attendant increase in respiratory drive. Induced respira-
tory alkalosis by hyperventilation had been used as a thera-
peutic strategy in infants with PPHN. Respiratory alkalosis 
promotes pulmonary vasodilation. However, it also causes 
cerebral vasoconstriction and is associated with periventric-
ular leukomalacia in premature infants and increased risk 
of deafness and neurodevelopmental disabilities in infants 
with PPHN. Recent studies in infants with HIE, it has been 
shown that hypocapnia is associated with worse neurode-
velopmental outcomes.

Metabolic acidosis
Renal bicarbonate wasting is the commonest cause of 
metabolic acidosis in premature infants. Impaired oxygen 
delivery leads to tissue hypoxia and anaerobic metabolism 
resulting in increased production of lactic acid resulting 
in metabolic acidosis. Other causes of metabolic acidosis 
include sepsis, inborn errors of metabolism, and iatrogenic 
as in increased protein load in total parenteral nutrition. 
The anion gap is useful in evaluation of the etiology and 
severity in acid-base balance disturbances.

The anion gap is calculated as:

− +Na [Cl HCO ]3

An elevated serum anion gap is associated with elevated 
levels of an unmeasured anion such as lactate (lactic aci-
dosis due to anaerobic metabolism), beta hydroxybutyr-
ate and acetoacetate (diabetic ketoacidosis), sulfates and 
phosphates (renal failure), or an inborn error of metabo-
lism such as organic acidemia. The use of sodium acetate 
in TPN can often compensate for the renal bicarbonate 

loss in premature infants to maintain pH in the normal 
range. However, the increased CO2 load may overwhelm 
the immature lung resulting in hypercapnia and respira-
tory acidosis.

Metabolic alkalosis
Common causes of metabolic alkalosis in infants include 
diuretic use and loss of gastric secretions. Hypochloremia 
and the ensuing metabolic alkalosis during diuretic therapy 
may be mitigated by supplementation of oral potassium 
chloride or by decreasing the dose of the diuretic or the 
use of acetazolamide. Loss of gastric secretions (due to 
pyloric stenosis or gastric suction) can lead to hypokale-
mic, hypochloremic metabolic alkalosis. However, in order 
to conserve vital potassium, the renal tubule may exchange 
hydrogen ions for potassium resulting in paradoxical 
aciduria.

Combined metabolic and respiratory acidosis may 
occur in the setting of HIE or infants with BPD with acute 
metabolic acidosis superimposed on chronic respiratory 
acidosis.

Sampling sites for blood gas 
analysis

Arterial blood gas
Blood gas analysis can be performed on a variety of speci-
men types including arterial, venous, and capillary sam-
ples depending on patient’s condition and availability of 
access. Although the ABG provides the most comprehen-
sive information of gas exchange and acid–base status, it 
may not be possible or even needed in many clinical sce-
narios. In addition, indwelling arterial catheters provide 
continuous assessment of blood pressure. In the newborn, 
umbilical artery catheters are the preferred route for arte-
rial access for their ease of placement, relative low-risk of 
complications as compared to peripheral arterial access. 
Two different sizes (3.5 and 5 Fr) of single lumen arterial 
catheters are available and the choice is mainly dictated by 
the size of the infant. Although their relative merits have 
not been studied, theoretically smaller catheters minimize 
the disturbance in blood flow in the aorta but may lead 
to dampening of the arterial pressure wave tracing and 
may also have a higher risk of failure from clot formation 
within the lumen of the catheter. Umbilical arterial blood 
is postductal and this fact has to be considered while 
assessing oxygenation in newborn infants with hypoxemic 
respiratory failure and persistent pulmonary hypertension 
with significant pulmonary artery to systemic shunting of 
desaturated blood at the level of patent ductus arteriosus 

Na−[Cl+HCO3]
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(PDA, Fig. 32.1). Complications associated with umbili-
cal arterial cannulation include those related to vascular 
compromise, embolization, catheter malposition, infec-
tion, thrombosis, and malfunction. Vascular compromise 
commonly presents with duskiness/pallor of the lower 
limbs which may be due to vasospasm or due to micro-
emboli and may lead to ischemic necrosis of the limb or 
the digits. Malpositioning of the tip of the catheter at or 
near major branches of the aorta can lead to compromised 
blood supply to the intestines or to the kidneys. Thrombus 
formation is very common following umbilical catheter-
ization but is usually not clinically evident as in most cases 
it is nonobstructive and usually presents with thrombo-
cytopenia due to platelet consumption. Bleeding from 
accidental catheter disconnection or vascular perforation 
during catheter insertion is rare but can be life threatening. 
Sterile precautions should be ensured during placement 
and while accessing these lines to reduce the risk of central 
line-associated sepsis. Studies using NIRS and ultrasound 
have shown alterations in cerebral blood flow and oxy-
genation during blood sampling from umbilical catheters. 
Although it is unclear whether these changes in cerebral 
hemodynamics leads to complications, smaller volumes 
and slower rate of withdrawal may reduce the magnitude 
of these changes.

In older infants and in infants in whom umbilical arte-
rial catheterization is unsuccessful, cannulation of a periph-
eral artery such as radial, ulnar, posterior tibial, or dorsalis 
pedis may be an option. It is important to assess and docu-
ment adequacy of collateral circulation by physical exami-
nation or by Doppler study prior to cannulating the vessel. 
Close monitoring for signs of vascular compromise should 
be ensured as ischemic necrosis of the digits is a known 
complication associated with peripheral arterial catheters.

Percutaneous puncture of one of the peripheral arter-
ies may be performed in less ill infants in whom the need 
for ABG analysis is infrequent and do not justify the risks 
associated with an indwelling line. The main disadvantage 
of arterial puncture is the discomfort associated with the 
procedure frequently causes agitation enough to disrupt 
the steady state and blood gas results may not be reflective 
of the infants cardiorespiratory status.

Venous blood gas
Venous blood gas (VBG) analysis provides reliable esti-
mates of the pH, PaCO2, and bicarbonate levels. Results 
obtained from VBGs are affected by tissue metabolism and 
effects from peripheral circulation. Multiple studies in adult 
patients have validated the correlation between arterial and 
central VBG for pH, PaCO2, and bicarbonate levels [6,7]. In 
general, central venous pH is on average 0.03 units lower, 
PaCO2 5–6 mmHg higher, and bicarbonate similar to arte-
rial samples. Calculations using the regression equations 

that have been developed from studies comparing ABGs 
versus Central VBGs provide more precise estimates of 
pH and PaCO2 and bicarbonate values. With noninvasive 
monitoring using pulse oximetry being standard in most 
NICUs, a combination of SpO2 monitoring with intermit-
tent VBGs may provide the information needed to make 
treatment decisions in most clinical situations. However, it 
is important to bear in mind that these studies were all per-
formed in adult patients and central venous blood samples 
were used in these studies.

Capillary blood gas
The concept of arterialized capillary blood gas (CBG) is 
based on the premise that blood flowing through a dilated 
capillary bed approximates that of the arterial blood as 
there is little time for O2 and CO2 exchange to occur. CBG 
is obtained by arterializing the capillary blood by warming 
the extremity. During collection as the blood is exposed to 
the atmosphere, PaO2 and to a lesser extent the PaCO2 val-
ues are subject to error. CBG analysis is often used to follow 
trends in PaCO2 and pH in chronically ventilated infants.

Fiber-optic catheters may be used for invasive inline 
analysis of pH, pCO2, and pO2. In dwelling catheters and 
analysis systems allow for continuous blood gas and blood 
pressure monitoring with minimal blood loss. However, 
the use of this technology has not gained widespread appli-
cation in the NICU.

Details of indications, technique of insertion, position-
ing of catheters, and complications are explained in the 
chapter on Procedures (Chapter 37 A).

Temperature correction
The solubility of a gas in a liquid increases with a decrease 
in temperature (Henry’s law). The partial pressure of the 
gas decreases as the solubility increases. Hence, hypother-
mia is associated with decreased PaCO2 and PaO2 due 
to increased solubility and hyperthermia with increased 
PaCO2 and PaO2. This temperature-dependent change in 
PaCO2 affects blood pH. Hence hypothermia causes an 
increase and hyperthermia a decrease in pH [8]. Change 
in body temperature shifts in the oxyhemoglobin dissocia-
tion curve and changes oxygen consumption and carbon 
dioxide production (Fig. 32.3). Decrease in body tempera-
ture causes a leftward shift in the oxyhemoglobin dissocia-
tion curve with increased hemoglobin affinity for oxygen. 
The change in hemoglobin affinity for oxygen induced by 
change in body temperature has the potential of decreas-
ing oxygen delivery to tissues in hypothermia and decrease 
binding of oxygen to hemoglobin at the lungs in normo-
thermia. Due to the sigmoidal shape of the oxyhemoglobin 
curve, the potential for these body temperature effects is 
exaggerated in conditions of hypoxemia [9]. Hypothermia 
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is associated with reduced oxygen consumption and car-
bon dioxide production. Design of blood gas analyzers 
only allows for samples to be prewarmed to 37°C prior 
to measurement. The temperature-corrected values, which 
can be obtained by inputting the patient’s temperature to 
the analyzer, are the true in vivo values of the patient and 
are calculated using formulas and algorithms. The formulas 
used for correction for pH and PaCO2 are as follows.

= − + × − −pH (T) pH (37) [0.0146 0.065 (pH (37) 7.40)][T 37]

= × × −p pCO (T) CO (37) 102 2
[0.021 (T 37)]

where pH (T) = patient’s temperature-corrected pH
pH (37) = patient’s pH measured at 37°C
pCO2 (T) = patient’s temperature-corrected pCO2

pCO2 (37) = patient’s pCO2 measured at 37°C
T = patient’s core temperature (°C)
PaO2 changes approximately 7% for each 1°C deviation 

from 37°C (Fig. 32.4).
The pulmonary and cerebral blood flows are sensitive to 

changes in pH, PaCO2, and PaO2. These differences within 
physiological range of temperature may not cause discern-
ible changes in homeostasis due to the ability of the body 

to compensate. However, in pathological states where the 
ability of the body is compromised due to illness or stress 
these may lead to disruptions in homeostasis. With the 
clinical use of hypothermia treatment for HIE and during 
cardiopulmonary bypass, the higher degrees of deviation 
of temperature from the normal lead to physiologically 
significant changes in pH and PaCO2. For example, an 
arterial sample drawn on an infant during cardiac surgery 
while undergoing hypothermia to 20°C and analyzed at 
that temperature with pH 7.65 and pCO2 18 mmHg, when 
analyzed at 37°C the values would be pH 7.4 and pCO2 
40 mmHg.

With decreasing temperature, more gas is dissolved in 
plasma, and the partial pressure of CO2 and O2 decreases 
[10]. Maintenance of the same pCO2 or pO2 under hypo-
thermic conditions will require greater CO2 or O2 con-
tent. Two acid–base management approaches during 
hypothermia are described in the literature in reference 
to pediatric cardiac anesthesia management and pro-
found hypothermia (usually 18–20°C) for brief periods 
of time [11]. However, no studies have evaluated the opti-
mal approach during mild hypothermia (33–34°C) for 
HIE [12].

pH   (T)=pH   (37)−[0.0146+0.065×(pH   (37)−7.40)][T−37]

pCO2   (T)=pCO2(37)×10[0.021×(T−37)]

Fig. 32.3 The Influence of Whole Body Hypothermia on Gas Exchange in a Patient With PPHN on Mechanical 
Ventilation. The lung is ventilated with humidified, heated gas usually at approximately 37°C. During whole body hypothermia, the 
body is cooled to 33.5°C. During hypothermia, the oxygen–hemoglobin dissociation curve shifts to the left increasing hemoglobin’s 
affinity for oxygen. This phenomenon results in reduced delivery of oxygen to the tissues. During hypothermia, the metabolism is 
lower and there is reduced demand for oxygen. In the lungs, the alveolar gas temperature is normal at 37°C. Here the oxygen–
hemoglobin dissociation curve is shifted to the right resulting in reduced uptake of oxygen. Copyright: Satyan Lakshminrusimha.
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Management by the α-stat technique is focused on 
maintaining a normal pH and PaCO2 at 37°C and not 
at the current body temperature. As the temperature falls 
during induced hypothermia, PaCO2 measured at the 
patient’s temperature decreases and pH increases. Ven-
tilation is adjusted to maintain normal PaCO2 at 37°C. 
This approach is based on the fact that as temperature 
decreases, blood and tissue pH rise but the dissociative 
state of α-imidazole, and thus protein function, remains 
close to normal. In the pH-stat technique, PaCO2 in the 
blood gas drawn from a hypothermic patient is mea-
sured after warming the blood to 37°C but is mathemati-
cally corrected to the patient’s temperature (Fig. 32.4). 
Ventilation is then adjusted to achieve a normal pH and 
PaCO2 at patient’s temperature. This results in higher 
CO2 content (as compared to the α-stat method), and 
leads to concurrent cerebral vasodilation and pulmo-
nary vasoconstriction, resulting in higher cerebral blood 
flow and more effective and homogenous brain cooling 
[11]. Thus, most studies evaluating hypothermia for HIE 
have adapted pH-stat method for acid–base management 
[13–15]. In addition, animal studies with hypothermia 
demonstrate better suppression of cerebral metabolic rate 
with pH-stat method [11]. Maintaining high PaCO2 values 

(>50 mmHg, when corrected for body temperature) can 
theoretically be associated with high dissolved CO2 levels 
and exacerbate pulmonary vasoconstriction.

The optimal range of PaCO2 and PaO2 during whole-
body hypothermia for HIE are not known. The cere-
bral and pulmonary circulations respond to changes 
in pH, pCO2, and pO2 in opposite ways. Low PaCO2 
(<35 mmHg) [2] and high PaO2 (>100 mmHg) [16] dur-
ing the immediate postnatal period are associated with 
poor outcomes in neonates with HIE undergoing whole-
body hypothermia [17]. In contrast, animal studies have 
demonstrated that hypercarbia, acidosis (pH <7.25), and 
hypoxemia (PaO2 <50 mmHg) increase PVR [18] leading 
to PPHN. Hence, we recommend adopting the pH-stat 
method and maintaining corrected PaCO2 in the mid-
40s and corrected PaO2 in the 50–80 mmHg range to 
optimize cerebral and pulmonary circulations [19]. These 
guidelines for corrected PaCO2 are similar to those rec-
ommended by Chakkarapani and Thoresen (corrected 
PaCO2: 41–50 mmHg) [20].

Although it is unclear at this time as to the relative mer-
its of either methodology in clinical management of the 
neonate, it is important that each facility has a consistent 
approach to avoid inconsistencies with interpretation of 

Fig. 32.4 The Differences Between pH-Stat and α-Stat Approaches to Blood Gas Management During Hypothermia. 
All blood samples are warmed to 37°C during measurement in the blood gas analyzer. Subsequently, the gases may be reported 
at patient’s body temperature (pH-stat method) and attempts are made to maintain normal pH and PaCO2 at patient’s body 
temperature (33.5°C). In the α-stat method, blood gases are reported at 37°C and attempts are made to normalize pH and PaCO2 
at 37°C. The main difference with the two approaches is that pH-stat method results in slightly higher PaCO2 levels leading to 
cerebral vasodilation and uniform brain cooling. Copyright: Satyan Lakshminrusimha.
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blood gases and decision making in treatment. The authors 
prefer the use of pH-stat method during management of 
infants with respiratory disease and PPHN associated with 
HIE undergoing moderate hypothermia.

Errors in blood gas monitoring
Sources of error in blood gas monitoring can occur dur-
ing collection, analysis, or reporting. Errors in collection 
include mislabeling of specimens, suboptimal technique, 
exposure of the sample to air, inadequate mixing of the 
sample, delay and improper storage of sample during 
transit, dilution of sample from inadequate “waste,” and 
clotting of specimen. The room air has PaO2 of approxi-
mately 150 mmHg and PaCO2 close to 0. Exposure to 
ambient air/contamination with air bubbles results in low-
ering of PaCO2 and either a rise in or lowering of the PaO2 
depending on whether the PaO2 of the sample is greater or 
less than 150 mmHg. Dilution of the sample with IV fluids 
typically results in lowered PaCO2 and higher base deficit. 
Delay in processing of the sample can result in increase in 
PaCO2 as the metabolism continues in the cells. Hence, it 
is important to process samples promptly or to transport 
the sample on ice if there will be a delay in processing the 
sample.

Errors in analysis include errors associated with inad-
equate instrument maintenance, quality control, failure to 
run calibration or inaccurate calibration set points, analyz-
ing insufficient samples, and temperature control errors. 
Errors in the reporting stage include failure to recognize 
and interpret flags, instrument errors, and transcription 
errors. Coordinated efforts from phlebotomists, nursing, 
medical, and laboratory staff; biomedical engineering; and 
IT team managing electronic medical records is needed to 
reduce/prevent these errors that have serious impact on 
patient care.

Noninvasive monitoring of 
oxygenation—pulse oximetry

Supplemental oxygen has been widely used in the neona-
tal intensive care for over the last 60 years. Large gaps in 
knowledge exist regarding the indications, optimal dose, 
and monitoring of oxygen use in the NICU. The epidemic 
of retinopathy of prematurity in the 1940s is well docu-
mented in the neonatal literature. Controversy surround-
ing the target saturation during intensive care of preterm 
infants continues despite multiple large randomized 
controlled trials done specifically to address this ques-
tion [21–25]. Clinically cyanosis is detectable by visual 
examination only when deoxyhemoglobin is above 5 g/dL 
and this corresponds to saturations in the low 70% range 

depending on the hematocrit and is an unreliable assess-
ment of oxygenation. Hence, continuous monitoring of 
hemoglobin oxygen saturation is imperative to provide 
optimal care.

Pulse oximetry measures the percentage of hemoglobin 
saturated with oxygen. It is a transcutaneous, noninvasive 
estimate of SaO2 and displays a plethysmographic wave-
form and provides a continuous recording of the heart 
rate (Fig. 32.5). The monitoring of hemoglobin saturation 
by pulse oximetry is possible due to the distinct absorp-
tion spectra of the chromophores such as oxyhemoglo-
bin and deoxyhemoglobin and the transparency of tissue 
to light in the near-infrared spectrum. Pulse oximetry is 
based on the Beer–Lambert law which states that absorp-
tion of light of a given wavelength is proportional to the 
product of the solute concentration and the light path 
length [26,27]. Pulse oximetry is based on the principles 
of (1) spectrophotometry—oxygenated hemoglobin and 
reduced hemoglobin have different absorption spectra at 
different wavelengths of light (red and near infrared) and 
(2) photoplethysmography—the amount of light absorbed 
by blood in the tissue changes with the arterial pulse. The 
pulse oximeter probe consists of two light-emitting diodes 
and a photo detector that are positioned facing each other 
with the light passing intermittently at very high frequency 
through the interposed tissue. Absorption during pulsatile 
flow is due to the arterial blood, venous blood, and the 
interposed tissue whereas absorption during nonpulsatile 
flow is due to the venous blood and tissue. Saturation is cal-
culated from the relative absorption of the two wavelengths 
during pulsatile flow (due to arterial blood—AC) divided 
by absorption during nonpulsatile flow (venous and tissue 
absorption—DC).

=SpO f(AC / DC ) /(AC / DC )2 red red infrared infrared

where f is the calibration constant.
Calibration algorithm for pulse oximetry is generated 

by subjecting healthy volunteers to varying inspired oxy-
gen concentrations and correlating the arterial SaO2 esti-
mated by cooximetry with the ratio of absorption ratios 
over a range of saturation values [28]. Due to ethical con-
cerns from exposing healthy volunteers to hazardously 
low saturations, readings below 75% are based on data 
extrapolated from calibration values obtained between 
100% and 75%. “Blue” (Masimo, Irvine, CA, USA) sensors 
calibrated for 60%–80% range are being used in neonates 
with cyanotic CHD (http://www.masimo.com/sensors/
specialty.htm). These sensors are more accurate in the 
75%–85% range with 86% of samples being within 5% of 
values obtained by cooximetry with a decrease in accuracy 
for SaO2 values less than 75%.

Although pulse oximetry is now standard of care in 
NICUs, there are no established normal values in new-
borns. Pulse oximetry studies in healthy term infants and 

SpO2=f(ACred/DCred)/(ACinfrared
/DCinfrared)

http://www.masimo.com/sensors/specialty.htm
http://www.masimo.com/sensors/specialty.htm
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Fig. 32.5 Infographic Showing the Basic Principles of Pulse Oximetry and its Limitations in Neonates. The pulse oximeter 
probe has diodes that emit light in the red and infrared spectrum. After absorption of this light by pulsatile arterial blood, venous 
blood, and tissue, it is detected by photodetectors in the pulse oximeter probe. The extinction coefficient for Hb and HbO2 are 
different at red and infrared spectra. The infrared to red light modulation ratio is converted to a SpO2 number using an algorithm. 
The SpO2 is usually within ±3% of SaO2. The relationship between PaO2 and SaO2 is the oxyhemoglobin–equilibrium curve. 
Limitations of pulse oximetry are shown in red boxes. Hb, Hemoglobin. Modified from Assisted Ventilation of the Neonate. 6th ed.
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preterm infants have shown average saturations to be 97% 
and 95%, respectively [29–31]. The controversies regard-
ing the target range of saturations for premature infants 
receiving respiratory support/supplemental oxygen or term 
infants with persistent pulmonary hypertension remain 
unresolved [32,33]. Arterial oxygen saturation measured 
by pulse oximetry accounts for approximately 98% of arte-
rial oxygen content. In the presence of normal hematocrit 
and perfusion, saturations over 90% ensure adequate tis-

sue oxygen delivery. Some of the limitations are outlined 
in Fig. 32.6.

Indications of pulse oximetry
Pulse oximetry is considered as the fifth vital sign and has 
become the standard of care in NICUs. In the NICU, pulse 
oximetry is used to:
1. titrate inspired oxygen concentration in infants 

receiving supplemental oxygen;

Fig. 32.6 Variables that Influence Oxygen Delivery (Based on Arterial Oxygen Content) and Oxygen Toxicity (Based 
on PaO2). This figure illustrates the variation in the arterial oxygen content compared to pulse oximetry based on factors such as 
site of probe placement, hemoglobin type, and content. Each row represents an infant with a specific combination of variables. 
The oxygen content can vary twofold with a 5% difference in SpO2 on the pulse oximeter, and an infant with a lower SpO2 (88%) 
can actually have higher oxygen content than the one with a higher SpO2 (93%). Infant A has a preductal SpO2 of 88%, which 
can correspond to SaO2 range of 85%–91% in approximately two-third of subjects (±3% variation with pulse oximeters). If the 
corresponding preductal SaO2 is assumed to be 86%, and she has never received a transfusion, her HbF concentration is ∼90%. 
The corresponding preductal PaO2 is 36 mmHg. If this infant has Hb concentration of 8 g/dL, her arterial oxygen content will 
be approximately 9.5 mL/dL. Infant B has a postductal SpO2 of 88%, which can correspond to a SaO2 range of 85%–91% in 
approximately two-third of subjects. If postductal SaO2 is assumed to be 90%, the corresponding preductal SaO2 may be 92%. 
If this baby had received two transfusions, her HbF concentration is approximately 50% and the corresponding preductal PaO2 is 
52 mmHg. If this infant’s Hb concentration is 13 g/dL, her arterial oxygen content will be approximately 16.4 mL/dL. Infant C who 
has never been transfused with blood and with a preductal SpO2 of 93% and a PaO2 of 43 mmHg is at significantly reduced risk of 
oxygen toxicity compared with infant B in spite of a higher displayed SpO2. Infant D has the same displayed SpO2 as infant C (93%). 
However, his pulse oximeter is located on his left foot (postductal), and he has received blood transfusions. His PaO2 is considerably 
higher (95 mmHg) compared with infant C (43 mmHg) placing him at risk for oxygen toxicity. A higher Hb concentration results 
in higher arterial oxygen content. Hb, Hemoglobin; HbF, hemoglobin F; SaO2, arterial oxygen saturation; SpO2, displayed oxygen 
saturation. Modified from Assisted Ventilation of the Neonate. 6th ed; Lakshminrusimha et al. J Perinatol (2015) [32]. Copyright: 
Satyan Lakshminrusimha.
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2. monitor stable growing premature infants for 
bradycardia and desaturation spells for fitness for 
discharge;

3. define BPD with the oxygen reduction test;
4. monitor supplemental oxygen therapy during delivery 

room resuscitation and stabilization;
5. screen for critical CHD in the newborn period;
6. diagnose and manage PPHN by pre- and postductal 

saturation monitoring;
7. monitor cardiorespiratory status during transport of 

critically ill newborns and premature infants; and
8. perform car seat testing prior to discharge of at-risk 

infants.

Delivery room
With increasing awareness of the dangers of oxidative 
stress associated with hyperoxia in the immediate new-
born period, the use of oxygen blenders and pulse oxim-
etry is recommended for resuscitation and stabilization 
of newborn infants in the delivery room. Pulse oximetry 
is used to gauge response to resuscitation (improvement 
in saturation and heart rate) and to titrate supplemental 
oxygen therapy. The Neonatal Resuscitation Program 2015 
guidelines provide target saturations for time after birth to 
guide oxygen therapy for newborn infants in the delivery 
room [34–37]. The delivery room presents unique chal-
lenges from other settings in which pulse oximetry is rou-
tinely used. Delay in obtaining stable tracing and read out 
of saturations and heart rate is common in the delivery 
room setting. The average time to detect reliable signal on 
pulse oximetry in the delivery room has been estimated to 
be between 1 and 2 min [35,38,39]. The probe should be 
applied to the right wrist as there is a substantial pre- and 
postductal saturation difference in the immediate newborn 
period and the nomograms for delivery room target satura-
tions have been created using preductal oxygen saturations. 
Also signal detection has been shown to be sooner with 
the pulse oximetry probe applied to the hand as compared 
to the foot [40]. Difficulties with probe placement, move-
ment, poor perfusion, and high ambient light can all inter-
fere with obtaining reliable pulse oximetry signal.

CHD screening
Pulse oximetry is being used as newborn screening test for 
critical CHD, between 24 and 48 h of postnatal age and 
prior to discharge. A positive screen is defined as having 
SpO2 reading of less than 95% in either pre- or postduc-
tal sites or difference of greater than 3% between pre- and 
postductal values. The sensitivity of detecting CHD with 
the screen is around 75% with a very low false positive rate 
of less than 0.1%. There is currently no recommendation 
for screening infants admitted to the NICU [41].

Limitations of pulse oximetry

Due to the sigmoid shape of the oxygen dissociation curve, 
pulse oximetry is unable to detect significant hyperoxia 
and is slow to detect acute hypoxemia. In infants receiving 
supplemental oxygen, even large changes in PaO2 result in 
minimal changes in SpO2 if the saturation is close to 100%. 
Alveolar hypoventilation may also be missed in infants on 
supplemental oxygen monitored solely with pulse oxim-
etry and can lead to significant hypercarbia without an 
appreciable change in SpO2. Hence, patients on supple-
mental oxygen at risk of hyperoxia/hypoxemia/hypercap-
nia should have intermittent PaO2 and PaCO2 measured by 
ABGs.

Anemia, unless severe <5 g/dL, and polycythemia do 
not affect pulse oximetry readings [42].

Hypoperfusion and hypothermia
Pulse oximetry relies on normal pulsatile flow for its sig-
nal and hence can be falsely low in the setting of impaired 
perfusion or vasoconstriction associated with hypothermia, 
vasopressor treatment, tourniquet effect from blood pres-
sure cuff, etc. [43]. Sensor placement over a more central 
location such as the earlobe or forehead in these situations 
can improve signal detection and provide reliable readings. 
Care should be taken not to apply the sensor too tightly 
around the finger, hand, or foot.

Movement artifact
Conventional pulse oximetry is based on pulsatile flow of 
blood and calculates saturation based on the assumption 
that arterial blood is the only component that moves at the 
site of measurement. During periods of movement of the 
monitoring site, the blood in the venous and tissue com-
partment also moves and interferes with the SpO2 reading 
or causes a signal dropout. This can disrupt monitoring 
during periods of spontaneous activity and during trans-
port. Newer pulse oximeters with signal extraction technol-
ogy (SET) use adaptive filtering that is able to separate the 
components of the data and filter noise from the signal and 
are less prone to motion artifact [44,45].

Signal averaging time
The stability of the pulse oximeter reading depends on 
the signal averaging time. The longer the averaging time 
the more stable the reading with lesser false alarms, but 
this causes delay in response time of the oximeter and can 
result in significant underestimation of true desaturation 
episodes [31]. The signal averaging time can be optimized 
based on the indication for which monitoring is being 
undertaken.
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Hemoglobin variants—functional 
versus fractional saturation
Functional saturation refers to the percentage of hemoglo-
bin that is saturated with oxygen to the amount of hemoglo-
bin that is capable of transporting oxygen: HbO2/(HbO2 +  
Hb). Fractional saturation is the percentage of oxygen-
ated hemoglobin to the total hemoglobin, which includes 
variant hemoglobin molecules such as methemoglo-
bin (MetHb) or carboxyhemoglobin (COHb) that are 
incapable of binding oxygen. Conventional oximeters 
do not distinguish the variant hemoglobins from HbO2 
and provide functional saturation readings that are 
higher than the fractional saturations in patients with 
dyshemoglobinemia. High levels of COHb cause an 
increase in the SpO2 approximately equal to the amount 
of COHb that is present [46]. In presence of high levels of 
MetHb, the SpO2 reading is decreased approximately by 
about half of the MetHb percentage concentration [47]. 
New generation oximeters by using additional wavelength 
of light detect COHb and MetHb and provide saturation 
readings that are more appropriate in the clinical setting. 
In instances where there is a greater than 5% discrepancy 
between the oxygen saturation by cooximetry and pulse 
oximetry then the presence of variant hemoglobin has to 
be considered.

Additional considerations
HbF and HbA have light absorption characteristics that 
are similar and hence the presence of HbF does not affect 
pulse oximetry readings [48]. However, one has to be cog-
nizant of the effect of HbF on the oxygen dissociation 
curve and on the tissue oxygenation at the displayed SpO2 
values (Fig. 32.6). Indirect bilirubin has a different light 
absorption spectrum at 450 nm and hence does not affect 
pulse oximetry readings [49]. However, interference from 
ambient light from phototherapy and elevated of COHb 
levels from hemolysis can alter pulse oximetry readings in 
neonates with hyperbilirubinemia.

Perfusion index and 
plethysmographic variability index
Perfusion index (PI) and plethysmographic variability 
index (PVI) are measures derived from pulse oximetry 
(Fig. 32.7). PI, by comparing the pulsatile to the nonpulsa-
tile signal, gives an indication of the perfusion at the moni-
tored site. The value of PI is being investigated for detection 
of CHD (left obstructive heart diseases that are missed on 
pulse oximetry-based screening), subclinical chorioamnio-
nitis, assessing severity of illness, and evaluation of intra-
vascular volume status [50,51].

The arterial pulse volume changes during phases of the 
respiratory cycle and this is more pronounced when the 
preload is inadequate. PVI measures the change in PI dur-
ing a respiratory cycle and is expressed as a percentage. The 
role of PVI in assessing hemodynamic significance of PDA 
in preterm infants and intravascular volume status both in 
adult and neonatal patients is being studied and the early 
results are promising [51,52].

Transcutaneous oxygen saturation 
monitoring
Transcutaneous PaO2 (TcO2) monitoring is being used in 
NICUs as an alternative to arterial PaO2 measurements in 
infants with poor arterial access or in cases in which the 
risks of arterial line placement are not justified. TcO2 mon-
itoring is also useful in acutely ill infants at risk of wide 
fluctuations in PaO2 is anticipated and is deemed to be 
in need of continuous monitoring of PaO2. It is a direct 
polarographic measurement based on an electrochemical 
electrode chain with a platinum cathode (sensor) and a 
silver reference anode. The electrode is separated from the 
skin surface by a thin membrane through which the oxygen 
diffuses. The reduction of oxygen at the cathode generates 
a current that is processed to PaO2 readout. Studies com-
paring arterial PaO2 with TcO2 in infants have shown good 
correlation [53]. However, sensors need frequent reposi-
tioning and recalibration with ABGs. The need for higher 
operating temperature is associated with risk of thermal 
burns in preterm infants. With oxygenation being routinely 
monitored by pulse oximetry, transcutaneous oxygen mon-
itoring is becoming less common.

Noninvasive assessment of PaCO2

The PaCO2 is a reflection of the interaction of CO2 pro-
duction in the body (metabolism), transport (systemic 
and pulmonary perfusion), and elimination (ventilation). 
Capnography provides instantaneous breath-to-breath 
analysis of exhaled CO2 and has become an integral part of 
monitoring during anesthesia and intensive care. PaCO2 in 
normal healthy infants ranges between 35 and 45 mmHg. 
Cerebral blood flow is dependent on the arterial PaCO2 
[50]. Cerebral blood flow increases with hypercapnia and 
decreases with hypocapnia. In mechanically ventilated 
extremely preterm infants, fluctuations of PaCO2 are com-
mon and predispose infants to intraventricular hemor-
rhage (with hypercapnia) and periventricular leukomalacia 
and BPD (with hypocapnia) [4,54,55]. Also, decisions for 
adjustment of ventilator settings are frequently made based 
on assessment of PaCO2. At the present time, assessment 



713

ChapterMonitoring of Gas Exchange in the NICU | 32 |

of PaCO2 for most of these infants is intermittent with 
ABG measurements. This can lead to unrecognized periods 
of hypercapnia and hypocapnia and missed opportuni-
ties for ventilator weaning and prolongation of duration 
of mechanical ventilation. The continuous noninvasive 
assessment of PaCO2 may be achieved using end-tidal CO2 
(EtCO2) or transcutaneous CO2 (TcCO2).

Capnography and end-tidal CO2 
monitoring (Fig. 32.8)
Capnography is based on the principle that due to the 
very high diffusibility of carbon dioxide, the CO2 from the 
pulmonary capillary diffuses into the alveolus and rapidly 
equilibrates with the alveolar pCO2 (PaCO2). Hence the 
PACO2 is an indirect measure of the PaCO2 in the blood 
reaching the lungs. The capnogram is a graphical display 
of levels of carbon dioxide in the conducting airways dur-
ing a respiratory cycle. In a respiratory cycle, during inspira-
tion, pCO2 on the capnogram is zero as the atmospheric 

air contains very little carbon dioxide (Fig. 32.1). At the 
beginning of exhalation, it is the gas from the anatomical 
dead space that is exhaled and has minimal amount of CO2 
(phase 1, Fig. 32.1). In phase II there is a sharp increase in 
the slope of the capnogram, as the gas from the alveoli rich 
in CO2, mixes in with gas in the dead space. This reaches a 
peak and then plateaus as all of the expired gas is from the 
alveoli (phase III).

Measurement

The CO2 level in the sampled gas is measured using infrared 
spectroscopy. CO2 absorbs infrared light of a specific wave-
length (426 µm) and this is used to calculate the amount 
of CO2 in the sample.

Mainstream and sidestream capnography

EtCO2 monitors based on the position of the measurement 
device with respect to the infant’s airway, fall into two cat-
egories.

Fig. 32.7 Pulsatility Index (PI) and Plethysmographic Variability Index (PVI) and Changes With Hypovolemia. Changes 
in intrathoracic pressure with respiration alter venous return to the LA and influence LV preload and LV output and PI. These 
changes in LV output and PI with respiration (PVI) are more marked in the presence of hypovolemia and can predict response to a 
fluid bolus. LA, left atrium; LV, left ventricular; PI, pulsatility index; PVI, plethysmographic variability index. Modified from Assisted 
Ventilation of the Neonate. 6th ed. Copyright: Satyan Lakshminrusimha.
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In mainstream capnography devices, the sensor is in 
line with the ventilatory circuit and all of the inhaled and 
exhaled gas passes directly over the infrared bench. In the 
sidestream devices, sensor is located away from the airway. 
The gas sample is continuously aspirated from the breath-
ing circuit and delivered for analysis to the sensor for 
analysis. Mainstream sensors have the advantages of faster 
response time, reliable single breath capnometry measure-
ments, and are less affected by high ventilator rates. The 
main disadvantage of mainstream capnograph is that it 
adds respiratory dead space and can cause rebreathing of 
exhaled CO2.

Sidestream capnography devices add minimal dead space; 
however, their accuracy is less than that of mainstream 
devices. At low expiratory gas flow rates, dilution of the 

sampled gas can occur over the surrounding air and can 
affect the accuracy of measurement. The measurements 
also tend to be less accurate in infants with high respiratory 
rates. As it does not add to the dead space, it can be used for 
long-term measurements.

CO2 monitoring in NICU

Studies on capnography in the neonatal intensive care have 
focused largely on correlation of EtCO2 arterial PaCO2. 
There are many other potential applications of capnogra-
phy in the NICU and includes monitoring of rate, rhythm, 
and effectiveness of respiration (spontaneous or assisted); 
evaluation of pulmonary and systemic perfusion; and 
metabolism. Capnography may also be useful in guiding 

Fig. 32.8 Uses and Limitations of End-Tidal CO2 (EtCO2) Monitoring in Neonates. High CO2 levels increase cerebral blood 
flow and decrease pulmonary blood flow. Increased dead space (anatomical and alveolar—often due to ventilation perfusion 
mismatch as shown in the left lung) contributes to inaccuracy with EtCO2 monitoring. Limitations for EtCO2 monitoring are shown 
in red boxes. Modified from Assisted Ventilation of the Neonate. 6th ed. Copyright: Satyan Lakshminrusimha.



715

ChapterMonitoring of Gas Exchange in the NICU | 32 |

ventilator management in mechanically ventilated infants. 
Capnography is valuable in monitoring infants with HIE, as 
hyperventilation secondary to metabolic acidosis can lead 
to hypocapnia and impaired cerebral blood flow. Infants 
with HIE receiving hypothermia treatment have decreased 
metabolism and may be reflected as decrease in EtCO2. 
These infants are prone to seizures, many of which are sub-
clinical, and may be indicated by a sudden rise in EtCO2. A 
widening PaCO2–EtCO2 gap is indicative of ventilation per-
fusion mismatch and increasing dead space. EtCO2 moni-
toring has been shown to be useful in cardiopulmonary 
resuscitation to guide effectiveness of chest compressions, 
as a predictor of, and as a marker for detection of return of 
spontaneous circulation [56–58].

Capnometry during neonatal anesthesia

EtCO2 monitoring is the standard of care for monitoring 
infants in the operating room as it provides timely and 
reliable (breath by breath) indication of the adequacy of 
the airway in intubated patient. Loss of the capnogram 
signal or a sudden fall in EtCO2 would indicate accidental 
extubation or plugging of the endotracheal tube. Rapid 
rise in EtCO2 level may indicate inadequate ventilation as 
it occurs commonly with acute changes in tidal volume 
during surgical procedures (such as reduction of gastros-
chisis or diaphragmatic hernia). Examples of this include 
migration of tracheal tube with repositioning of the 
patient, accidental or procedural lung collapse, or with 
pressure on the diaphragm in abdominal surgery limiting 
diaphragmatic excursion. The rapidity of response with 
EtCO2 devices and the scale of changes in EtCO2 precede 
changes in SpO2 and hence able to detect airway/ventila-
tor compromise early and may avert hypoxia and related 
injury.

Colorimetric CO2 detectors

Endotracheal intubation

Colorimetric CO2 detectors are the standard of care for 
confirmation of correct placement of endotracheal tubes. 
Colorimetric CO2 detector is a modified form of the lit-
mus paper that uses metacresol purple and changes color 
depending on the pH. Carbon dioxide reacts with water to 
form carbonic acid that is present as vapor in exhaled breath 
and this is allowed to pass over the litmus paper. Graded 
change in color from purple to yellow occurs with increas-
ing concentration of EtCO2. Lack of color change (purple 
to yellow) after six respiratory cycles indicates esophageal 
intubation. False negative (lack of color change with cor-
rect ETT placement) may occur in low cardiac output state 
even in the presence of severe hypercarbia and impairment 
of gas exchange in the presence of fetal lung fluid. False 

positive colorimetric CO2 may occur with accidental con-
tamination of the sensor with acid as may occur with gas-
tric acid or with resuscitation drugs such as epinephrine. A 
mnemonic to commit to memory would be Yellow—Yes 
and Purple—Problem.

EtCO2 in nonintubated patients
EtCO2 can be monitored in nonintubated infants by side-
stream capnometry using a nasal cannula. Studies by Lopez 
et al. and Tai et al. have shown good correlation and mini-
mal bias between PaCO2 on ABG and EtCO2 by sidestream 
capnometry. However, in both the studies, in presence of 
lung disease and in infants with BPD, the correlation is less 
strong with wider PaCO2–EtCO2 gap [59,60].

Pitfalls

Errors in estimation of PaCO2 using EtCO2 may occur. 
Examples of such conditions are listed below:
1. In many situations the CO2 levels in the alveolar gas 

may not be a reliable measure of the arterial PaCO2 as 
it is in patients with ventilation perfusion mismatch 
or with airway obstruction as with meconium 
aspiration syndrome or severe parenchymal lung 
disease associated with V/Q mismatch, the severity of 
which limits CO2 exchange. In infants with pulmonary 
hypertension, the decreased pulmonary blood flow 
causes EtCO2 to decrease as the arterial CO2 increases. 
Similarly in infants with cyanotic CHD with decreased 
pulmonary blood flow and right to left shunting 
causes an increase in arterial PaCO2 without increasing 
PACO2, thereby widening the EtCO2–PaCO2 gap.

2. Rapid respiratory rates and the low tidal volumes 
as is seen in newborn and premature infants the 
sampled gas may not be reflective of the alveolar gas. 
The configuration of the capnogram can provide an 
indication to this condition. This is a major limitation 
of EtCO2 monitoring in neonatology. In patients on 
high-frequency ventilation, capnography is not helpful.

3. Gas mixing proximal to the uncuffed endotracheal 
tube.

4. Defects in the sensor of the monitoring device. 
Condensation of water from the respiratory tree is a 
common cause for malfunction of the sensor.
Interpretation of the capnogram is prone to error in 

cases where abnormalities of ventilation, perfusion, or 
metabolism coexist as is frequently the case of sick infants. 
While impaired ventilation may elevate EtCO2, a coexist-
ing perfusion problem is likely to decrease EtCO2. Despite 
poor correlation between EtCO2 and PaCO2 in clinical situ-
ations mentioned above, following trends of EtCO2 may be 
helpful to detect changes in clinical status and reduce the 
need for repeated blood gas analysis.
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Transcutaneous CO2 monitoring 
(Fig. 32.9)
Severinghaus in 1960 first described the method for trans-
cutaneous measurement of CO2 in skin capillaries that are 
arterialized by application of heat [61]. The Stowe–Sever-
inghaus electrode in use at present consists of two elec-
trodes—a glass pH electrode and a silver chloride reference 
electrode; a heating element; a temperature sensor; and an 
electrolyte reservoir. The electrodes are separated from the 
surface of the skin by a membrane. When the sensor is 
attached to the skin, the generated heat causes local vaso-
dilation and increases the permeability of the skin to CO2. 
The CO2 diffuses through the membrane and reacts with 
water to form carbonic acid which dissociates to hydrogen 
and bicarbonate ions. The change in pH causes a poten-
tial difference between the electrodes. This is converted to 
a pCO2 reading based on the linear relationship between 
pH and log pCO2. Johns et al. have shown linear correla-
tion of TcCO2 with PaCO2 in the range of 20–74 mmHg 
[62]. It is important to recognize that the measured value 
is the gas tension in the cutaneous tissue. Under stable 
hemodynamic conditions these correlate closely with the 
ABG values. As the electrodes operate at an elevated tem-
perature, tissue metabolism at the site increases elevating 
local CO2 production. Hence the value is corrected to the 
body temperature. Calibration of TcCO2 monitor can be 
performed by gas calibration using mixtures of known 
CO2 concentration or may be done by calibrating using 
the patient’s ABG sample. The in vivo calibration has 
been shown to align more closely with the ABG CO2 ten-
sion as it eliminates many of the patient-related factors 
that influence TcPCO2 measurements. The commercially 

available monitors have a measurement range of TcCO2 
between 0–200 mmHg and accuracy within ±4.5 mmHg. 
Following application of the sensor to the patient it takes 
approximately 20 min for stabilization and to obtain a 
reliable measurement of the TcCO2. Also the response 
time to changes in TcCO2 is in the range of 60 s and it 
increases with decrease in temperature setting of the elec-
trode. Therefore, transcutaneous monitoring is used more 
for following TcCO2 over periods of time. In settings such 
as during anesthesia, or intubation where a more rapid 
response time is needed, capnography and EtCO2 moni-
toring may be more appropriate.

There have been many studies evaluating the correlation 
of TcCO2 with arterial PaCO2. Studies by Hand et al., Given 
et al., and Binder et al. showed good correlation of TcCO2 
with PaCO2 [52,63,64]. A prospective study of premature 
infants of less than 28 weeks gestation by Aliwalas et al. had 
showed poor correlation [65]. This discrepancy in results 
may be due to differences in monitors, methodologies, and 
patient characteristics between studies.

Both patient and instrument-related factors can cause 
erroneous estimation of TcCO2 levels. Improper placement, 
trapped air bubbles, membrane, and calibration errors can 
lead to inaccurate readings (for patient-related factors see 
Table 32.1).

There are many commercially available monitors that 
combine electrodes for TcCO2/TcO2 into a single sensor. 
Sensors with electrodes measuring pO2 need higher tem-
perature at the site than pCO2 sensors and this may be a 
drawback of the combined sensor especially in preterm 
infants. Manufacturers recommend changing the position 
of the sensors every 4–12 h of monitoring depending on 
the operating temperature of the electrode.

Fig. 32.9 Transcutaneous CO2 Monitoring. The benefits are shown in the green box and limitations are shown in the red box 
(see text for details). Modified from Assisted Ventilation of the Neonate. 6th ed.
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TcCO2 versus capnography
Many head to head comparisons of tcCO2 and EtCO2 in 
different patient groups have been done to study the corre-
lation of each to the PaCO2. In general, tcCO2 correlates bet-
ter than EtCO2 with PaCO2 in most studies and especially 
so in infants with lung disease. EtCO2 generally underesti-
mates PaCO2. Both of these technologies should be seen as 
complimentary and one has to be aware of the strengths 
and limitations of each modality and chose the appropriate 
technique based on the clinical situation. For monitoring 
infants requiring mechanical ventilation, both these moni-
tors provide reliable trends of CO2 levels that enable the 
clinician to make decisions on ventilator support and are 
likely to decrease the need for ABG monitoring.

Near-infrared spectroscopy 
(Fig. 32.10)

Oxygen delivery to the tissue is dependent on the hemo-
globin oxygen saturation and cardiac output. When oxygen 
demand (VO2) exceeds the oxygen delivery (DO2) a state 
of oxygen debt is created and energy is derived from inef-
ficient anaerobic metabolic pathway. Prompt recognition 
and institution of therapy to correct oxygen debt is associ-
ated with improved outcomes. The parameters currently in 
use for monitoring of perfusion, such as blood pressure, 
capillary refill time, urine output, and lactate levels lacks 

sensitivity, specificity, and are lagging indicators. At present 
there is no reliable way of monitoring the oxygenation sta-
tus of the tissue in newborns as catheterization for mixed 
venous oxygen saturation is not possible in these infants 
due to size limitation.

Franz Jobosis in 1977 first described the use of NIRS in 
the human brain. Much like pulse oximetry, NIRS is based 
on the modified Beer–Lambert law. Light of specific wave-
lengths are generated by light emitting diodes and passed 
through the interposed tissue in an arc-like configuration. 
The depth of penetration of the transmitted light is pro-
portional to the distance between the transmitting optode 
and receiving optode. The reflected light is detected by 
the receiving optode and this is measured and processed 
to estimate the amount of oxygenated hemoglobin and 
deoxyhemoglobin in the interposed tissue (Fig. 32.10). 
NIR oximetry measures a weighted average of arterial capil-
lary and venous compartments and a fixed ratio of venous 
to arterial blood volume is assumed, usually 70:30. There 
are different methodologies used by manufacturers of NIRS 
devices but the most commonly used in commercially 
available devices is the spatially resolved spectroscopy.

Tissue oxygen saturation
= −rSO SaO VO / DO2 2 2 2

The arteriovenous oxygen difference is measured as:
∆ = −arSO SaO rSO2 2 2

Fractional oxygen extraction is measured as:
= −fOE (SaO rSO ) / SaO2 2 2

rSO2=SaO2−VO2/DO2

∆arSO2=SaO2−rSO2

fOE=(SaO2−rSO2)/SaO2

Table 32.1  Advantages and disadvantages of capnographic and transcutaneous measurement of carbon dioxide 
in the NICU

Parameter Capnography/end-tidal CO2 Transcutaneous CO2

Site of measurement Measures CO2 in expired gas Measures CO2 at the skin surface

Calibration Does not need calibration Needs frequent calibration

Rapidity of response to change Responds instantaneously to change in PACO2 Slower response to change of PaCO2

Rapidity of result following 
initial application

Reads instantaneously Stabilization time of 20 min prior to 
obtaining reading

Accuracy Often under reads PaCO2 Better correlation to PaCO2

Limitations Unreliable in infants with lung disease, shunts or 
VQ mismatch, or with large leak around ETT

Unreliable in infants with impaired 
perfusion, acidosis, edema, or on 
vasoconstrictors

Concerns May increase dead space in ELBW infants Risk of skin burns, need for changing 
sensor position

Mode of ventilation Cannot be used with HFOV, limited with 
spontaneous breathing

Can be used in spontaneously 
breathing, conventional ventilation, or 
HFOV
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NIRS can be considered as the pulse oximetry equivalent 
for the circulatory system. It provides continuous nonin-
vasive monitoring of the venous side of the vascular beds 
of various organs and provides information in real time of 
the balance between oxygen supply and demand. NIRS is 
very well suited for application in newborns and infants 
due to the decreased thickness of the scalp and skull and 
smaller amount of fat in the abdominal wall. NIRS has 
been applied mainly in assessing regional cerebral and 
splanchnic saturation in the neonatal population. There 
have been many studies that have demonstrated good cor-
relation between cerebral oxygenation measured by NIRS 
and jugular venous saturation [66]. Cerebral oximetry has 
also been validated using correlation with levels of tissue 
adenosine triphosphate and phosphocreatine in the brain 
[67]. Studies of gastric tonometry have been shown to cor-
relate with mesenteric rSO2.

Normal values—In infants breathing room air the cere-
bral rSO2 is around 60%–70% and the splanchnic rSO2 is 

about 80%. rSO2 also depends on the metabolic state of 
the tissue and is elevated in brain tissue following ischemic 
damage and during treatment with therapeutic hypother-
mia. It is decreased during increased metabolic activity as 
in seizures despite normal oxygen delivery. The utility of 
tissue oximetry at this time is as a trend monitor with a 
baseline for the individual patient and a percentage below 
this baseline chosen for intervention.

Application of NIRS in newborns—The clinical utility of 
NIRS monitoring in infants and newborns have been stud-
ied mainly in cardiac surgery. In infants undergoing surgery 
for CHD, low cerebral oximetry readings during surgery 
and in the postoperative period have been shown to be 
associated with increase in abnormalities on neuroimag-
ing, seizures, prolonged length of stay, need for ECMO, and 
death [68–70].

Management of hypotension—In hypotensive new-
borns impaired cerebral autoregulation increases the risk 
of adverse neurodevelopmental outcomes. Autoregulation 

Fig. 32.10 Cerebral Monitoring With Near-Infrared Spectroscopy (NIRS). The light emitting optode is placed over the scalp. 
Two detectors—shallow detector and a deep detector; are placed a short distance from the emitting optode. The rSO2 depends 
on oxygen delivery and tissue oxygen extraction. Low oxygen delivery or high oxygen extraction can decrease rSO2. rSO2, Regional 
oxygen saturation. Modified from Assisted Ventilation of the Neonate. 6th ed. Copyright: Satyan Lakshminrusimha.
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can be presumed to be intact when low blood pressure is 
not associated with a decrease in cerebral oxygenation by 
NIRS. NIRS by providing information on the oxygen sup-
ply and demand can guide therapy to the need for and 
choice of inotropes/vasopressors and monitoring response 
to treatment [71,72].

Patent ductus arteriosus—Impairment of cerebral blood 
flow and oxygenation due to diastolic runoff occurs in 
hemodynamically significant PDA. Changes in rSO2 and 
fractional extraction of oxygen by NIRS in combination 
with echocardiography may be used to monitor status of 
the ductus arteriosus and response to pharmacological 
treatment for PDA [73].

Cerebral perfusion with changes in mean airway pres-
sure and ventilation—Preterm infants who are mechani-
cally ventilated for respiratory distress syndrome are at 
high risk for intraventricular hemorrhage. Increased intra-
thoracic pressure associated with high mean airway pres-
sure may decrease preload and cardiac output and cause 
impairment of cerebral blood flow [74]. Changes in cere-
bral rSO2 and FTOE by NIRS can lead to early recognition 
and timely intervention to prevent related complications. 
Cerebral blood flow is very sensitive to changes in PaCO2 
and rapid fluctuations in PaCO2 may occur especially in 
infants on high-frequency ventilation. NIRS by providing 
real-time information of changes in cerebral oxygenation 
can alert the clinician to monitor PaCO2 more closely in 
these infants.

Mesenteric Ischemia—Necrotizing enterocolitis. The 
cerebrosplanchnic oxygenation ratio (CSOR), splanchnic 
NIRS/cerebral NIRS less than 0.75 is indicative of splanch-
nic ischemia and it may be possible to identify infants at 
risk of necrotizing enterocolitis [75,76].

Transfusion—A body of literature on transfusion-asso-
ciated necrotizing enterocolitis and mesenteric blood flow 
and oxygenation during transfusion of packed red blood 
cells and changes associated with feeding using NIRS is 
emerging in neonatology [77–79].

Limitations of NIRS

There are no well-established norms for normal values of 
rSO2 or thresholds for intervention and there is wide intra- 
and interpatient variability in rSO2 values with a coefficient 
of variation for absolute baseline values of approximately 
10%. The reading obtained is site specific and is not pos-
sible to exclude abnormalities in other areas of the brain. 
In order to be able to obtain reliable readings over periods 
of monitoring, nursing and medical staff need training and 
experience in the correct placement and fixation of opto-
des and shielding from ambient light. The response to an 
abnormal reading needs evaluation of gas exchange, oxy-
gen transport, hemodynamics, and regional perfusion.

Conclusions
Monitoring of gas exchange remains a cornerstone of man-
agement of premature and critically ill newborns in the 
delivery room, NICU, operating rooms, and during inter- 
and intrahospital transfers. Early recognition of impairment 
and institution of corrective measures in a timely manner 
prevents deterioration in clinical status, and reduces morbid-
ity and mortality. The wide array of modalities are routinely 
used in neonatal units that are described in this chapter and 
emerging technologies such as NIRS have helped improve 
outcomes in these most vulnerable infants.

References

[1] Silverman W. A cautionary tale about 
supplemental oxygen: the albatross 
of neonatal medicine. Pediatrics 
2004;113:394–396. 

[2] Pappas A, Shankaran S, Laptook AR, 
Langer JC, Bara R, Ehrenkranz RA, 
et al. Eunice Kennedy Shriver National 
Institute of Child Health and Human 
Development Neonatal Research 
Network. Hypocarbia and adverse 
outcome in neonatal hypoxic-ischemic 
encephalopathy. J Pediatr 2011;158(5). 
752.e1–758.e1. 

[3] Carlo WA, Finer NN, Walsh MC, 
Rich W, Gantz MG, Laptook AR, et al. 
Target ranges of oxygen saturation 
in extremely preterm infants. 
N Engl J Med 2010;362(21): 
1959–1969. 

[4] Kaiser JR, Gauss CH, Pont MM, 
Williams DK. Hypercapnia during 
the first 3 days of life is associated 
with severe intraventricular 
hemorrhage in very low birth weight 
infants. J Perinatol 2006;26(5):279–
285. 

[5] Siggaard-Andersen O. The van Slyke 
equation. Scand J Clin Lab Invest 
Suppl 1977;146:15–20. 

[6] Malatesha G, Singh NK, Bharija A, 
Rehani B, Goel A. Comparison of 
arterial and venous pH, bicarbonate, 
PCO2 and PO2 in initial emergency 
department assessment. Emerg Med J 
2007;24(8):569–571. 

[7] Treger R, Pirouz S, Kamangar N, Corry 
D. Agreement between central venous 
and arterial blood gas measurements 

in the intensive care unit. Clin J Am 
Soc Nephrol 2010;5(3):390–394. 

[8] Alston TA. Blood gases and pH 
during hypothermia: the “-stats”. Int 
Anesthesiol Clin 2004;42(4): 
73–80. 

[9] Bisson J, Younker J. Correcting arterial 
blood gases for temperature: (when) is 
it clinically significant? Nurs Crit Care 
2006;11(5):232–238. 

[10] Lumb AB. Nunn’s applied respiratory 
physiology. Philadelphia PA, USA: 
Elsevier Health Sciences; 2016. 

[11] Lake CL, Booker PD. Pediatric cardiac 
anesthesia. Philadelphia PA, USA: 
Lippincott Williams & Wilkins; 2005. 

[12] Groenendaal F, De Vooght KM, 
van Bel F. Blood gas values during 
hypothermia in asphyxiated term 



720

Section Ancillary Services| VII |

neonates. Pediatrics 2009;123(1): 
170–172. 

[13] Gluckman PD, Wyatt JS, Azzopardi 
D, Ballard R, Edwards AD, Ferriero 
DM, et al. Selective head cooling 
with mild systemic hypothermia 
after neonatal encephalopathy: 
multicentre randomised trial. Lancet 
2005;365(9460):663–670. 

[14] Shankaran S, Laptook AR, Ehrenkranz 
RA, Tyson JE, McDonald SA, Donovan 
EF, et al. National Institute of Child 
Health and Human Development 
Neonatal Research Network. Whole-
body hypothermia for neonates with 
hypoxic-ischemic encephalopathy. N 
Engl J Med 2005;353(15):1574–1584. 

[15] Shankaran S, Laptook AR, Pappas 
A, McDonald SA, Das A, Tyson 
JE, et al. Eunice Kennedy Shriver 
National Institute of Child Health 
and Human Development Neonatal 
Research Network. Effect of depth 
and duration of cooling on deaths 
in the NICU among neonates with 
hypoxic ischemic encephalopathy: 
a randomized clinical trial. JAMA 
2014;312(24):2629–2639. 

[16] Kapadia VS, Chalak LF, DuPont TL, 
Rollins NK, Brion LP, Wyckoff MH. 
Perinatal asphyxia with hyperoxemia 
within the first hour of life is 
associated with moderate to severe 
hypoxic-ischemic encephalopathy. J 
Pediatr 2013;163(4):949–954. 

[17] Klinger G, Beyene J, Shah P, Perlman 
M. Do hyperoxaemia and hypocapnia 
add to the risk of brain injury after 
intrapartum asphyxia? Arch Dis Child 
Fetal Neonatal Ed 2005;90(1): 
F49–F52. 

[18] Rudolph AM, Yuan S. Response of the 
pulmonary vasculature to hypoxia and 
H+ ion concentration changes. J Clin 
Investig 1966;45(3):399–411. 

[19] Peeters LL, Sheldon RE, Jones MD Jr, 
Makowski EL, Meschia G. Blood flow 
to fetal organs as a function of arterial 
oxygen content. Am J Obstet Gynecol 
1979;135(5):637–646. 

[20] Chakkarapani E, Thoresen M. Use 
of hypothermia in the asphyxiated 
infant. Perinatology 2010;3:20–29. 

[21] Silverman WA. Retrolental fibroplasia: 
a modern parable. Cambridge 
University Press, UK: Grune & 
Stratton; 1980. 

[22] Carlo WA, Finer NN, Walsh MC, Rich 
W, Gantz MG, Laptook AR, et al. 
SUPPORT Study Group of the Eunice 
Kennedy Shriver NICHD Neonatal 
Research Network. Target ranges 
of oxygen saturation in extremely 

preterm infants. N Engl J Med 
2010;362(21):1959–1969. 

[23] Avery ME. Recent increase in mortality 
from hyaline membrane disease. J 
Pediatr 1960;57:553–559. 

[24] Stenson BJ, Tarnow-Mordi WO, 
Darlow BA, Simes J, Juszczak E, Askie 
L, et al. BOOST II United Kingdom 
Collaborative Group; BOOST II 
Australia Collaborative Group; BOOST 
II New Zealand Collaborative Group. 
Oxygen saturation and outcomes 
in preterm infants. N Engl J Med 
2013;368(22):2094–2104. 

[25] Schmidt B, Whyte RK, Asztalos EV, 
Moddemann D, Poets C, Rabi Y, et al. 
Canadian Oxygen Trial (COT) Group. 
Effects of targeting higher vs lower 
arterial oxygen saturations on death or 
disability in extremely preterm infants: 
a randomized clinical trial. JAMA 
2013;309(20):2111–2120. 

[26] Aoyagi T. Pulse oximetry: its 
invention, theory, and future. J Anesth 
2003;17(4):259–266. 

[27] Mannheimer PD. The light-tissue 
interaction of pulse oximetry. Anesth 
Analg 2007;105(6 Suppl):S10–S17. 

[28] Batchelder PB, Raley DM. Maximizing 
the laboratory setting for testing 
devices and understanding statistical 
output in pulse oximetry. Anesth 
Analg 2007;105(Suppl. 6):S85–S94. 

[29] Brockmann PE, Poets A, Urschitz 
MS, Sokollik C, Poets CF. Reference 
values for pulse oximetry recordings 
in healthy term neonates during their 
first 5 days of life. Arch Dis Child Fetal 
Neonatal Ed 2011;96(5):F335–F338. 

[30] Levesque BM, Pollack P, Griffin BE, 
Nielsen HC. Pulse oximetry: what’s 
normal in the newborn nursery? Pediatr 
Pulmonol 2000;30(5):406–412. 

[31] Harigopal S, Satish HP, Taktak AF, 
Southern KW, Shaw NJ. Oxygen 
saturation profile in healthy preterm 
infants. Arch Dis Child Fetal Neonatal 
Ed 2011;96(5):F339–F342. 

[32] Lakshminrusimha S, Manja V, Mathew 
B, Suresh GK. Oxygen targeting in 
preterm infants: a physiological 
interpretation. J Perinatol 
2015;35(1):8–15. 

[33] Sola A, Golombek SG, Montes 
Bueno MT, Lemus-Varela L, Zuluaga 
C, Dominguez F, et al. Safe oxygen 
saturation targeting and monitoring 
in preterm infants: can we avoid 
hypoxia and hyperoxia? Acta Paediatr 
2014;103(10):1009–1018. 

[34] Pediatrics AAo, Association AH. 
Neonatal Resuscitation Textbook Plus: 
Amer Academy of Pediatrics; 2011

[35] Kamlin CO, O’Donnell CP, Davis 
PG, Morley CJ. Oxygen saturation 
in healthy infants immediately after 
birth. J Pediatr 2006;148(5): 
585–589. 

[36] Mariani G, Dik PB, Ezquer A, Aguirre 
A, Esteban ML, Perez C, et al. Pre-
ductal and post-ductal O2 saturation 
in healthy term neonates after birth. J 
Pediatr 2007;150(4):418–421. 

[37] Gandhi B, Rich W, Finer N. Achieving 
targeted pulse oximetry values in 
preterm infants in the delivery room. J 
Pediatr 2013;163(2):412–415. 

[38] Gandhi B, Rich W, Finer N. Time to 
achieve stable pulse oximetry values 
in VLBW infants in the delivery room. 
Resuscitation 2013;84(7):970–973. 

[39] O’Donnell CP, Kamlin CO, Davis PG, 
Morley CJ. Obtaining pulse oximetry 
data in neonates: a randomised 
crossover study of sensor application 
techniques. Arch Dis Child Fetal 
Neonatal Ed 2005;90(1):F84–F85. 

[40] Meier-Stauss P, Bucher HU, 
Hurlimann R, Konig V, Huch R. 
Pulse oximetry used for documenting 
oxygen saturation and right-to-left 
shunting immediately after birth. Eur J 
Pediatr 1990;149(12):851–855. 

[41] Manja V, Mathew B, Carrion V, 
Lakshminrusimha S. Critical 
congenital heart disease screening by 
pulse oximetry in a neonatal intensive 
care unit. J Perinatol 2015;35(1): 
67–71. 

[42] Perkins GD, McAuley DF, Giles S, 
Routledge H, Gao F. Do changes in 
pulse oximeter oxygen saturation 
predict equivalent changes in 
arterial oxygen saturation? Crit Care 
2003;7(4):R67. 

[43] Talke P, Stapelfeldt C. Effect of 
peripheral vasoconstriction on pulse 
oximetry. J Clin Monit Comput 
2006;20(5):305–309. 

[44] Goldman JM, Petterson MT, Kopotic 
RJ, Barker SJ. Masimo signal extraction 
pulse oximetry. J Clin Monit Comput 
2000;16(7):475–483. 

[45] Workie FA, Rais-Bahrami K, Short 
BL. Clinical use of new-generation 
pulse oximeters in the neonatal 
intensive care unit. Am J Perinatol 
2005;22(7):357–360. 

[46] Barker SJ, Tremper KK. The effect of 
carbon monoxide inhalation on pulse 
oximetry and transcutaneous PO2. 
Anesthesiology 1987;66(5):677–679. 

[47] Barker SJ, Tremper KK, Hyatt J. Effects 
of methemoglobinemia on pulse 
oximetry and mixed venous oximetry. 
Anesthesiology 1989;70(1):112–117. 



721

ChapterMonitoring of Gas Exchange in the NICU | 32 |

[48] Rajadurai VS, Walker AM, Yu VY, Oates 
A. Effect of fetal haemoglobin on the 
accuracy of pulse oximetry in preterm 
infants. J Paediatr Child Health 
1992;28(1):43–46. 

[49] Veyckemans F, Baele P, Guillaume 
JE, Willems E, Robert A, Clerbaux T. 
Hyperbilirubinemia does not interfere 
with hemoglobin saturation measured 
by pulse oximetry. Anesthesiology 
1989;70(1):118–122. 

[50] Leahy FA, Cates D, MacCallum M, 
Rigatto H. Effect of CO2 and 100% 
O2 on cerebral blood flow in preterm 
infants. J Appl Physiol Respir Environ 
Exerc Physiol 1980;48(3):468–472. 

[51] Piasek CZ, Van Bel F, Sola A. 
Perfusion index in newborn 
infants: a noninvasive tool for 
neonatal monitoring. Acta Paediatr 
2014;103(5):468–473. 

[52] Hand IL, Shepard EK, Krauss AN, 
Auld PA. Discrepancies between 
transcutaneous and end-tidal 
carbon dioxide monitoring in the 
critically ill neonate with respiratory 
distress syndrome. Crit Care Med 
1989;17(6):556–559. 

[53] Lewallen PK, Mammel MC, Coleman 
JM, Boros SJ. Neonatal transcutaneous 
arterial oxygen saturation monitoring. 
J Perinatol 1987;7(1):8–10. 

[54] Wiswell TE, Graziani LJ, Kornhauser 
MS, Stanley C, Merton DA, McKee 
L, et al. Effects of hypocarbia 
on the development of cystic 
periventricular leukomalacia in 
premature infants treated with high-
frequency jet ventilation. Pediatrics 
1996;98(5):918–924. 

[55] Erickson SJ, Grauaug A, Gurrin 
L, Swaminathan M. Hypocarbia 
in the ventilated preterm infant 
and its effect on intraventricular 
haemorrhage and bronchopulmonary 
dysplasia. J Paediatr Child Health 
2002;38(6):560–562. 

[56] Falk JL, Rackow EC, Weil MH. End-
tidal carbon dioxide concentration 
during cardiopulmonary resuscitation. 
N Engl J Med 1988;318(10): 
607–611. 

[57] Garnett AR, Ornato JP, Gonzalez ER, 
Johnson EB. End-tidal carbon dioxide 
monitoring during cardiopulmonary 
resuscitation. JAMA 1987;257(4): 
512–515. 

[58] Sanders AB, Kern KB, Otto CW, 
Milander MM, Ewy GA. End-tidal 
carbon dioxide monitoring during 
cardiopulmonary resuscitation. A 
prognostic indicator for survival. 
JAMA 1989;262(10):1347–1351. 

[59] Tai CC, Lu FL, Chen PC, Jeng SF,  
Chou HC, Chen CY, et al. Noninvasive 
capnometry for end-tidal carbon 
dioxide monitoring via nasal cannula 
in nonintubated neonates. Pediatr 
Neonatol 2010;51(6):330–335. 

[60] Lopez E, Mathlouthi J, Lescure S, 
Krauss B, Jarreau PH, Moriette G. 
Capnography in spontaneously 
breathing preterm infants with 
bronchopulmonary dysplasia.  
Pediatr Pulmonol 2011;46(9): 
896–902. 

[61] Severinghaus JW. Methods of 
measurement of blood and gas 
carbon dioxide during anesthesia. 
Anesthesiology 1960;21:717–726. 

[62] Johns RJ, Lindsay WJ, Shepard RH. 
A system for monitoring pulmonary 
ventilation. Biomed Sci Instrum 
1969;5:119–121. 

[63] Geven WB, Nagler E, de Boo 
T, Lemmens W. Combined 
transcutaneous oxygen, carbon 
dioxide tensions and end-expired CO2 
levels in severely ill newborns. Adv 
Exp Med Biol 1987;220:115–120. 

[64] Binder N, Atherton H, Thorkelsson 
T, Hoath SB. Measurement of 
transcutaneous carbon dioxide in 
low birthweight infants during the 
first two weeks of life. Am J Perinatol 
1994;11(3):237–241. 

[65] Aliwalas LL, Noble L, Nesbitt K, 
Fallah S, Shah V, Shah PS. Agreement 
of carbon dioxide levels measured 
by arterial, transcutaneous and end 
tidal methods in preterm infants  
< or = 28 weeks gestation. J Perinatol 
2005;25(1):26–29. 

[66] Bhutta AT, Ford JW, Parker JG, 
Prodhan P, Fontenot EE, Seib PM, 
et al. Noninvasive cerebral oximeter 
as a surrogate for mixed venous 
saturation in children. Pediatr Cardiol 
2007;28(1):34–41. 

[67] Nollert G, Jonas RA, Reichart B. 
Optimizing cerebral oxygenation 
during cardiac surgery: a review 
of experimental and clinical 
investigations with near infrared 
spectrophotometry. Thorac Cardiovasc 
Surg 2000;48(4):247–253. 

[68] Dent CL, Spaeth JP, Jones BV, Schwartz 
SM, Glauser TA, Hallinan B, et al. 
Brain magnetic resonance imaging 
abnormalities after the Norwood 
procedure using regional cerebral 
perfusion. Thorac Cardiovasc Surg 
2006;131(1):190–197. 

[69] Kurth CD, Steven JM, Nicolson 
SC. Cerebral oxygenation during 
pediatric cardiac surgery using deep 

hypothermic circulatory arrest. 
Anesthesiology 1995;82(1):74–82. 

[70] Andropoulos DB, Stayer SA, Diaz 
LK, Ramamoorthy C. Neurological 
monitoring for congenital 
heart surgery. Anesth Analg 
2004;99(5):1365–1375. 

[71] Wong FY, Leung TS, Austin T, 
Wilkinson M, Meek JH, Wyatt JS, et al. 
Impaired autoregulation in preterm 
infants identified by using spatially 
resolved spectroscopy. Pediatrics 
2008;121(3):e604–e611. 

[72] Brady KM, Mytar JO, Lee JK, Cameron 
DE, Vricella LA, Thompson WR, 
et al. Monitoring cerebral blood flow 
pressure autoregulation in pediatric 
patients during cardiac surgery. 
Stroke 2010;41(9):1957–1962. 

[73] Lemmers PM, Toet MC, van Bel F. 
Impact of patent ductus arteriosus 
and subsequent therapy with 
indomethacin on cerebral oxygenation 
in preterm infants. Pediatrics 
2008;121(1):142–147. 

[74] Lemmers PM, Toet M, van Schelven 
LJ, van Bel F. Cerebral oxygenation 
and cerebral oxygen extraction in 
the preterm infant: the impact of 
respiratory distress syndrome. Exp 
Brain Res 2006;173(3):458–467. 

[75] Fortune PM, Wagstaff M, Petros AJ. 
Cerebro-splanchnic oxygenation 
ratio (CSOR) using near infrared 
spectroscopy may be able to predict 
splanchnic ischaemia in neonates. 
Intensive Care Med 2001;27(8): 
1401–1407. 

[76] Cortez J, Gupta M, Amaram A, 
Pizzino J, Sawhney M, Sood BG. 
Noninvasive evaluation of splanchnic 
tissue oxygenation using near-
infrared spectroscopy in preterm 
neonates. J Matern Fetal Neonatal Med 
2011;24(4):574–582. 

[77] Bailey SM, Hendricks-Munoz 
KD, Mally P. Splanchnic-cerebral 
oxygenation ratio as a marker of 
preterm infant blood transfusion 
needs. Transfusion 2012;52(2): 
252–260. 

[78] Christensen RD, Lambert DK, Henry 
E, Wiedmeier SE, Snow GL, Baer 
VL, et al. Is “transfusion-associated 
necrotizing enterocolitis” an authentic 
pathogenic entity? Transfusion 
2010;50(5):1106–1112. 

[79] Krimmel GA, Baker R, Yanowitz 
TD. Blood transfusion alters the 
superior mesenteric artery blood 
flow velocity response to feeding in 
premature infants. Am J Perinatol 
2009;26(2):99–105. 



722

 Chapter | 33 |

Nursing Care and Endotracheal Suction
Prakash Manikoth, MBBS, MRCP (UK), FRCPCH, Manoj N. Malviya, MBBS, MRCP (UK), Said A Al-Kindi, MD, MRCPCH, FRACP

Introduction

Despite all the advances in the science and technology of 
neonatology, nursing care alone delivers the art of neonatal 
care. The need for respiratory support is one of the major 
reasons for admission of neonates to the neonatal intensive 

care unit (NICU) [1] and nursing care constitutes one of the 
most important operational fulcrums of the unit. Nurses are 
the eyes and ears of the unit who provide a bridge between 
the neonate and the multidisciplinary team caring for the 
infant and can never be replaced by machines. The vast 
majority of neonatal care is driven by established protocols 
and due diligence in following them as well as auditing out-
comes ensure a better quality of care. The NICU staffing lev-
els dictate outcomes especially for the survival of very low 
birth weight and preterm infants [2,3] but in reality, most 
units do not receive the recommended levels of nursing care 
worldwide. The assessment system of the British Association 
of Perinatal Medicine (BAPM) includes four categories of 
neonates with varying nursing requirements [4]. The BAPM 
recommends a nurse-to-patient ratio of 1:1 for NICU, 1:2 
for high dependency care, and 1:4 for neonates requiring 
special care [5]. The American Academy of Pediatrics (AAP) 
and the American College of Obstetricians and Gynecolo-
gists (ACOG) guidelines for perinatal care relating to NICU 
nurse-to-patient ratios call for assessment of infant, nurs-
ing staff, and nursing unit factors into consideration [6].  
This chapter covers neonatal history, assessment of neonate 
and equipment, nursing care of the neonate, monitoring 
of equipment, and management strategies including endo-
tracheal suctioning and chest physiotherapy of neonates 
receiving respiratory support.

Neonatal history

The neonatal period extends from birth to 28 days of life. 
Maternal history is an integral part of neonatal history. 
Hence great importance should be given to reviewing in 
detail the maternal history as well as the birth history, which 
together forms the complete neonatal history. A detailed 
perinatal history helps in identifying the risk factors associ-
ated with respiratory distress in neonates (Table 33.1).
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CHAPTER POINTS

•	 Neonates admitted with respiratory illness require 
a detailed maternal and neonatal history, clinical 
examination and ongoing assessment.

•	 The selection of equipment and the type of respiratory 
support provided depend on pulmonary pathology, 
gestation, the age of the infant, and availability.

•	 Meticulous nursing care as well as close monitoring 
of infant and equipment are essential to detect any 
deterioration or improvement.

•	 Establishing patency of the airways and general 
supportive care are essential requirements for an 
infant on invasive or noninvasive respiratory support.
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Maternal history
Age and details of previous pregnancies with 
complications, if any
Blood type and history of blood group sensitization 
and transfusions
Status of: Group B Streptococcus, HIV, hepatitis B, 
VDRL, and herpes simplex
Maternal illness: diabetes mellitus; hypertension; 
cardiac, endocrine, or renal diseases, and bleeding 
disorders
Recent infections or exposure to alcohol, drugs, 
tobacco, and teratogens
Consanguinity and genetic disorders in family 
members
Occupation and socioeconomic status
Complications of pregnancy
Antenatal steroids

Birth history
Presentation (normal or abnormal)
Onset of labor (premature, spontaneous, or induced)
Rupture of membranes (premature or prolonged)
Amniotic fluid volume and presence of blood or 
meconium
Complications during labor (maternal fever, bleeding, 
or fetal distress)
Time of membrane rupture, amniotic fluid quantity, 
and quality

Medications during labor (magnesium sulfate or 
narcotics within 4 h of delivery)
Duration of labor; anesthesia (epidural, spinal, or 
general)
Method of delivery (spontaneous vaginal, assisted 
breech, forceps, vacuum, or cesarean section)
Resuscitation required and Apgar scores
Methods of placental transfusion (delayed cord 
clamping, umbilical cord milking), if any
Cord gas results (pH, hematocrit, base deficit and 
lactate)

Assessment of neonate

All health care providers should have a thorough under-
standing of developmental pulmonary physiology, patho-
physiology, and the requirements of the neonate and family. 
Neonates who require respiratory support need meticulous 
medical and nursing care as well as close monitoring to 
detect early deterioration or improvement so that reme-
dial action can be taken. Assessment of the neonate with 
respiratory distress should begin by observation without 
disturbing, and followed by palpation and auscultation.

Observation
1. General observation: Level of activity (awake, alert, 

crying, or sleeping) and tone. Term infants are alert and 
active with a flexed posture, while preterm infants have 
decreased tone and activity.

2. Color: Cyanosis is caused by an increase in the 
deoxygenated hemoglobin level to above 5 g/dL. Central 
cyanosis is caused by diseases of the heart or lungs and 
seen over the tongue and mucous membranes of the 
mouth. Peripheral cyanosis (acrocyanosis) is a normal 
finding in the first few hours after birth and seen over 
hands and feet (nail beds) and occasionally around the 
lips. Cyanosis that improves with crying may be due to 
choanal atresia/stenosis or hypoventilation.

3. Mouth and nose: Note the amount, color, and 
consistency of secretions; copious nasal secretions are 
seen in congenital syphilis and oral secretions with 
tracheoesophageal fistula. Nasal flaring helps to reduce 
the resistance in upper airways; nasal stuffiness may 
occur with maternal substance abuse.

4. Chest:
a. Size and shape: Examine the size, shape, and 

symmetry of the chest. In a term infant, the chest 
size is wider than long and its diameter is 2 cm 
lesser than the head circumference. A barrel-shaped 
chest with an increase in anteroposterior diameter 
results from increased intrathoracic volume; it 

Table 33.1  Perinatal history relevant to respiratory 
distress in the newborn

Condition Perinatal history

Transient 
tachypnea of 
newborn

Cesarean section, fetal distress, 
gestational diabetes mellitus, late 
preterm, early term gestation, 
maternal sedation

Respiratory 
distress syndrome

Prematurity, gestational diabetes 
mellitus, multiple gestation

Meconium 
aspiration 
syndrome

Fetal distress, meconium-stained 
amniotic fluid, post-term gestation, 
perinatal depression

Neonatal 
pneumonia

Maternal fever, chorioamnionitis, 
group B streptococcus carrier, 
prematurity, prolonged rupture of 
membranes, perinatal depression

Pulmonary 
hypoplasia

Anhydramnios, oligohydramnios, 
dysplastic or absent kidneys, 
obstructive uropathy, premature 
prolonged rupture of membranes
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may occur with meconium aspiration syndrome 
(MAS), pneumothorax, or transient tachypnea 
of the newborn. A bell-shaped chest may be 
seen in neonates with pulmonary hypoplasia or 
neuromuscular disease. In pectus carinatum or 
pigeon chest the sternum is protuberant and in 
pectus excavatum or funnel chest, it is depressed. 
The symmetry of chest is assessed at the nipple line 
and an asymmetric shape can be observed with 
unilateral pneumothorax.

b. Respiratory rate: The normal respiratory rate is 
30–60 breaths/min at rest and counted for a full 
minute. Apnea refers to the cessation of breathing 
for 20 s or longer and/or is accompanied by 
hypoxia or bradycardia. Tachypnea refers to a 
respiratory rate of more than 60 per minute.

c. Movement: The normal breathing pattern is 
characterized by predominantly diaphragmatic 
movements, as result of which the abdomen 
expands with inspiration while the chest moves 
inward. Chest movements are reduced in the 
presence of air or fluid in the pleural cavity. In 
an infant with respiratory distress, retractions 

occur due to the soft cartilage and muscle groups; 
these may be intercostal, subcostal, sternal, and 
suprasternal. In neonates with muscle weakness, 
“seesaw pattern” of the chest and abdominal 
breathing may be observed. With conventional 
synchronized ventilation, the chest rises with 
ventilator-delivered breaths and in high-frequency 
ventilation, chest vibration or wiggle is observed.

5. Pain: Assessment of neonatal pain, agitation, and 
sedation can be made by using any of the pain scales. 
The Neonatal Pain, Agitation, and Sedation Scale 
(N-PASS) is a valid and reliable tool for assessing 
pain/agitation and sedation in ventilated and/
or postoperative infants of 0–100 days of age and 
23 weeks gestation and above [7]. The N-PASS consists 
of five indicators such as crying or irritability, behavior 
state, facial expression, extremities tone, and vital 
signs (Table 33.2). Sedation is scored from 0 to –2 
for each behavioral and physiological criteria, then 
summed and noted as a negative score (0 → –10). 
Pain is scored from 0 to +2 for each behavioral and 
physiological criteria, then summed and documented 
as a positive number (0 → +10). A high pain/agitation 

Table 33.2  Neonatal Pain, Agitation, and Sedation Scale (N-PASS) [7]

Assessment 
criteria

Sedation Normal Pain/Agitation

−2 −1 0 1 2

Crying irritability No cry with 
painful stimuli

Moans or cries 
minimally with 
painful stimuli

Appropriate 
crying
Not irritable

Irritable or crying at 
intervals
Consolable

High-pitched or 
silent-continuous cry. 
Inconsolable

Behavior state No arousal to 
any stimuli
No spontaneous 
movement

Arouses minimally 
to stimuli. Little 
spontaneous 
movement

Appropriate for 
gestational age

Restless, squirming
Awakens frequently

Arching, kicking
Constantly awake or 
arouses minimally/
no movement (not 
sedated)

Facial expression Mouth is lax
No expression

Minimal 
expression with 
stimuli

Relaxed
Appropriate

Any pain expression 
intermittent

Any pain expression 
continual

Extremities tone No grasp reflex
Flaccid tone

Weak grasp reflex
↓ Muscle tone

Relaxed hands 
and feet
Normal tone

Intermittent clenched 
toes, fists/finger 
splay
Body is not tense

Continual clenched 
toes, fists, or finger 
splay
Body is tense

Vital signs: HR, 
RR, BP, SaO2

No variability 
with stimuli
Hypoventilation 
or apnea

<10% variability 
from baseline 
with stimuli

Within baseline 
or normal for 
gestational age

↑ 10%–20% from 
baseline; SaO2 
76%–85% with 
stimulation—quick ↑

↑ >20% from 
baseline; SaO2 ≤75% 
with stimulation—
slow ↑. Out of sync 
with ventilator

BP, Blood pressure; HR, heart rate; RR, respiratory rate; SaO2, arterial saturation of oxygen.
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score indicates more frequent or intense behaviors, 
and a low sedation score indicates a decreased 
response to stimulation, or a deeper level of sedation. 
The Premature Infant Pain Profile-Revised (PIPP-R) is 
another tool found to be useful in infants of varying 
gestational ages, diagnoses, and procedures [8].

Palpation and percussion
Chest palpation reveals crepitus or conducted sounds in 
the presence of airway secretions and crepitus with subcu-
taneous emphysema. The cardiac apex beat is shifted with 
pleural effusion, pneumothorax, and congenital diaphrag-
matic hernia. The percussion note will be dull with pleural 
effusion and hyperresonant with pneumothorax.

Auscultation
Airway secretions and nasal congestion can produce audi-
ble sounds. Grunting is an audible sound heard without a 
stethoscope and present with moderate to severe respira-
tory distress syndrome. It is produced by exhaling against a 
partially closed glottis in order to maintain a higher func-
tional residual capacity. Stridor is a high-pitched sound 
produced by partial obstruction of the upper airway and 
may be inspiratory or expiratory. It may occur in laryngo-
malacia, post-extubation due to edema, or due to neuro-
logical damage to the vocal cords. Audible sound of an air 
leak is often heard in neonates with undersized endotra-
cheal tube (ETT) and with high ventilation settings.

A clean and warm neonatal stethoscope which has both 
a bell and a diaphragm should be used for auscultation 
of breath sounds. Prior to auscultating a neonate who 
is either intubated or has a tracheostomy, remove water 
from the corrugated ventilator tubing, since it can mimic 
adventitious sounds. Auscultate over both the anterior and 
the posterior surfaces and the sides of the chest and com-
pare one side to the other. Listen for normal and abnor-
mal breath sounds, as well as for adventitious sounds. 
The breath sounds are reduced in respiratory distress syn-
drome, collapse, air leak syndrome, and pleural effusion. 
Breath sounds are increased in pneumonia due to the pres-
ence of consolidation. Unequal breath sounds may occur 
with mainstem bronchial intubation, collapse, pneumo-
thorax, or pleural effusion. Crackles are produced by the 
movement of air or fluid in the small or large airways; it 
may be fine, medium, or coarse. Fine crackles in the first 
few hours after birth are a normal finding as fetal lung 
fluid is cleared; subsequently, it may be heard in neonates 
with respiratory distress syndrome (RDS) or bronchopul-
monary dysplasia (BPD). Wheezes can be heard in infants 
with MAS or BPD. High-pitched and vibratory sounds are 
heard in neonates receiving high-frequency ventilation. 
Complete the auscultation of the chest by assessment of 

heart sounds and irregular beats or murmurs, if any. In 
an infant on high-frequency ventilation, it is easier to lis-
ten to heart sounds by switching transiently to standby 
or continuous positive airway pressure (CPAP) mode of 
ventilation.

Newborn respiratory distress score
Neonates presenting with severe respiratory distress have 
increased morbidity and mortality. Based on clinical 
assessment, a modified Downes Scoring system [9] has 
been established to identify those infants at significant risk 
(Table 33.3). The sum of all the individual scores gives the 
total score based on which respiratory distress (RD) can be 
classified into mild, moderate, and severe.
1. Mild (RD score <5): requires close monitoring with or 

without oxygen
2. Moderate (RD score 5–8): requires some form of 

respiratory support (CPAP) or even mechanical 
ventilation to prevent further deterioration

3. Severe (RD score >8): requires immediate intubation 
for assisted ventilation

Selection and set up of equipment 
for respiratory support

The aim of respiratory support is to maintain adequate gas 
exchange while causing the least amount of lung damage. 
The selection of equipment and level of respiratory support 
required depend on pulmonary pathology, gestation, the 
age of the infant, and availability. The current emphasis is 
to reduce the risk of ventilator-induced lung injury, espe-
cially in preterm infants. Noninvasive respiratory support is 
increasingly used in preterm infants, either as the primary 

Table 33.3  Newborn respiratory distress score 
(RD score) [9]

RD score 0 1 2

Cyanosis None In room air In 40% FiO2

Retractions None Mild Severe

Grunting None Audible 
with 
stethoscope

Audible 
without 
stethoscope

Air entry 
(midaxillary line)

Clear Delayed or 
decreased

Barely audible

Respiratory rate 
(per min)

60 60–80 >80 or apneic 
episodes
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mode of respiratory support or following extubation to 
avoid reintubation. Infants who develop significant respi-
ratory distress while on noninvasive respiratory support 
will require positive-pressure ventilation (PPV). Fig. 33.1 
provides a route map for the health care provider to choose 
the type of respiratory support.

Essential equipment for each infant 
care area
Each patient space shall contain a minimum of 120 ft2 and 
have the following essential equipment:
1. Oxygen supply with blender and flow meter
2. Pulse oximeter with neonatal probe
3. Wall suction with different sizes of catheters
4. Respiratory and ECG module, cable, and leads
5. Invasive or noninvasive blood pressure module and 

cable
6. Transcutaneous module and probe
7. Resuscitation equipment
8. Ventilator setup: ventilator circuit with humidification 

cartridge, water bag, temperature probe, flow sensor, 
and artificial lung

9. Infant care setup: equipment for intravenous and 
arterial lines and syringe driver pump

Supplemental oxygen
Oxygen given to prevent hypoxia can be delivered via nasal 
cannula (NC), mask, oxygen hood, or ambient in the 

incubator (Table 33.4) [10]. A blender is used to mix air 
and oxygen and the gas is warmed and humidified before 
passing through a flow meter. The oxygen delivered to the 
infant via a NC varies based on the gas flow rate, FiO2 set on 
the air-oxygen blender, inspiratory time, variations in inspi-
ratory flows, and nasal versus oral breathing (Table 33.5) 
[10,14]. A web-based calculator from NICU tools makes 
it easy to calculate the effective FiO2 delivered by low-flow 
NC, by entering the infant’s weight (in kg), respiratory rate, 
the current oxygen flow rate, and oxygen percent at the 
blender [11].

The use of low-flow NC with 100% FiO2 results in 
stable delivery of oxygen, as it minimises the contribu-
tion of variations in nasal breathing. The predicted hypo 
pharyngeal delivery of oxygen based on infant weight 
and oxygen flow rate, when 100% FiO2 is given through 
NC is listed in Table 33.6 [12,13]. However, it must be 
noted that providing low-flow/high oxygen concentration 
will expose extreme preterm infants to unnecessarily high 
oxygen, unlike the use of pressure support which leads 
to reduced oxygen requirement. Support of these infants 
with flow/pressure only can prevent the microatelectasis 
that contributes to inflammation and ultimately chronic 
lung disease, besides avoiding the oxygen exposure that 
leads to BPD as well as retinopathy of prematurity [15]. 
The administered oxygen must always be regulated by 
measuring the oxygen saturation of the infant using a 
pulse oximeter. Hypoxia can lead to brain damage, while 
hyperoxia leads to tissue damage due to the release of oxy-
gen-free radicals and result in retinopathy of prematurity 

Fig. 33.1 Selection of Type of Respiratory Support. CPAP, Continuous positive airway pressure; nHFT, nasal high-flow therapy; 
and NIPPV, nasal intermittent positive pressure ventilation.
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in preterm infants. The future lies in the successful clini-
cal application of an automated closed-loop control of 
inspired oxygen concentration [16]. The system consist of 
an oxygenation monitoring device (pulse oximeter), gas 
delivery device (ventilator or cannula), and an algorithm 
that determines the timing and magnitude of the FiO2 
adjustments.

Continuous positive airway pressure
CPAP is the application of positive pressure to the airways 
of a spontaneously breathing patient throughout the respi-
ratory cycle, and resulting in improvement of oxygenation 
and ventilation. CPAP reduces upper airway obstruction 
and upper airway resistance by mechanically splinting the 

Table 33.4  Oxygen-delivery devices for neonates [10]

Device Advantages Disadvantages FiO2 range

Nasal cannula •	 Provides	tactile	stimulation	while	
delivering oxygen

•	 Can	feed	and	care	for	patient	without	
interrupting oxygen

•	 Allows	patient	greater	mobility

•	 FiO2 varies with changes in 
inspiratory flow and tidal volume

•	 Cannula	prongs	can	become	
occluded by secretions

0.21–0.70 at flows of 
0.25–2 L/min

High-flow 
nasal cannula

•	 Delivers	accurate	FiO2 at higher flows 
(>6.0 L/min)

•	 Keeps	patient	comfortable
•	 Delivers	gas	at	body	temperature,	

100% relative humidity

•	 Incorrect	cannula	size	can	provide	
inadvertent positive distending 
pressure, similar to CPAP

0.21–1, at flows of 
1–8 L/min

Face mask •	 Can	provide	moderate	concentrations	
of oxygen

•	 Provides	oxygen	to	nose	and	mouth

•	 FiO2 can vary significantly
•	 Must	be	removed	for	feeding
•	 Can	cause	skin	irritation

0.35–0.50 (FiO2 data 
from studies in children) 
at flows of 5–10 L/min

Oxygen hood •	 Maintains	a	relatively	constant	FiO2

•	 Does	not	need	to	be	attached	to	
patient’s skin

•	 Higher	FiO2 may be found at 
bottom of hood

•	 High	noise	levels	inside
•	 Must	be	set	at	5–10	L/min	to	

flush out exhaled CO2

•	 Baby	unable	to	be	held	or	nursed	
when hood in place

0.21–1

Incubator •	 Requires	no	additional	device	to	attach	
to patient

•	 Displays	set	and	measured	FiO2 
continuously on new model incubators

When care ports are open, FiO2 
may vary widely

0.21–0.65

FiO2, Fraction of inspired oxygen.

Table 33.5  FiO2 levels delivered to the neonatal airway via nasal cannula [10,14]

FiO2 (set  
on air oxygen 
blender)

Delivered FiO2 by flow rate (L/min)

0.25 0.50 0.75 1.0

0.40 0.22 0.23 0.25 0.26

0.60 0.26 0.31 0.35 0.37

0.80 0.31 0.36 0.41 0.49

1.0 0.35 0.45 0.61 0.66

FiO2, Fraction of inspired oxygen.
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airways open. This improves ventilation by recruiting col-
lapsed alveoli and increasing the functional residual capac-
ity and the surface area available for gas exchange. It also 
splints the chest wall, airways, and pharynx and reduces 
the work of breathing. It regularizes the breathing pattern, 
reduces mechanical obstruction (with meconium if applied 
early), and promotes lung growth. Three components are 
required to deliver CPAP: a flow circuit, an airway interface, 
and positive-pressure system. The various airway interfaces 
are single nasal prong, bi-nasal prongs (short and long), 
nasal cannula, face masks, and nasopharyngeal tube. Short 
bi-nasal prongs with the largest internal diameters have 
the lowest resistance and are the most effective and least 
invasive [17].

Nasal CPAP can be delivered by any of the following 
devices: bubble CPAP (continuous flow CPAP, oscilla-
tory vibrations), Infant Flow SiPAP (variable flow CPAP, 
unique fluid mechanics), infant ventilators (continuous 
flow CPAP), or nasal cannula (high flow or low flow). 
A gas flow of 5–10 L/min and CPAP of 5–8 cm H2O are 
commonly used, with minimal air leak around the nasal 
prongs or mask. The success of nasal CPAP depends on 
three factors: the underlying lung disease, the tolerance 
of the neonate, and the meticulous nursing experience in 
delivering it. Complications of nasal CPAP include nasal 
trauma causing nasal septum breakdown or erosion and 
nasal deformity, obstruction of prongs due to mucus 

plugging or tube displacement leading to impaired ven-
tilation/oxygenation, air leak syndromes, feeding intol-
erance due to gaseous distension of the stomach, and 
infection.

Bubble CPAP
It consists of three major components (Fig. 33.2):
1. Gas source: An oxygen blender connected to a source 

of oxygen and compressed air and flow meter delivers 
the desired fraction of inspired oxygen (FiO2). The 
warmed, humidified, and blended oxygen is driven 
through the inspiratory tubing.

2. Pressure generator: Pressure in the bubble CPAP system 
is generated by keeping the distal expiratory tubing 
under water. The depth of immersion of the tubing 
under water determines the CPAP pressure.

3. Infant interface: Hudson nasal prongs (short 
and wide) or INCA nasal cannula provides the nasal 
interface between the infant’s airway and the gas 
flow circuit.

Bubble CPAP setup and nursing care 

The following steps explain how to set it up (Fig. 33.3) [18]:
1. Position the baby in the supine position with the head 

elevated ∼30 degrees and place a small roll under 

Table 33.6  Predicted patient FHO2 on 100% FiO2 nasal cannula [12,13]

Weight (g)

FHO2

0.1 L 0.2 L 0.3 L 0.4 L 0.5 L

700 0.32 0.44 0.55 0.66 0.77

800 0.31 0.41 0.51 0.61 0.70

900 0.30 0.39 0.47 0.56 0.65

1000 0.29 0.37 0.45 0.53 0.61

1100 0.28 0.35 0.43 0.50 0.57

1200 0.28 0.34 0.41 0.47 0.54

1300 0.27 0.33 0.39 0.45 0.51

1400 0.27 0.32 0.38 0.44 0.49

1500 0.26 0.32 0.37 0.42 0.47

1600 0.26 0.31 0.36 0.41 0.46

1700 0.26 0.30 0.35 0.40 0.44

1800 0.25 0.30 0.34 0.39 0.43

1900 0.25 0.29 0.33 0.38 0.42

FHO2, Hypopharyngeal oxygen concentration; FiO2, fraction of inspired oxygen.
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the baby’s neck. Wear a pre-made hat or stockinette 
on the baby’s head to hold the CPAP tube and insert 
an 8-F orogastric (OG) tube with its free end kept 
open.

2. Choose FiO2 to keep PaO2 at 60s or pre-ductal O2 
saturation at 90%–95%.

3. Adjust a flow rate of 5–10 L/min. Keep inspired gas 
temperature at 37°C in the humidifier.

4. Insert the expiratory tubing in a bottle of sterile water 
filled up to a height of 7 cm. The tube is immersed to a 
depth of 5 cm to create 5 cm H2O CPAP as long as air 
is bubbling out of solution.

5. Choose proper size of the nasal cannula (Hudson) and 
attach to corrugated tubing (size 0 for <700 g; 1, ∼1000 g; 
2, ∼2000 g; 3, ∼3000 g; 4, ∼4000 g; and 5, infant).

6. Lubricate the nasal CPAP prongs with saline and place the 
prongs’ curved side down and direct into nasal cavities.

7. Secure tubing on both sides of the hat with safety pins 
and rubber band or Velcro.

8. Bubble CPAP maintenance:
a. Observe baby’s vital signs, oxygenation, and activity.
b. Check CPAP systems, inspired gas temperature, air 

bubbling out of solution, and empty condensed 
water in the circuit; aspirate gastric air before feeding.

c. Check position of CPAP prongs and keep them 
away from the septum at all times.

d. Suction nasal cavities, mouth, pharynx, and stomach 
4 hourly and p.r.n.; watch for nasal erythema.

e. Change the baby’s position 4 hourly; watch for 
humidification water condensation or visible 
soiling of tube; change CPAP circuit once a week.

Infant Flow SiPAP
1. It is a variation of the variable flow CPAP system that 

can deliver synchronized pressure support breaths 
triggered by an abdominal wall Grasby capsule.

2. It provides bi-level nasal CPAP for the spontaneously 
breathing neonate through the delivery of sighs above 
a baseline CPAP pressure. These sighs may be timed, at 
a rate specified by clinicians, or “triggered” by patients 
own inspiratory efforts.

Fig. 33.2 Bubble CPAP Circuit Using INCA Nasal Cannula. Copyright: Satyan Lakshminrusimha.

Fig. 33.3 Bubble CPAP Setup Using Hudson Nasal Prongs.
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Nasal high-flow therapy
Adequately warmed and humidified gas mixture of air 
and oxygen, delivered at a high flow rate (2–8 L/min) 
via nasal cannula is getting more popular as an alterna-
tive to CPAP or for post-extubation from invasive ventila-
tion. The advantages claimed for nasal high-flow therapy 
(nHFT) include ease of setting it up, less nasal trauma, 
better patient comfort [19], provision of positive airway 
pressure [20], and improved gas exchange through wash-
out of dead space [21]. A recent Cochrane meta-analysis 
has shown similar rates of the efficacy of high-flow nasal 
cannula (HFNC) to other forms of noninvasive respira-
tory support in preterm infants for preventing treatment 
failure, death, and chronic lung disease [22]. Current evi-
dence favors CPAP over HFNC since latter has no titration/
measurement of delivered pressures. However, the ease of 
use and less risk of nasal trauma have increased the use of 
HFNC. Two common devices used for delivering nHFT are 
Precision Flow (Vapotherm) and Optiflow Junior (Fisher 
and Paykel Healthcare). Based on current evidence a con-
sensus approach to initiation, escalation, weaning, and 
discontinuation of nHFT has been outlined [23]. It is safe 
and effective for post-extubation respiratory support of 
most neonates (≥28 weeks) and for weaning from nasal 
CPAP. The gas must be adequately heated, well humidified, 
and with some leak from the nostrils. All of the currently 
available devices (Vapotherm, Optiflow Junior, and bubble 
CPAP) generate similar noise levels and much above the 
current AAP recommendation of 45 dB [24].

Noninvasive mechanical ventilation 
(NIMV/NIPPV)
Nasal intermittent mandatory ventilation (NIMV) and 
nasal intermittent positive pressure ventilation (NIPPV) 
are often used interchangeably for respiratory support 
provided without an ETT. NIMV/NIPPV delivers intermit-
tent peak inspiratory pressure (PIP), either mandatory or 
triggered, besides positive end-expiratory pressure (PEEP), 
through nasal prongs. It may provide better oxygenation 
and ventilation than CPAP and deliver assisted ventila-
tion during apneic spells, as long as the airway is patent. 
It can be used as a primary mode of respiratory support 
soon after birth and as a secondary mode after extuba-
tion from invasive ventilation, to prevent reintubation. 
NIPPV may reduce apnea frequency better than NCPAP 
and may augment the beneficial effects of NCPAP in pre-
term infants with frequent and severe apnea [25]. NIPPV 
and CPAP have similar overall survival and rates of BPD 
in extremely low birth weight infants [26]. NIPPV is asso-
ciated with reduced incidence of extubation failure and 
the need for reintubation within 48 h to 1 week when 
compared to NCPAP [27]. NIPPV is delivered using the 

same components required for CPAP and has been listed 
earlier. Contraindications for NIPPV include upper airway 
abnormalities (choanal atresia, cleft lip and palate, and 
tracheoesophageal fistula), necrotizing enterocolitis, and 
severe cardiovascular instability.

Positive-pressure ventilation
This respiratory support is provided by a mechanical ven-
tilator through an ETT. In conventional ventilation, inter-
mittent positive-pressure ventilator breaths are given on a 
background of PEEP. Minute ventilation (CO2 removal) is 
determined by the product of tidal volume and respiratory 
rate. Oxygenation is determined by the mean airway pres-
sure (MAP) and the fraction of inspired oxygen concentra-
tion (FiO2). The care provider should be familiar with the 
type of ventilator and the airway interface. Conventional 
mechanical ventilation is commonly pressure limited and 
time cycled. PIP is set by the physician and tidal volume 
varies from breath to breath, based on airway resistance 
and lung compliance. In patient-triggered ventilation 
(PTV), also known as assist control (AC) or synchronized 
intermittent positive-pressure ventilation (SIPPV), each 
breath is supported by the ventilator. With synchronized 
intermittent mandatory ventilation (SIMV), only a set 
number of breaths are supported by the ventilator and 
the remaining breaths are unsupported. In both modes, 
if the infant becomes apneic, there is a backup ventilation 
rate. To reduce the risk of volutrauma and atelectotrauma, 
volume-targeted ventilation is often used. In this mode, a 
desired tidal volume (usually 4–6 mL/kg) is set and the 
PIP will automatically adjust to achieve the desired tidal 
volume. It helps in auto-weaning and results in reduced 
incidence of air leak syndromes and chronic lung disease. 
It is less effective in the presence of a large leak around the 
ETT. Disease-specific lung protective ventilator strategies 
are helpful to minimize lung damage in extremely preterm 
infants, by using the lowest possible pressure, volume, and 
oxygen [28].

High-frequency oscillatory 
ventilation
This mode of ventilation achieves gas exchange by the use of 
tiny tidal volumes at supraphysiological rates (10 Hz = 600 
per minute). It improves ventilation at lower MAP, reduces 
volutrauma, and produces uniform lung inflation which 
can reduce air leaks. Carbon dioxide elimination is depen-
dent on the oscillatory amplitude (delta P) and frequency. 
Oxygenation is dependent on the MAP and FiO2. Based 
on the level of MAP, two strategies can be used to deliver 
HFOV. A high-volume strategy is used for infants’ with 
homogeneous lung disease (RDS). A low-volume strategy is 
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used for infants with nonhomogeneous lung disease espe-
cially when associated with lung hypoplasia and/or air leak 
syndromes (pneumothorax with active air leak, congenital 
diaphragmatic hernia, pulmonary hypoplasia, and idio-
pathic or black-lung PPHN). Studies have not revealed any 
short- or long-term benefits with the use of HFOV over con-
ventional ventilation in either term or preterm infants [29].

Endotracheal intubation
It is often required for airway management in neonates 
with respiratory failure or who require resuscitation. Intu-
bation can be done orally or nasally and non-cuffed ETTs 
are commonly used in neonates. The rates of ETT malpo-
sition and blockage, accidental extubation, septicemia, 
clinical infection, and local trauma have been found to be 
similar in both nasal and oral intubation [30]. In very low 
birth weight infants, post-extubation atelectasis has been 
observed to be more frequent after nasal intubation.
1. Intubation equipment:

a. ETTs: sizes 2.5, 3.0, 3.5, and 4.0 mm; stylet and 
Magill neonatal forceps

b. Laryngoscope with straight blade: infant (Miller 
No. 1), premature (Miller No. 0), and extremely 
premature (Miller No. 00) blades; additional bulbs 
and batteries

c. Carbon dioxide detector, stethoscope (neonatal)
d. Suction apparatus and catheters: 5.0, 6.0, 8.0, and 

10.0 F
e. Self-inflating bag (0.5 L) bag with reservoir, or a 

flow-inflating bag or a T-piece resuscitator, and ETT 
fixation materials

f. Compressed air and oxygen with blender, 
humidifier, warmer, and flow meter

2. ETT:
a. Size of tube and suction catheter: Table 33.7 

provides guidance on choosing the correct size of 
ETT and suction catheter, based on birth weight and 
gestational age of the infant [31]

b. Correct tube placement: Correct placement of the 
tube inside mid-trachea is ensured both clinically 
and by chest radiography. Clinical indicators 
include a rise in heart rate, bilateral chest wall 
movement with respiration, breath sounds heard 
better over the lung fields than stomach, the 
presence of vapor in the tube during expiration and 
change in color of CO2 detector to yellow

c. Depth of tube insertion: The correct position for 
the tip of an ETT is below the larynx and above 
the carina (approximately T2). For orotracheal 
intubation a common rule of thumb is to add six to 
the birth weight, to get the initial depth of insertion 
of the tracheal tube; for nasotracheal intubation, 
add 1 cm more to this number. The aforementioned 
rule may be incorrect for infants with micrognathia, 
short neck, and weighing <750 g. A chest X-ray 
should be taken to confirm the tip, and special 
care should be taken to keep the infant’s head in a 
“neutral” position and to avoid extension or flexion 
of the neck during this procedure. The tip of the 
ETT follows the movement of the tip of the nose. 
Neck extension displaces the tube away from the 
carina, whereas neck flexion moves the tube toward 
the carina [32]. Rotation of the neck also causes the 
tube to move away from the carina. Neck extension 
causes greater ETT displacement in orotracheal 
intubation when compared to the nasotracheal 
route. The size and position of the ETT should be 
clearly documented in the infant’s notes

d. Tube fixation: Failure to fix the tube securely is 
the commonest cause for accidental extubation. A 
secure tube is essential during the administration 
of surfactant, airway suctioning, and chest 
physiotherapy. There are a variety of methods for 
tube fixation and these include the conventional 
adhesive tape applied to the tube from the upper 
lip/cheek, the umbilical clamp method, or by the 
use of various commercially available fixation 

Table 33.7  Size of endotracheal tube, length of insertion, and size of suction catheter based on body weight and 
gestational age [31]

Tube size (internal 
diameter in mm) Weight (g)

Gestational age 
(week) Length (oral) (cm)

Suction catheter 
size (F)

2.5 <1000 <28 7 5 or 6

3.0 1000–2000 28–34 7–8 6 or 8

3.5 2000–3000 34–38 8–9 8

3.5–4.0 >3000 >38 9–10 8 or 10
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devices. A simple and secure practice without using 
an adhesive tape, is to stitch the ETT to a Portex 
sleeve tied to a hat (Fig. 33.4). Plastic locking clips 
can also be used instead of sutures to hold the tube 
tightly inside the Portex sleeve (Fig. 33.5). There 
is lack of evidence to show the most effective and 
safe method to stabilize the ETT in the ventilated 
neonate [33]

e. Tube suctioning: There is an absence of the normal 
mucociliary clearance of the airways with an ETT 
in situ and hence mechanical removal of secretions 
will be required to maintain patency of the ETT and 
for optimal ventilation. This is explained in detail 
in section: Airway Patency and Suction

f. Tube complications: Acute complications of 
endotracheal intubation include malposition, 
displacement or obstruction, perforation 
(pharyngeal, esophageal, tracheal), hemorrhage, 
and vocal cord injuries. Chronic complications 
include glottic or subglottic stenosis, granuloma 
or cyst, and hoarseness, stridor, or wheezing. 
Systemic side effects include infection, 
oropharyngeal aspiration, apnea, bradycardia, 
and hypoxia. Nasotracheal tubes can cause 
nasal septal erosion and stricture of the nasal 
vestibule. Orotracheal tubes can cause alveolar 
and palatal grooves, dentition defects, and speech 
abnormalities

g. Unplanned extubation (UE): It denotes premature 
removal of an ETT by the patient or the health 
care provider. Despite lack of a standardized 
definition and classification of UE in neonates, 
it is a major patient safety issue and can lead 
to significant morbidity and mortality. It can 
result in sudden cardiorespiratory collapse, 
trauma to the airway, intracranial hemorrhage 
in extremely preterm infants, and ventilator-
associated pneumonia (VAP). Factors associated 
with UE in neonates include excessive secretions, 
unsupported ventilator tubing, patient procedure, 
sedation-related, loose tape, blocked ETT, and 
loose skin-protective barrier [34]. A suggested 
benchmark to achieve is an UE rate <1 per 
100 patient-intubated days [35]. A quality 
improvement initiative has recommended 
the following guidelines to reduce UE in the 
NICU [36]:
•	 Establish	a	standardized	airway	management	

guideline detailing ETT and tracheostomy best 
practices

•	 Require	at	least	two	providers	when	moving	
patients

•	 Define	standards	for	head	and	airway	position	
during chest radiograph

•	 Define	ETT	securing	method	and	depth
•	 Establish	a	postoperative	handoff	to	address	

airway concerns
•	 Utilize	an	unplanned	extubation	huddle	

assessment tool to identify contributing factors

Ventilator-associated pneumonia
It is a preventable nosocomial infection in the NICU 
and is discussed in great detail in chapter 35 (Ventilator-
Associated Pneumonia and Infection Control). Despite 
lack of objective criteria specific to VAP in neonates, a VAP 
prevention bundle is suggested for neonates on assisted 
ventilation [37].

Fig. 33.5 Endotracheal Tube Fixation by Plastic Locking 
Clip Around a Portex Sleeve Tied to a Hat.

Fig. 33.4 Endotracheal Tube Fixation by Suturing it to a 
Portex Sleeve Tied to a Hat.
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Nursing care of the neonate 
and monitoring of equipment

Hand hygiene
Use strict hand hygiene before and after patient contact and 
while handling equipment for respiratory support. Observe 
universal precautions and wear gloves when at risk of con-
tact with secretions.

Clinical evaluation and ongoing 
assessment
Clinical evaluation of the cardiorespiratory system should 
focus on general physical signs, severity of respiratory dis-
tress (by assessment of respiratory rate, respiratory effort, 
recession, grunting, nasal flaring, oxygen saturation, and 
FiO2), chest wall movement, air entry (by auscultation of 
both axillae), and the presence of adventitious sounds and 
murmurs.

Assessment of blood gases
The interpretation of blood gases and acid–base balance 
should always be made in a clinical context. The pH of 
arterial blood is dependent on PaCO2, lactate, and bicar-
bonate. Capillary venous sampling can be considered for 
all values (pH, CO2, base, and bicarbonate) but arterial 
sampling is required for assessment of oxygenation sta-
tus. A stepwise approach to evaluate blood gases is as 
follows:

Step 1: Assess the pH as normal (7.35–7.45), acidotic 
(<7.35), or alkalotic (>7.45).
Step 2: Assess the respiratory (normal 
CO2 = 35–45 mmHg) component and metabolic 
(normal HCO3 = 22–26 mEq./L) component.
Step 3: Assess the compensation status. When the pH 
becomes normal, by correction of both acid–base 
components (PCO2 and HCO3) in opposite directions, 
the gas is said to be compensated.
Step 4: Assess oxygenation by measuring PaO2 
from arterial blood or from a preductal pulse 
oximeter. The normal PaO2 values in the term 
infant are 50–80 mmHg and in the preterm infant, 
45–65 mmHg.
Step 5: Make a plan to correct the acid–base imbalance 
by treating the underlying cause.

Respiratory acidosis: for non-ventilated infants, 
apply nasal CPAP or provide invasive ventilation. 
For ventilated infants, increase alveolar ventilation 
by increasing tidal volume, respiratory rate, PIP, or 
PEEP (if the lungs have low inflation).

Respiratory alkalosis: For ventilated infants, 
decrease tidal volume, respiratory rate, or PIP.
Metabolic acidosis: Treat the underlying cause of 
the acidosis (e.g., correction of hypovolemia, the 
addition of acetate, and reduction of protein load in 
total parenteral nutrition).
Metabolic alkalosis: Treat the underlying cause 
by discontinuing diuretics, correcting electrolyte 
imbalances (hyponatremia, hypokalemia, and 
hypochloremia), and replacing gastrointestinal 
losses.
Hypoxemia can be corrected by administering 
supplemental oxygen and increasing the MAP for 
an infant on mechanical ventilation.

Noninvasive respiratory monitoring
1. Transcutaneous PO2 (TcPO2): It is measured using 

an electrode placed over the skin and heated to 
42–44°C; it measures skin PO2 and not arterial 
PO2. Underestimation of PO2 occurs with poor 
perfusion of skin and inadequate heating and 
calibration of the electrode. Calibrate the sensor 
as per the recommendation of the manufacturer, 
change its location every 4 h with repeat 
calibration and observe for signs of thermal injury 
at the sensor site (e.g., erythema, blisters, burns, 
skin tears).

2. Pulse oximetry: Continuous arterial oxygen saturation 
is calculated from differential absorption of emitted 
red and infrared light. The pulse oximeter probe 
(disposable or reusable) is attached to a finger or toe 
in term infants or to a hand or foot in small premature 
infants. Unlike TcPO2, pulse oximetry does not require 
skin warming or calibration, has no time delay, 
and does not require its position to be changed. Its 
accuracy is affected by motion artifacts, hypotension, 
poor perfusion, and phototherapy. Oxygen saturation 
measured by pulse oximetry (SpO2) is usually a good 
indicator of hypoxemia but not hyperoxemia, due to 
the shape of the oxyhemoglobin dissociation curve 
(Fig. 33.6). On the flat upper portion of the curve, 
PaO2 values above 100 mmHg commonly occur and 
are harmful.

 The optimal values for arterial oxygen tension (PaO2) 
and saturation (SpO2) vary between preterm and 
term infants. In preterm infants, PaO2 is maintained 
at 45–80 mmHg with oxygen saturation at 91%–95% 
[38]; fetal hemoglobin results in higher saturations 
at lower oxygen levels. Lower oxygen saturations 
have been associated with increased mortality 
but less retinopathy of prematurity. In infants 
receiving supplemental oxygen, saturation above 
95% may denote very high oxygen tensions (any 
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value >80 mmHg). This can cause tissue damage 
due to the release of oxygen free radicals and lead 
to retinopathy of prematurity in preterm infants 
and further brain damage in term infants with birth 
asphyxia.

3. Transcutaneous PCO2 (TcPCO2): It is measured with 
a glass electrode that is pH-sensitive and its response 
time is slower than that of TcPO2. The measured 
value is electronically corrected for skin production 
of carbon dioxide and is quite useful for monitoring 
chronically ventilated patients. Similar precautions as 
mentioned under TcPO2 measurement are necessary to 
avoid skin damage.

4. End-tidal carbon dioxide: It gives a continuous 
measure of expired CO2 in ventilated infants and 
shows good correlation with PCO2. The end-tidal 
device is positioned between the infant’s ETT and 
the ventilator flow sensor and is of two types: side 
stream and in line. It is mainly used to detect trends 
in PaCO2 and for immediate detection of extubation. 
The device should not be used for 4 h after surfactant 
administration. ETCO2 monitoring is not useful in 
presence of significant leak around ETT and with 
HFOV. TcCO2 monitoring is more precise than ETCO2, 
but both require regular correlation with PaCO2. 
Increased physiological dead space and/or V/Q 
mismatch increases the difference between ETCO2 and 
PaCO2.

Ventilator settings
Oxygenation depends on ventilation and perfusion, while 
removal of CO2 is based on minute ventilation (tidal vol-
ume × respiratory rate). Changes in the ventilator param-
eters of FiO2, MAP (derived from PIP, PEEP, and inspiratory 
time), tidal volume, and bias flow rate affect oxygenation. It 
is very important to be familiar with the type of ventilator, 
mode of ventilation as well as its settings. Before making 
any changes to the settings of ventilator, you need to know 
the current clinical status and result of blood gas analysis. 
Besides target oxygen saturation, there should be clarity in 
what is to be achieved, changes in oxygenation, ventilation, 
or both. Useful gentle strategies to protect the infant lung 
during invasive ventilation include optimizing lung vol-
ume, limiting excessive lung expansion, appropriate PEEP, 
shorter inspiratory time, smaller tidal volume, and permis-
sive hypercapnia [39]. Table 33.8 provides general guide-
lines while making changes in ventilation [40].

Imaging
1. Chest radiography: Anteroposterior projection from a 

supine position is used to evaluate the infant’s heart, 
lung fields, ETT, the course of long lines, and umbilical 
catheters. It gives an idea about lung volume and 
helps in early detection of pulmonary air leaks. The 
cross-table view helps visualization of pleural chest 

Fig. 33.6 Oxyhemoglobin Dissociation Curve.
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tube being placed anteriorly or posteriorly. The lateral 
decubitus view is ideal to reveal a small pneumothorax 
or minimal pleural effusion. Care should be taken to 
position the infant well and keep the head in neutral 
position before imaging. Expose the area of interest, 
after removal of unnecessary things from the chest and 
moving aside the monitor leads and tubes. The gonads 
of the infant should be shielded if they are within 5 cm 

of the primary X-ray beam. The nursing staff holding 
the infant for the exposure should wear a lead apron 
and gloves. Proper immobilization improves image 
quality, shortens the examination time, and eliminates 
repeat imaging. Avoid routine chest X-rays after a 
change of ETT, before and after extubation, and on a 
stable ventilated infant. With clinical deterioration and 
in HFOV, more frequent radiographs are required.

Table 33.8  Guidelines for making changes in ventilation [40]

Aim Action Evaluation

Conventional ventilation

Increase oxygenation Increase FiO2 in increments of 5%–10%
Increase MAP by increasing PIP or PEEP in 
increments of 1–2 cm H2O
Keep inspiratory time of 0.35–0.40 s for 
preterm infants

Observe for chest expansion
Observe oxygen requirement
Observe pulmonary graphic analysis of pressure, 
volume, and airflow

Decrease oxygenation Decrease FiO2 in decrements of 5%–10%
Decrease MAP by reducing PIP or PEEP in 
decrements of 1–2 cm H2O
Keep inspiratory time of 0.35–0.40 s for 
preterm infants

Same as previous
Aim for SpO2 target of 91%–95% for preterm 
infants

Increase CO2 
elimination

Increase rate (in increments of 5 per min)
Increase PIP (in increments of 1–2 cm H2O)
In volume guarantee mode of ventilation, 
increase set or desired tidal volume

Observe minute ventilation on the ventilator
Check CO2 by blood gas analysis or 
transcutaneous monitoring

Decrease CO2 
elimination

Reduce rate (in decrements of 5 per min)
Reduce PIP (in decrements of 1–2 cm H2O)
Decrease PEEP while the PIP is reduced.
In volume guarantee mode of ventilation, 
decrease set or desired tidal volume

Same as previous

High-frequency oscillatory ventilation

Increase oxygenation Increase FiO2 in increments of 5%–10%
Increase MAP in increments of 1–2 cm H2O

Observe for chest expansion and oxygen 
requirement
Obtain an early blood gas
Initial chest radiograph at 1–2 h to determine the 
baseline lung volume on HFOV (aim for eight ribs); 
repeat chest radiography with changes in patient 
condition

Decrease oxygenation Decrease FiO2 in increments of 5%–10%
Decrease MAP in increments of 1–2 cm H2O

Same as previous
Aim for SpO2 target of 91%–95% for preterm 
infants

Increase CO2 
elimination

Increase amplitude (delta P) by 2–5 cm H2O 
based on chest wiggle
Decrease frequency (1–2 Hz)

Observe for good chest wiggle
Observe tidal volume and DCO2; check CO2 by 
blood gas analysis or transcutaneous monitoring

Decrease CO2 
elimination

Decrease amplitude in increments of 1–2 cm 
H2O according to CO2 and chest wiggle

Same as previous
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2. Ultrasound: is useful for detecting pleural effusion 
and diaphragmatic palsy, and in screening for 
intraventricular hemorrhage and periventricular 
leukomalacia. Lung ultrasound is radiation free and 
may complement chest radiography in determining 
which neonates admitted with respiratory distress will 
require mechanical ventilation [41].

3. Functional echocardiography (fECHO): is a novel 
method of assessment of the hemodynamic status 
of a sick neonate by measuring left ventricular 
cardiac output and superior vena cava flow. It is quite 
useful in classifying a patent ductus arterious as 
hemodynamically significant and in the management 
of persistent pulmonary hypertension of the newborn.

Real-time pulmonary graphics [42]
Real-time pulmonary graphic analysis helps to understand 
lung mechanics and interactions between patient and ven-
tilator. It displays pressure, volume, and flow waveforms 
as well as pressure–volume and flow–volume loops. It 
enables to customize ventilation based on the underlying 
pathophysiology and requirement of the infant and facili-
tates early weaning from ventilation.
1. Pressure–volume (P–V) loops: demonstrate the 

relationship of pressure to volume. It is useful 
to evaluate lung compliance after surfactant 
administration. A flattened loop indicates poor 
compliance and an upright loop indicates improved 
compliance. The P–V loops are also useful to reduce 
volutrauma by correcting overdistension.

2. Flow–volume loops: display the relationship between 
volume and flow and are useful in evaluating airway 
resistance in conditions like MAS and BPD.

Airway patency and suction

Noninvasive nasal and 
nasopharyngeal suction
Patency of the upper airways is an essential requirement 
for an infant on noninvasive respiratory support. Airway 
secretions can cause obstruction during or after administra-
tion of nasal CPAP/nasal IMV in preterm infants. The com-
mon practice of intermittent suctioning by insertion of a 
catheter into the nose and nasopharynx can result in brady-
cardia, laryngospasm, cardiac dysrhythmias, nasal mucosal 
injury, edema, and bleeding. Oral suctioning should always 
precede nasal suction. A noninvasive method of nasopha-
ryngeal suctioning has been found to be very effective and 
without side effects [43]. Sterile 0.9% saline solution is 
instilled drop wise into one nostril from a 5-mL syringe 

and suctioned from the other nostril using a Neotech little 
sucker (Fig. 33.7) or De Lee suction catheter, attached to 
a central vacuum source (suction pressure of 100 mmHg). 
This results in passage of fluid and sticky secretions from 
one nostril and nasopharynx to the other nostril which gets 
aspirated. It is then repeated on the other side (Video 33.1). 
Saline should never be pushed rapidly into the nostril, for 
fear of aspiration or injury to the middle ear. To keep the 
upper airway open at all times, it is advisable to do suction-
ing 4–6 hourly and whenever indicated.

Endotracheal suction
Infants on assisted ventilation require patency of the ETT 
for effective ventilation and oxygenation. An ETT in situ 
impairs airway clearance of secretions by preventing the 
cough reflex and the normal physiological mucociliary 
clearance mechanism; it can also result in increased secre-
tion of mucus. Though endotracheal suction is a common 
procedure performed to remove secretions, there are only 
limited studies and scientific evidence in the neonatal pop-
ulation to guide practice. The smaller diameter of the neo-
natal ETT not only makes the procedure difficult but also 
results in more complications. Adequate humidity (main-
tained at 100% with the gas warmed to 32–34°C) makes 
the secretions loose, lubricates the ETT, and protects the 
surrounding tracheal tissue from dehydration. The various 
aspects of endotracheal suctioning in intubated neonates 
can be discussed as follows, in order to improve patient 
care and potentially avoid adverse events resulting from the 
inappropriate nursing action:
1. Assessment of patient: An individualized clinical 

assessment of the neonate should form the basis for 
endotracheal suction and the following parameters 
need to be closely monitored before, during, and after 
the procedure.
a. Breath sounds, respiratory rate, and pattern.

Fig. 33.7 Noninvasive Nasopharyngeal Suctioning.
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b. Oxygen saturation, heart rate, and blood pressure.
c. ETT CO2 or transcutaneous CO2.
d. Sputum characteristics: Color, volume, consistency, 

and odor.
e. Ventilator parameters: PIP and plateau pressure, 

tidal volume, FiO2, pressure, flow, and volume 
graphics, if available.

2. Indications for endotracheal suction: Endotracheal 
suctioning should not be performed as a routine ritual 
but according to the need and clinical status of the baby.
a. To maintain the patency and integrity of the 

artificial airway and obtain a sputum specimen for 
laboratory analysis.

b. To remove accumulated pulmonary secretions as 
evidenced by one of the following:
•	 Deteriorating	oxygen	saturation	levels	or	arterial	

blood gases.
•	 Bradycardia	or	tachycardia.
•	 Absent	or	decreased	chest	movement.
•	 Reduced	chest	wall	vibration	for	patients	on	

HFOV.
•	 Audible	or	visible	secretions	in	ETT.
•	 Increased	ETCO2 or transcutaneous CO2.
•	 Coarse	or	decreased	breath	sounds.
•	 Increased	work	of	breathing	and	irritability.
•	 Blood	pressure	fluctuations.
•	 Saw	tooth	pattern	on	the	flow–volume	loop	on	

the monitor screen of the ventilator.
•	 Increased	PIP	during	volume-controlled	

mechanical ventilation or decreased tidal 
volume during pressure-controlled ventilation.

•	 Recent	history	of	large	amounts	of	thick/
tenacious secretions in the past 12 h.

•	 Suspected	aspiration	of	meconium	or	gastric	
contents.

3. Assessment of successful outcome of endotracheal 
suction:
a. Improvement in chest movement, breath sounds, 

and ventilator graphics.
b. Removal of airway secretions.
c. Improved oxygen saturation, transcutaneous CO2, 

heart rate, blood pressure, and respiratory rate.
d. Decreased work of breathing, PIP and airway 

resistance.
e. Increased tidal volume delivery during pressure-

limited ventilation.
4. Methods of endotracheal suctioning:

a. Open and closed techniques: The open suctioning 
technique requires disconnecting the infant from 
the ventilator to insert the suction catheter into 
the ETT. After suctioning, manual breaths are given 
with the use of a resuscitation bag or the infant 
placed back on the ventilator. The closed suctioning 
technique involves attachment of a closed, in-line, 

sterile suction catheter to the ventilator circuit, 
which allows passage of a suction catheter through 
the ETT without disconnecting the infant from 
the ventilator (Fig. 33.8). The Cochrane review 
of suctioning without disconnection from the 
ventilator shows some evidence of improvement in 
short-term outcomes [44]. Closed suctioning uses 
less nursing time compared to open suctioning 
and may limit aerosolization of infectious mucus 
particles and prevent the spread of infection 
between patients and from patients to staff.

b. Shallow and deep suctioning: These two methods 
of suctioning differ on the depth of insertion of the 
suction catheter during the procedure. In shallow 
suctioning, the suction catheter is inserted to a 
predetermined depth which is usually the length 
of the ETT plus the adapter. In deep suctioning the 
catheter is inserted into the ETT until resistance 
is felt, withdrawn by 1 cm and suction applied 
to remove secretions. The Cochrane review of 
randomized controlled trials found no evidence 
concerning the benefits or risks of deep versus 
shallow suctioning of ETTs in ventilated neonates 
and infants [45]. Deep suctioning can cause 
mucosal damage to the carina and surrounding 
tissues and a vagal response from tracheal 
stimulation. This damage can be due to contact of 
the suction catheter with the mucosa and from the 
negative pressure applied. We recommend shallow 
suctioning over deep suctioning since it maintains 
better physiologic stability in intubated neonates 
[46,47].

5. Suctioning procedure [48]:
a. Closed suctioning procedure (Video 33.2):

•	 Perform	hand	hygiene	and	use	personal	
protective equipment (PPE). Adjust wall suction 
pressure of 80–100 mmHg.

Fig. 33.8 Closed Endotracheal Suction Catheter.
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•	 Monitor	patient	for	dysrhythmias,	changes	in	
heart rate, or SpO2 while suctioning.

•	 Preoxygenate	if	hypoxemic	before	suctioning	
by increasing FiO2 0.1–0.2 above baseline for 
1 min.

•	 Determine	correct	color	or	number	for	suction	
depth and unlock in-line suction.

•	 Stabilize	the	catheter	and	endotracheal	or	
tracheostomy tube with the nondominant hand.

•	 Advance	catheter	to	the	premeasured	depth	
within the plastic sheath without suction.

•	 Depress	the	control	valve	to	apply	continuous	
suction and withdraw the suction catheter fully, 
while stabilizing ETT to prevent dislodgement. 
The duration of suction should not exceed 5 s.

•	 When	suction	is	complete,	ensure	catheter	tip	
fully retracted from ETT.

•	 Check	viewing	port	for	secretions	and	assess	
patient. If further suctioning is required, repeat 
the procedure as before. Allow the infant to rest 
and reoxygenate between suction passes.

•	 Clean	the	catheter	off	debris	by	flushing	sterile	
0.9% saline via the irrigation port while 
simultaneously applying suction. Close suction 
control valve.

•	 Return	ventilator	to	baseline	parameters,	
decreasing FiO2 according to SpO2 and clinical 
status.

•	 Cap	the	irrigation	port,	disconnect	suctioning	from	
in-line suction catheter and re-cap in-line catheter 
end. Provide mouth care as per unit policy.

•	 Auscultate	chest	to	determine	the	effectiveness	
of suctioning and ensure patient’s stability, 
comfort, and safety.

b. Open suctioning procedure (Video 33.3):
•	 Perform	hand	hygiene	and	use	PPE	for	open	

suctioning.
•	 Set	up	sterile	0.9%	saline	for	instillation	and	for	

flushing of the catheter between catheter passes.
•	 Open	suction	catheter	package	maintaining	the	

sterility of catheter. Attach catheter end to the 
connection tubing from the suction apparatus. 
Adjust wall suction pressure of 80–100 mmHg. 
Cleanse hands and put on sterile gloves.

•	 Disconnect	the	patient	from	the	ventilator	
ensuring ventilator connections are kept clean. 
Preoxygenate infant if hypoxemic before 
suctioning by hyperventilating for 3–5 breaths 
using a manual resuscitation bag, at a rate 10%–
20% above baseline and increasing FiO2 0.1–0.2 
above baseline.

•	 With	sterile	gloved	hand,	advance	catheter	
to the pre-measured depth without applying 
suction.

•	 Apply	intermittent	suction	while	withdrawing	
the catheter in a slow, rotating manner (up 
to 360 degree) with the help of thumb and 
finger, to minimize effects of negative pressures 
caused by suctioning. Continuous suction may 
be required for thick, copious secretions or 
meconium aspiration. The duration of suction 
should not exceed 5 s.

•	 Reoxygenate	with	the	manual	resuscitation	
bag for a minimum of 3–5 breaths at a rate 
10%–20% above baseline and with FiO2 to keep 
oxygen saturation within ordered parameters 
between suction passes.

•	 If	further	suctioning	is	required,	repeat	the	
procedure as before. Allow the infant to rest and 
reoxygenate as necessary.

•	 Clear	the	catheter	and	connecting	tubing	
with sterile normal saline as needed before 
reinserting catheter and at the end of the 
procedure.

•	 Reconnect	patient	to	the	ventilator	when	
suctioning is completed.

•	 After	tracheal	suctioning,	the	mouth/nose	may	
be suctioned with the same catheter.

•	 Auscultate	the	chest	to	determine	the	
effectiveness of suctioning and ensure patient’s 
comfort, stability, and safety.

c. Suctioning patients on high-frequency ventilation: 
oscillating (HFOV) or jet (HFJV).
•	 Cues	for	suctioning	are	based	on	visualization	

of secretions in the ETT, changes in vital signs, 
and reduced chest vibrations. With HFOV the 
frequency of suctioning should be minimized, 
based on decreased chest wiggle. With HFJV a 
decrease in servo pressure may indicate the need 
for suction.

•	 Preoxygenation	should	be	based	on	patient’s	
needs and suctioning is done utilizing pre-
measured suction depth.

•	 HFOV:
• In-line suction (closed suction technique) 

should always be used. Avoid disconnecting 
the ventilator to prevent derecruitment of 
alveoli.

• Stop oscillations while maintaining MAP 
during suction passes. HFOV is turned back 
on by pressing the “Reset” button between 
suction passes to restart ventilator to 
oxygenate patient.

• Follow the in-line suction procedure as 
mentioned earlier and apply suction both 
during insertion and withdrawal of the 
suction catheter. Withdraw the catheter in a 
slow, rotating manner (5–10 s) to minimize 
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effects of negative pressures caused by 
suctioning.

•	 HFJV:
• In-line suction (closed suction technique) 

should always be used. Avoid disconnecting 
the ventilator to prevent derecruitment of 
alveoli.

• HFJV with nitric oxide: The jet must be put 
into “Standby” when suctioning to minimize 
bolus delivery of nitric oxide that can occur.

6. Complications:
a. Decrease in dynamic lung compliance and 

functional residual capacity.
b. Hypoxemia, bronchospasm, and atelectasis.
c. Tissue trauma to the tracheal and/or bronchial 

mucosa.
d. Increased microbial colonization of lower airway.
e. Changes in cerebral blood flow and increased 

intracranial pressure.
f. Hypertension/hypotension and cardiac 

dysrhythmias.
g. Routine use of normal saline instillation may be 

associated with: desaturation, bronchospasm, and 
dislodgement of the bacterial biofilm that colonizes 
the ETT into the lower airway.

7. Infection control:
a. Centers for Disease Control guidelines for 

standard precautions should be followed. If 
manual ventilation is used, care must be taken 
not to contaminate the airway. Sterile technique is 
encouraged during the entire suctioning event.

b. All equipment and supplies should be appropriately 
disposed of or disinfected.

c. Disinfection of fomites associated with ventilation.
8. Pain assessment and management: Assessment of 

pain and adoption of non-pharmacologic measures, 
such as facilitated tucking [49] and developmentally 
supportive care may help to modulate the stressful 
responses of neonates. In a four-handed endotracheal 
suctioning strategy, person 1 supports the infant’s 
efforts at self-regulation, such as promoting flexion, 
allowing finger grasp, or touching the infant gently, 
while person 2 performs the suctioning procedure [50]. 
The parent of the infant can replace person 1 as the 
caregiver providing support.

9. Evidence-based recommendations for endotracheal 
suctioning in neonates (Table 33.9): The following 
recommendations [51,52] are made based on 
the Grading of Recommendations Assessment, 
Development and Evaluation (GRADE) system for 

Table 33.9  Recommendations for endotracheal suctioning in neonates [51–53]

Clinical procedure Recommendation Evidence level

Frequency of suctioning Suctioning should only be performed when clinically indicated 
and not routinely

1C

Preoxygenation Preoxygenation may be considered if the patient has a clinically 
important reduction in oxygen saturation with suctioning

2B

Closed versus open  
suctioning

Closed in-line suctioning without disconnecting the infant from 
the ventilator is preferred

2B

Depth of catheter  
insertion

Shallow suction is preferred instead of deep suction 2B

Saline instillation Should not routinely use normal saline prior to suction 2C

Diameter of suction  
catheter

Suction catheter diameter must not exceed 50% of ETT diameter 2C

Duration of suctioning Should not exceed 15 s 2C

Suction pressure Negative suction pressure should be between 80 and 100 mmHg 2C

Saline instillation Should not be performed routinely 2C

Number of repetitions Should not exceed three per suctioning procedure

Monitoring Adequate monitoring prior to, during, and after the procedure

Biosafety standards CDC guidelines for standard precautions should be followed
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grading evidence [53]. The grading system classifies 
recommendations as strong (Grade 1) or weak (Grade 
2), based on the balance between benefits, risks, burden, 
and cost and the degree of confidence in estimates of 
benefits, risks, and burden. It classifies the quality of 
evidence as high (Grade A), moderate (Grade B), or low 
(Grade C) according to factors that include the risk of 
bias, the precision of estimates, the consistency of the 
results, and the directness of the evidence.

Chest physiotherapy

The aim of chest physiotherapy (CPT) is to improve the 
clearance of lung secretions and maintain lung expansion, 
which, in turn, will lead to better oxygenation and ventila-
tion. It also aims to prevent endotracheal tube obstruction 
and failure of extubation by the use of methods such as 
percussion, vibration, postural drainage, and suctioning. 
Despite widespread practice, there is lack of high-quality 
evidence to prove its efficacy and it has the potential to 
cause a range of serious complications. Hence, it should not 
be a routine practice in ventilated neonates and performed 
only when atelectasis or obstructive secretions are present 
and impacting on lung mechanics and gaseous exchange.

A 2008 Cochrane review of the literature on “chest phys-
iotherapy for reducing respiratory morbidity in infants 
requiring ventilatory support” analyzed the results of three 
trials that studied 106 infants and found no evidence to 
guide present-day clinical practice [54]. Two of the three 
included trials were conducted over 30 years ago, and 
hence the applicability of the results to current neonatal 
practice may be limited due to changes in population char-
acteristics and interventions; these include antenatal ste-
roids, postnatal surfactant, gentle ventilation, and changes 
in the delivery of CPT. A 2010 Cochrane review of the lit-
erature on “chest physiotherapy for preventing morbidity 
in babies being extubated from mechanical ventilation” 
found no clear benefit in the use of postextubation active 
CPT [55]. Two of the four included trials were conducted 
over 30 years ago, and hence the applicability of the results 
to current neonatal practice may be limited due to changes 
in population characteristics and interventions. These 
changes include better humidification of inspired gases, 
exogenous surfactant, gentle ventilation, less endotracheal 
suctioning, and the use of postextubation nasal continuous 
positive airway pressure (NCPAP). This review did not find 
any evidence of harm for babies receiving a short course of 
CPT following extubation. A 2016 Cochrane review of the 
literature on “chest physiotherapy for acute bronchiolitis in 
pediatric patients between 0 and 24 months old” revealed 
no reduction in the severity of disease by the any of the CPT 
techniques analyzed (conventional, slow passive expiratory 

techniques, or forced expiratory techniques). This review 
found high-quality evidence that forced expiratory tech-
niques in severe patients do not improve their health status 
and can lead to severe adverse events [56].

Indications
CPT should be provided only to those neonates consid-
ered most likely to benefit with significant respiratory dis-
tress and thick tenacious secretions. The potential risk of 
intraventricular hemorrhage in extremely preterm infants 
prevents its use in them unless the benefit is considered to 
outweigh any potential harm. Neonatal CPT may be con-
sidered in the presence of
•	 significant atelectasis;
•	 thick and/or copious secretions;
•	 pneumonia/aspiration;
•	 infants who require muscle relaxation and ventilatory 

support;
•	 recently extubated infants at risk for deterioration; and
•	 significant bronchopulmonary dysplasia with 

secondary atelectasis ± secretions.

Contraindications
•	 Extremely low birth weight (<1000 g) and <26 weeks’ 

gestation
•	 Coagulopathy or severe thrombocytopenia 

(<50 × 109/L)
•	 Recent (within 48 h) intraventricular hemorrhage (IVH)
•	 Pulmonary hemorrhage, undrained pneumothorax, 

pulmonary interstitial emphysema (PIE)
•	 Cardiovascular instability, increased intracranial 

pressure
•	 Metabolic bone disease/rib fracture
•	 Following thoracic, cardiac, and abdominal surgeries—

withheld for 24 h

Precautions
•	 Poor skin integrity
•	 Platelet count <100 × 109/L
•	 Avoid near sites of chest drain, Broviac lines, wounds, 

and stomas
•	 Effectiveness reduced with edema of the chest wall
•	 Distended abdomen, suspected necrotizing 

enterocolitis

Procedure
1. Assessment: Confirm physician’s order, review recent 

chest X-rays, nursing, and respiratory therapy flow 
sheets, and assess the chest of the neonate. Before 
commencing active CPT, the physiotherapist must 
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note the baseline heart rate, mean blood pressure, 
oxygen saturation, as well as the ventilator mode, rate, 
pressures, and FiO2. Do not disconnect the baby from 
the ventilator for turning and reduce the sensitivity 
of trigger from 1.0 to 1.6 to avoid triggering due to 
artifacts like manual vibration [57].

2. Treatment: Neonatal CPT includes gentle percussions, 
gentle active vibrations, positioning, and suctioning. It 
is given according to individual need and assessment 
may be done 4, 6, 8, or 12 hourly. The infant’s head 
must be fully supported, never kept down, and 
excessive neck flexion/extension should be avoided 
during the whole procedure. The positions should be 
based on chest X-ray findings and auscultation and 
selected from the positioning chart. A maximum of 
two positions may be used, but in unstable or very 
small babies only one position is appropriate.
a. Neonates <1000 g: 2 min per position or 2 finger 

percussions; approximately 60/min
b. Neonates 1000–3500 g: Mask percussions × 3 min 

per position followed by 5 spaced vibrations
c. Neonates >3500 g: Hand or mask 

percussions × 3 min per position followed by 5 
spaced vibrations

3. Suctioning: It is performed after the use of active gentle 
vibrations. The endotracheal tube may be suctioned 
using a 6–8 F suction catheter with up to 100 mmHg 
low-flow suction. If secretions are excessively tenacious, 
consider saline instillation (0.2–0.5 mL) and repeat 
suction as tolerated by the infant until clear return. 
Neonates on nasal CPAP should be suctioned nasally 
after CPT. Nonventilated infants should be suctioned 
orally with size 8 or 10 F catheter, in a side lying 
position to reduce the risk of aspiration if the infant 
vomits.

4. Documentation: The details of treatment given should 
be documented on the physiotherapy chart and the 
time of the next physiotherapy session should also be 
noted. Mention any changes in the infant’s condition 
or management after every treatment session.

5. Cessation of physiotherapy: CPT should be 
discontinued when there is evidence of re-expansion of 
collapsed/consolidated lung associated with significant 
reduction in the production of excessive or thick 
secretions.

Monitoring for complications

Mechanical ventilation saves many lives but can also result 
in pulmonary and non-pulmonary complications in a few 
infants.

1. BPD and ventilator-induced lung injury can result from 
the following:
a. Volutrauma: Overdistension of the lung tissue caused 

by excessive delivery of tidal volume (>6 mL/kg).
b. Atelectotrauma: Insufficient end-expiratory pressure 

leading to excessive shearing forces caused by the 
repeated collapse and reinflation of lung.

c. Barotrauma: Excessive PIPs leading to overdistension 
and damage of compliant lung tissue.

d. Biotrauma: Damage to lung tissue caused by 
inflammatory mediators, triggered by direct lung 
injury or infection.

 BPD is multi-factorial in origin and can potentially be 
reduced by volume controlled ventilation (targeting 
tidal volume in the normal range of 4–6 mL/kg), 
pulmonary graphics monitoring, and use of gentle 
ventilation by allowing permissive hypercapnia in 
appropriate conditions.

2. Pulmonary air leak syndrome: It includes 
pneumothorax, pulmonary interstitial emphysema, 
pneumomediastinum, pneumopericardium, 
pneumoperitoneum, and subcutaneous emphysema. 
Pneumothorax can be the result of high MAP, high 
inspiratory flow, prolonged inspiratory time, and 
asynchrony between patient and ventilator. Preventive 
measures can minimize the incidence of this life-
threatening complication.

3. Sudden deterioration of infant on the ventilator can 
result from DOPPIE:
a. Displaced ETT
b. Obstructed ETT
c. Pneumothorax
d. Pulmonary hemorrhage
e. Intraventricular hemorrhage (IVH)
f. Equipment failure

4. Gradual deterioration of infant on the ventilator can 
result from:
a. Infection
b. IVH
c. Patent ductus arteriosus
d. Partial blockage of the ETT
e. Anemia/hypotension
f. Slowly evolving air leak syndrome

5. VAP: It is discussed in great detail in chapter 36.
6. Airway injury and subglottic stenosis: It can result from 

prolonged and repeated endotracheal intubation, deep 
suctioning, and infection.

7. Retinopathy of prematurity: It is associated with 
hyperoxia, hypoxia, and fluctuations of arterial oxygen 
in preterm infants (<32 weeks) who require prolonged 
mechanical ventilation with supplemental oxygen. Its 
incidence can be reduced by maintaining PaO2 between 
60 and 80 mmHg and SpO2 between 91% and 95%.
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8. Neurological complications: Premature babies 
who require mechanical ventilation are prone to 
develop neurological complications, such as IVH 
and periventricular leukomalacia. Its incidence 
and severity can be minimized by avoiding hyper/
hypocapnia, pneumothorax, and systemic hypo/
hypertension. This can be achieved by synchronized 
ventilation and judicious use of ventilatory 
parameters and sedation.

General supportive care

Minimal handling
Neonatal care is unique, sensitive, complex, and shared. 
It should be based on the concept of minimal handling, 
which gives the care in the least invasive and disruptive 
way. With excessive handling and distressing procedures, 
the neonate deteriorates rapidly leading to hypoxia. Inva-
sive procedures should only be done by experienced care-
givers and no more than two attempts should be allowed 
per person. Avoid unnecessary interventions and based 
on the tolerance of the infant, practice grouping of care. 
Abrupt flexion or extension of head should be avoided. 
Support shoulder and head within one palm and finger 
grasp during caring while stabilizing the ETT.

Positioning
Proper positioning is important to optimize ventilation 
and oxygenation. There are differences in lung func-
tion between infants who are spontaneously breathing 
and those who are on a ventilator support [58] and also 
among infants with healthy and diseased lungs. Recent 
studies reveal that distribution of ventilation in neonates 
is less dependent on gravity [59]. Infants on noninvasive 
respiratory support need to be placed in any position that 
provides optimal airway positioning and gives comfort. 
The prone position is often preferred to improve oxygen-
ation and reduce the episodes of apnea and bradycar-
dia. The Cochrane review on infant position in neonates 
receiving mechanical ventilation found evidence of low to 
moderate quality favoring the prone position for slightly 
improved oxygenation. However, there was no specific 
body position during mechanical ventilation that was 
effective in producing sustained and clinically relevant 
improvement [60]. For prevention of VAP, it is advisable 
to keep the side-lying position, elevate the head of the bed 
by 15–30 degrees, and keep left lateral positioning after 
feedings [61]. Change position from supine, right or left 
lateral, and prone, if feasible, every 2–4 hourly. Infants in 

any position need to be supported with appropriate rolls 
and must have the developmental boundaries while in the 
supine and side-lying positions to facilitate flexion, con-
tainment, and comfort.

Oral care procedure for ventilated 
neonate
The immature immune system of neonates makes them 
highly susceptible to develop nosocomial infections. Oral 
care has been recommended as one of the components of 
a neonatal VAP prevention bundle [62]. Provide oral care 
within 24 h after intubation, every 3–4 h, and prior to OG 
tube insertion or reintubation. Use fresh colostrum, moth-
er’s milk, or sterile water. The procedure involves gently 
cleaning the gums and inside of the cheeks using q-tip or 
folded gauze. Avoid frequent and prolonged oral suction-
ing, as it can lead to the development of oral-tactile hyper-
sensitivity. Do not place oral suction equipment where it 
can become contaminated and change it every 24 h. The 
Canadian Evidence-Based Practice for Improving Qual-
ity (EPIQ-II) network has recommended oral immune 
therapy (OIT) with colostrum to reduce the incidence of 
NEC and nosocomial infection in critically ill newborns 
[63]. Studies have shown OIT to be safe, feasible, and well 
tolerated by even the smallest, critically ill infants. Every 
infant (preterm or term) who is not feeding by mouth 
should receive OIT unless breast milk is contraindicated. 
The procedure involves administering one drop of fresh 
colostrum (0.05 mL) from a 1-mL syringe between the 
cheek and gum, every 2–4 h. OIT should continue till the 
infant is able to feed by mouth (breast or bottle) at least 
twice a day.

Sedation and pain management
Mechanical ventilation is a stressful experience for sick neo-
nates and untreated pain can lead to negative consequences 
on long-term neurodevelopment [64]. Current evidence 
does not support the routine use of sedation and pain 
medications. However when clinically indicated it can 
be used along with a scoring tool, such as the Premature 
Infant Pain Profile to quantify and qualify discomfort and 
pain (Table 33.2) [7]. A high pain/agitation score indicates 
more frequent or intense behaviors, and a low sedation 
score indicates a decreased response to stimulation, or a 
deeper level of sedation. The use of the scale also ensures 
appropriate use and weaning of medications. Due to the 
potential for harm with the use of these medications, non-
pharmacologic methods like skin-to-skin care, facilitated 
tucking, swaddling, minimal handling, clustered care, non-
nutritive sucking (NNS), and oral sucrose are often used to 
reduce distress.
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Medications
Nurses should have thorough knowledge about the com-
monly used medications in the NICU, despite most units 
having clear guidelines regarding their use. Therapeutic 
drug monitoring is required for drugs with a narrow thera-
peutic index (gentamicin, amikacin, vancomycin, pheno-
barbital, and phenytoin). Incompatible drugs should never 
be given through the same intravenous infusate. Concen-
trated dextrose solutions (>12.5%) and total parenteral 
nutrition must not be given via a peripheral cannula, as 
it carries a greater risk of thrombophlebitis and extravasa-
tion injury due to the increased osmolarity of the solution. 
The appropriate use of sedation and analgesia in ventilated 
infants using drugs like morphine, fentanyl, or midazolam 
is an accepted practice. The early use of methylxanthines 
(caffeine or theophylline) has been found to reduce the 
duration of ventilation by facilitating early extubation and 
the incidence of BPD. It is effective for the treatment of 
apnea of prematurity. Corticosteroids in low doses have 
been given systemically or by inhalation to extreme pre-
term and chronically ventilated infants to prevent or treat 
BPD, despite its concern for causing cerebral palsy when 
given early in life.

Nutrition
Sick infants on ventilator support suffer from malnutri-
tion due to increased caloric requirement coupled with 
poor nutritional intake and intolerance to enteral feed-
ing. Growth failure is common in infants with BPD, and 
likely to have a major adverse effect on their subsequent 
growth and development. Stable infant on ventilator 
support requires a caloric intake of 90–100 kcal/kg/
day, while a rapidly growing preterm infant will require 
120 kcal/kg/day. The energy requirements of long-term 
ventilated infants with chronic lung disease are further 
increased by 25%–30%. Early introduction of enteral 
feeds with expressed breast milk, even as trophic feeds 
(10–20 mL/kg/day) is essential for growth, development, 
and normal function of the gastrointestinal and hepato-
biliary systems. Parenteral nutrition should be discon-
tinued, once the infant tolerates 100–120 mL/kg/day of 
enteral feeds.

Developmental care [65]
It is an essential philosophy of neonatal care that inte-
grates the developmental needs of each individual infant 
and their family within a medical framework. The aims of 
developmental care are to reduce stress and pain, conserve 
energy and promote physiological stability, recognize and 
support infants emerging neurodevelopment maturity, and 
to provide support and encouragement to their parents or 

caregivers. Developmental care can be considered under 
the following categories:
1. Sound: The background noise in the nursery should 

be quiet, an average of 45 dB, with peak noises up to 
65 dB according to AAP committee on environmental 
health [66]. Care interventions to help reduce noise 
include:
a. Education of staff and parents about effects of 

sound and need for quiet hours.
b. Close incubator doors softly and avoid placing 

objects on top of the incubator.
c. Silence alarms as soon as practicable and set alarms 

and phones at lowest safe level.
d. Consider ear muffs during excessively noisy 

procedures—MRI.
2. Light and vision: Ambient lighting should vary from 10 

to 600 lux and the lighting levels should be adjustable, 
allowing dimming and increased levels for safe 
working. Aim to keep lighting levels below 300 lux and 
use dim lighting whenever possible. Care interventions 
include:
a. Protect infants from light with levels below 25 

lux until 32/34 weeks corrected gestational age 
(CGA); use incubator cover or canopy with an 
open cot.

b. From 32 weeks CGA begin to introduce moderate 
light exposure—2 h/day—canopy or incubator 
cover reduced, while still shielding baby from 
bright overhead lights or sunlight.

c. Gradually build up to “cycled lighting,” which 
reflects day/night lighting when infant is 
approaching term (35–37 weeks CGA).

d. Protect infants from focused lighting during 
medical procedures/examinations.

3. Smell and taste: Support early exposure to parent’s 
odor and opportunities for positive taste and oral 
sensory experiences. Exposure of babies to noxious 
odors and unpleasant tastes should be minimized. 
Care interventions include:
a. Encourage the mother to leave a small piece of 

clothing with her odor next to her baby.
b. Babies will experience their parent’s odor through 

the regular skin to skin contact.
c. Educate staff and parents about the need to avoid 

introducing noxious smell when handling infants 
and allow alcohol hand gel to dry before handling 
babies.

4. Postural support/positioning: Infants should be 
supported in comfortable positions which help to 
protect their postural and movement development, 
behavioral organization, and stability. Their 
needs will change depending on their gestational 
age, movement maturity, and clinical condition. 
Positioning should not compromise an infant’s 
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medical care or stability. Infants less than 34 weeks 
should be nested, aiming to provide containment 
and a supportive boundary. Older infants who 
are unable to maintain or change their head 
position, due to tone or instability will benefit 
from appropriate sized gel pillow and boundaries. 
Promotion of flexed symmetrical postures helps 
the infant conserve body temperature and energy, 
promoting growth and weight.

5. Cue-based cares and handling: Cares, handling, 
and interventions should be adapted and delivered 
following observation of an infant’s behavioral cues 
and physiological responses.
a. Prior to any intervention, consider and prepare 

environmental needs (lighting/noise, etc.).
b. Parent participation: Encourage and involve parents 

from early on to recognize their baby’s behavioral 
patterns.

c. Positive touch: Let the infant know before an 
intervention is about to happen and after it is 
completed.

d. Move and turn infants slowly, keeping part of 
their trunk in contact with the mattress or base of 
support. Sudden turning will stimulate a startle 
reflex and extensor postures.

e. Pace caregiving according to an infant’s cues and 
pause when they show signs of stress/avoidance.

6. Kangaroo mother care/skin-to-skin contact: Kangaroo 
care (KC) is a care intervention where an infant is 
held in “skin-to-skin” contact in an upright prone 
position on a parent’s chest. The infant is covered in a 
blanket or enclosed within the parents clothing or KC 
wrap to maintain temperature stability. KC should be 
considered for all medically stable infants, including 
those receiving respiratory support.

7. Developmentally supportive measures to minimize 
pain/stress: Use the following measures to help 
minimize pain and stress responses prior to, during, 
and once procedures are completed with the infant:
a. Timing: Consider medical need but try to fit in with 

infant’s sleep pattern.
b. Environmental: Minimize infant’s exposure to 

bright light and reduce noise levels.
c. Comfort: Provide nesting and support in flexed 

posture.

d. Offer and facilitate NNS: prior to, during, and 
following an intervention.

e. Facilitate baby to self-comfort: hands to face/
grasping/able to brace feet.

f. Assess infant’s behavior/stability/posture prior and 
on completion of procedure or care.

g. Pace intervention in response to infant’s responses 
and stability.

Documentation
Nursing documentation helps in good clinical communi-
cation and provides a higher quality of care based on the 
effect of audited interventions. It should have a structured 
and standardized approach and may be in a format which 
is written, electronic, or a combination of both. It must 
include patient assessment, plan of care, and real-time 
progress notes. The structure of each progress note entry 
should follow the Identification, Situation, Background, 
Assessment, and Recommendation (ISBAR) format. All 
entries should be accurate and relevant to the patient and 
only standard abbreviations should be used. Medicolegally 
if any given nursing care was not documented, it was not 
done and can be subject to litigation.

Summary

The need for respiratory support is one of the major reasons 
for admission of neonates to the NICU. Neonatal care is 
unique, sensitive, complex, and shared and is best provided 
in the least invasive and disruptive way. Infants who require 
respiratory support require meticulous medical and nurs-
ing care, as well as close monitoring of patient and equip-
ment to detect early deterioration or improvement. Nurses 
who provide ventilator support for infants must know how 
the equipment works and must be able to set it up properly 
and troubleshoot problems. The neonatal nurse must be 
familiar with all aspects of airway management and pos-
sess the skills to assist with intubation. The nursing care 
provided within the medical framework must also meet the 
developmental needs of each individual infant and their 
family.
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Introduction

In order to discuss neonatal airway management, it is 
important to have a strong anatomic foundation in under-
standing the form of the airway and its relation to overall 
physiologic function. It has oft been noted that children 
and particularly neonates cannot be viewed as small adults 
[1]. There are variations in their mechanics that end up 
changing over time with growth and development.

Some of the difference relates to relative size of structures. 
Taking a global view, the head is larger with a more promi-
nent occiput tending toward a baseline flexion of the neck 
in neutral positioning [2], leading to more difficult airway 
accessibility. The tongue is relatively larger in the mouth [2] 
and can more easily tend toward obstruction falling into the 
back of the oropharynx. However, there is also a role played 
by increased amounts of connective tissue and weaker rigid 

structural support [2,3]. Per Bluestone, the trachea of the 
newborn collapses with compliance 3 times that of a 1-year 
old and 6 times that of adult cartilage [1]. The cartilage of 
the larynx and trachea do not begin to ossify until later in 
life and the initial flexibility of the structures can lead to col-
lapse, particularly in dynamic settings [3].

In terms of airway variations, starting cranially and work-
ing caudally, the discussion begins with the nasal cavity and 
nasopharynx. Infants are known to be preferential nasal 
breathers, under normal conditions using the nasal passage 
for primary airflow [2]. Conditions that interfere with this 
breathing pattern, ranging from intranasal inflammation to 
a more severe choanal atresia, can put neonates into a clini-
cal picture of respiratory distress, which would not be an 
expected adult physiological response to nasal obstruction.

The vertical height of the pharynx is much shorter in 
newborns leading to a relatively smaller oropharynx and 
a tongue, which takes up more space. There are also fre-
quently seen prominent tonsillar and adenoidal tissues 
that are space consuming [3]. Also seen is the abutment of 
the epiglottis to the soft palate with a significant elevation 
of associated structures high in the neck. This is thought to 
contribute to the ability of the neonate to simultaneously 
swallow and breath, a characteristic lacked by their adult 
counterparts [1]. Vertical growth occurs in the infant face 
extending the length of the pharynx and separating the 
distance between the epiglottis and soft palate, occurring 
during the first 6 months and then in spurts throughout 
childhood [4]. Compounding this increase in oropharyn-
geal space is the descent of the pediatric larynx with age, 
as the infant organ is very compact. The thyroid carti-
lage, which can initially be found within the hyoid arch, 
descends to create a separation between the two and a 
more prominent thyrohyoid membrane. During the first 
3 years, the growth of the cartilage is most rapid and equiv-
alent between genders. In the neonatal period, the inferior 
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margin of the cricoid is at the vertebral level of C3–C4; 
at age 5, approximately C5; and by age 15 at C6–C7 [1]. 
(Fig. 34.1) The initial elevation of the larynx also makes it 
more difficult to directly visualize the airway during direct 
laryngoscopy as the angle to visualize the vocal cords over 
the plane of the tongue becomes more acute [5].

There is also a change in the internal structure and 
particularly the view of the neonatal airway during laryn-
goscopy. The airway has a curved epiglottis with anterior 
displacement, more prominent aryepiglottic folds, coupled 
with bulkier arytenoids, and a comparatively shorter mem-
branous portion of vocal cords (Fig. 34.2) [1]. As the infant 

ages, the epiglottis flattens out and the vocal cords lengthen 
[1]. The arytenoids become less prominent and the trilami-
nar structure of the human vocal cord begins to develop 
that increases capabilities of phonation [1].

The pediatric larynx is often described as having the nar-
rowest part of the airway at the cricoid ring in contrast to 
the adult where it is located at the glottis [1,2]. This makes 
it a more frequent site of injury and can lead to difficulty 
in passing an endotracheal tube further into the airway 
despite being past the vocal cords. There is, however, data 
in the anesthesiology literature [6,7] of direct and radio-
logic studies of airway dimensions in a sedated pediatric 
population being more consistent with the narrowest por-
tion of the childhood airway being located at the glottis, 
like in adults. Although, the functionally narrowest portion 
is likely still at the level of the cricoid secondary to it being 
a complete ring and its associated lack of distensibility as 
compared to glottic tissue [3]. The neonatal trachea and 
lower airways are known to be more collapsible as well as 
shorter and more compact than their adult counterparts.

Additionally, due to the significantly smaller caliber of 
the pediatric airway, it is useful to understand the math-
ematical relationship of airflow to diameter of the airway. 
This is seen by Poiseuille’s law, which is described as

Pr
Q

L

4

µ
∝ ∆

where Q is flow rate of air, P is change in pressure, r is radius 
of the airway, µ is viscosity of air, and L is length of the air-
way. In the setting of laminar flow, even a small decrease in 
the radius of the of the airway leads to a proportional drop 
in the flow rate to the fourth power, which in turbulent flow 
is to the fifth power [2,8]. As even small anatomic changes 

Q∝∆Pr4µL

Fig. 34.1 Comparison Between Neonatal Airway and 
Adult Airway (see text for details). Copyright: Satyan 
Lakshminrusimha.

Fig. 34.2 Neonatal Larynx With Bulky Arytenoids, Curved 
Epiglottis, and Relatively Shorter Membranous Vocal 
Folds as Compared to an Adult Larynx .
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can have a relatively drastic effect on airway caliber in a 
smaller airway, the physiologic impact is vital for appropri-
ate clinical management.

While there are structural and physiologic changes that 
occur with growth and development, there are also abnor-
malities of the neonatal airway. Those pathologies and their 
resultant management are the further focus of this chapter. 
It is also important to realize that airway abnormalities are 
not always isolated and patients present with synchronous 
lesions. The overall discussion will follow an anatomic path-
way starting with the airway proximally and traveling distally.

Airway pathology

Nose
Regarding nasal airway obstruction in the neonatal period, 
the initial dichotomy that develops is one of an anatomic 
abnormality versus physiologic. A complete history and 
physical exam are integral in determining root cause of the 
obstruction.

Signs and symptoms described by family members of 
nasal obstruction, but also particularly, the timing and 
onset of the obstruction in relation to patient’s birth are 
important factors to consider as a complete obstruction 
is going to be more temporally associated with birth as is 
any birth trauma. A description of the sounds associated 
with breathing pattern, namely the difference between stri-
dor and stertor needs to be identified. Stertor is a partial 
obstruction of the airway above the larynx and sounds more 
akin to snoring and is lower pitched [1]. Often accompany-
ing respiratory complaints are swallowing issues, particu-
larly in the neonate, manifested with dysphagia and failure 
to thrive [2]. Medication history of the neonate as well as 
of the mother can also play a role in the development of 
obstruction of the nasal airway as it can affect physiologic 
responses and characteristics [9].

As previously discussed, in the neonatal period the 
child is a preferential nasal breather, and nasal obstruc-
tion, particularly if complete, can put them into a clini-
cal picture of cyclic respiratory distress punctuated by 
crying which allows for oropharyngeal airflow [2]. Thus, 
upon initial observation, the neonatal respiratory sta-
tus needs to be evaluated, and if is one of concern with 
associated tachypnea, retractions, altered mental status, 
or cyanosis the possibility for immediate airway inter-
vention arises.

If the patient’s clinical status allows time for complete 
assessment, the external nose should first be visualized to 
see if there are any visible deformities present that would 
prevent appropriate nasal airflow, followed by evaluation of 
airway patency. This can be done by a number of methods. 

A strip of paper or gauze can be placed below each nos-
tril, with movement indicating airflow. Fogging of a mirror 
placed sequentially below each naris can also identify the 
sidedness of airflow presence [9]. A more invasive, yet vital, 
evaluation involves passage of an 8 Fr catheter, 2.5 mm 
endotracheal tube, or pediatric flexible laryngoscope to 
assess if there is structural patency. On examination of the 
nasal cavity, if there is bony obstruction anteriorly, con-
sider congenital pyriform aperture stenosis. However, if 
the obstruction is posteriorly, this opens up the possibility 
of choanal stenosis/atresia [2,9,10]. Flexible laryngoscopy 
is a commonly done procedure at bedside without seda-
tion or NPO requirements. If unable to obtain an adequate 
exam, there is a role for nasal endoscopy in the operating 
room. Use of a topical nasal decongestant can help identify 
whether obstruction exists due to a structural abnormal-
ity or mucosal edema. The adequate intranasal exam also 
allows for evaluation of presence of a nasal mass or septal 
deviation from birth trauma that may cause obstruction 
[2]. Important to note, there must be cognizance that an 
intranasal mass may originate intracranially and would call 
for imaging studies prior biopsy or significant manipula-
tion.

Imaging studies to identify nasal cavity abnormalities can 
be undertaken and are more frequently CT and MRI scans 
due to easy availability and generally poorer resolution of 
plain films [9]. CT scans have the best bony definition and 
are going to provide the best evidence for congenital nasal 
pyriform aperture stenosis (CNPAS) or bony choanal atre-
sia. MRI will be more useful for the evaluation of intranasal 
masses and defining the presence of intracranial extension.

Congenital nasal pyriform aperture stenosis 
(CNPAS)

Pyriform aperture stenosis causes nasal obstruction due to 
bony overgrowth of the medial nasal process of the maxilla, 
narrowing the anterior entrance of the nasal cavity. This can 
occur in isolated cases or in conjunction with other cranio-
facial abnormalities such as holoprosencephaly, or pres-
ence of solitary central incisor (Fig. 34.3) [10]. Clinically, 
CNPAS will present similarly to choanal atresia as there is 
nasal obstruction, just at a more proximal point in the air-
way. The history and physical exam, particularly inability 
to pass catheter or scope through the anterior nasal cavity 
will direct the provider toward this diagnosis. The pyriform 
aperture will measure less than 11 mm in width on con-
firmatory imaging study, which is ideally a noncontrast, 
fine-cut CT with the axial plane parallel to the hard palate 
(Fig. 34.4) [1,11].

The degree of nasal obstruction will determine the treat-
ment that is required. If in respiratory distress, oral intuba-
tion is necessary. If the patient has a stable airway and is not 
encountering feeding difficulties they can often be managed 
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conservatively with nasal decongestant and humidification 
coupled with close observation [1]. Symptoms will improve 
as the neonate ages due to enlargement of the nasal cav-
ity with craniofacial growth [10,12]. Surgery is indicated 
in cases of failure of medical therapy or a clinical picture 
consistent cyclic cyanosis, obstructive apneas, supplemen-
tal oxygen requirements, or failure to thrive [10,12,13]. For 
surgical management, a sublabial approach to the pyriform 
aperture with use of a diamond burr to widen the nasal 
inlet is the most frequently used technique [10,13,14]. Post-
operative stenting is often used to prevent restenosis and 
this can be done with 3.5 mm endotracheal tube, silastic 
stents [10], or even steroid eluting stent [13]. Surgical risks 
include damage to tooth buds, nasolacrimal duct injury, 
and midface hypoplasia [10]. Overall prognosis is very good 

with both medical and surgical management and decision-
making is dependent on overall clinical presentation.

Choanal atresia

The choana, the region that separates nasal cavity from naso-
pharynx, can be stenosed or atretic in either a unilateral or 
bilateral manner with a soft tissue membrane and/or bone. 
It is always clinically significant in the neonate if bilateral 
but has been identified in older children if solely unilateral, 
as they are able to maintain an airflow pathway [2,9,14]. 
Choanal atresia is more frequently found in females and is 
more often unilateral in nature. In bilateral cases, 50% are 
displays of a clinical syndrome, most frequently CHARGE 
syndrome (∼30%) and genetic evaluation, as well as fur-
ther workup for other manifestations should be considered 
[9,15]. Like CNPAS, presentation is often with respiratory 
distress and cyclical cyanosis that improves with crying. On 
exam, once again there will be inability to pass 8 Fr catheter, 
but this time through the distal portion of the nasal cavity. 
On visualization with a flexible laryngoscope, a blind sac 
will be encountered. A CT scan is integral for confirmation 
and can help identify if the atretic segment is membranous 
or bony in nature and whether there is also concomitant 
medialization of the medial pterygoids or a thickened 
vomer (Fig. 34.5). In terms of management, intubation 
may be required depending on clinical status but there may 
also be an initial role for an oral airway that separates the 
apposition of the neonatal tongue to the soft palate allow-
ing for airflow [1]. Repair is surgical in nature and can take 
multiple approaches, transnasal, transpalatal, or endo-

Fig. 34.4 CT Scan Showing Pyriform Aperture Stenosis in 
CNPAS. CNPAS, Congenital nasal pyriform aperture stenosis. Fig. 34.5 Bilateral Membranous Choanal Atresia.

Fig. 34.3 Solitary Central Incisor Associated With CNPAS. 
CNPAS, Congenital nasal pyriform aperture stenosis.
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scopic transnasal. It is usually completed within a couple 
weeks of birth [2,14]. In the current surgical clime, with the 
advent of easily accessible high-resolution camera equip-
ment, the endoscopic method is the most favored. There is 
controversy again on the need for postoperative stenting, 
with some advocating endotracheal tubes and others using 
steroid-eluting stents [15–17]. In any scenario, there is sig-
nificant rate of restenosis after surgery with recent literature 
indicating approximately 65%–85% primary success rate 
with choanal atresia repair [18,19].

Nasal masses

Congenital nasal masses are a rare cause of neonatal nasal 
airway obstruction. There are a variety of etiologies but pre-
sentations are often similar. Often described are encepha-
loceles, gliomas, and nasal dermoids, which are the most 
common of this uncommon family, while vascular lesions 
and other benign and malignant masses do occur but are 
much less encountered [20]. Due to the reliance of the neo-
nates on the nasal air passageway until 3–6 months of age, 
any of these masses, if large enough, can result in respiratory 
distress and require intubation to protect the airway. If diag-
nosed in utero, it may require the neonate to be delivered 
through an ex utero intrapartum treatment (EXIT) procedure 
[1,2], which will be discussed further, later in the chapter.

Encephaloceles are neural tube malformations where 
cranial contents have herniated through a midline congeni-
tal skull defect. The description can be changed depending 
on the contents within the herniated sac, and can include 
meninges, neural tissue, or even a portion of the ventricular 
system [1,20]. They can be found intra- and/or extranasally 
depending on path of growth. If externally located, it is 
much easier to identify than a lesion that is contained in 
the nasal cavity that would need to be identified by a naso-
pharyngoscopy, where a compressible, bluish lesion with 
possible pulsation and enlargement with venous compres-
sion could be seen [20]. Imaging is always required with 
nasal masses prior to biopsy or manipulation as these can 
have communication intracranially, as is the case with the 
CSF continuity associated with encephaloceles. CT and 
MRI are indicated, as it is necessary to evaluate the bone 
of the anterior skull base for dehiscence as well as the soft 
tissue continuity of intracranial contents [1,9].

Gliomas can be considered in the same spectrum of dis-
ease as encephaloceles, but without the intracranial conti-
nuity. It is formed of tissue of neural origin and 10%–15% 
of cases have a noncommunicating fibrous “stalk” connec-
tion to the subarachnoid space [1]. On exam they are firm, 
reddish, and noncompressible.

Nasal dermoids are the most common congenital nasal 
midline mass. It contains mesodermal and ectodermal 
components and can present as a pit, sinus tract, or cyst 
extending to the glabellar region or further inferior on the 

dorsum of the nose [9]. There is also a high rate of associ-
ated congenital anomalies [1]. Complete removal is vital 
to prevent recurrence and fistulization [1]. It can again, 
depending on size, compromise the nasal airway of the 
neonate. The time frame for surgery is dependent on the 
overall clinical context of the patient including airway 
stability, size of mass, and distortion of nasal framework, 
extent, and rate of growth.

These nasal masses are being discussed in the context 
of the neonatal airway and their surgical management is 
out of the scope of this chapter but frequently involves a 
multidisciplinary approach with neurosurgical and plastic 
surgery support for definitive treatment.

Oral cavity/oropharynx
Oropharyngeal causes of neonatal airway obstruction most 
often lie with tongue-based obstruction of the oropharynx. 
This can take a couple forms, often micrognathia/retrogna-
thia or oropharyngeal mass, which will be the discussion 
of this segment. An oropharyngeal mass can cause airway 
obstruction in the neonate and similar to the enlarged 
nasal mass, and may be an indication to consider an EXIT 
procedure.

Micrognathia

Anatomically, the neonatal mandible has a much smaller 
ramus and is less developed as compared to an adult, lead-
ing to a smaller pharyngeal space with a tendency for the 
mandible to be posteriorly positioned [2]. The tongue base 
is attached to the mandible and in cases of micrognathia 
the tongue displaces into the airway causing obstruction. 
This constellation of symptoms is called the Pierre Robin 
sequence (PRS), and is described by hypoplasia of the 
mandible leading to glossoptosis and supraglottic airway 
obstruction (Fig. 34.6). These are also often associated 

Fig. 34.6 Profile View of Patient With Pierre Robin 
Sequence Demonstrating Hypoplastic Mandible.
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with a wide U-shaped cleft in the palate due to failure of 
palatal fusion secondary to obstruction by the tongue from 
its abnormal posterior positioning in the hypoplastic man-
dible [1,2]. There are multiple syndromes accompanied by 
solely congenital micrognathia, while PRS, with its asso-
ciated airway obstruction, is seen in isolated cases as well 
as part of syndromes. Stickler syndrome is an autosomal 
dominant disorder that despite its rarity of 1 in 8000 live 
births, is present in 30% of patients with PRS [1,2]. Cranio-
facial abnormalities as a whole are abound with multiple 
different types of airway obstruction issues, but this is out 
of the scope of this chapter as each presents with its own 
unique challenges.

The evaluation of micrognathia is to assess the degree 
of obstruction that is being caused to the neonatal airway 
and to determine if there is need for surgical intervention. 
Patients can present with respiratory distress in the most 
severe cases that can require emergent management, but in 
less severe situations patients may only display increased 
work of breathing and obstruction, particularly with 
reduced tone during sleep, respiratory improvement with 
prone positioning, significant gastroesophageal reflux 
(GERD), or even failure to thrive secondary to abnormali-
ties with oxygenation and ventilation [2].

Along with a full history and physical exam, special 
attention should be paid to appropriate weight gain, 
feeding ability, oxygen requirements, polysomnogram, 
presence of syndromic features, and having a thorough 
airway evaluation with a direct laryngoscopy [2]. Man-
agement options include conservative measures such as 
positioning, and nasopharyngeal airway, to surgical meth-
ods such as a tongue–lip adhesion, mandibular distrac-
tion, or tracheostomy [2,21,22]. A tool to evaluate if a 
neonate is likely to require further surgical intervention 
after a tongue–lip adhesion is the GILLS criteria [21]. A 
five-point scoring system evaluating for the presence of 
gastroesophageal reflux, preoperative intubation, surgical 
intervention after 2 weeks, low birth weight, and presence 
of a syndrome. A score of ≤2 was predictive of success 
with a tongue–lip adhesion, while those with a score of 
3 or greater had a 5 times greater chance to fail the initial 
surgical procedure and require further intervention such 
as mandibular distraction or the “gold standard” trache-
ostomy [21,22].

Larynx
In a child presenting with elements of airway obstruc-
tion, a frequent sign is stridor, and it is vital to localize 
the site. Depending on the degree of obstruction and site 
of the lesion, the stridor has distinct characteristics [1]. 
Collapse of the supraglottic and glottis structures while 
breathing in leads to inspiratory stridor. Intrathoracic 
lesions can lead to expiratory stridor, while fixed lesions 

in the cervical trachea and subglottis can present as 
biphasic stridor [1].

Laryngomalacia

The most common congenital laryngeal anomaly, laryn-
gomalacia, is responsible for ∼70% of cases of stridor 
in infants and neonates [23–25]. Inspiratory stridor is 
the hallmark finding secondary to collapse of the supra-
glottic airway, but also frequently seen are feeding dif-
ficulties such as coughing, aspiration, and slow intake. 
Often presenting within the first couple weeks, it usually 
worsens with agitation and feeding, and improves with 
prone positioning. The current leading theory as to the 
etiology of laryngomalacia relates to neuromuscular dis-
coordination. There is decreased laryngeal tone thought 
to be related to neurosensory dysfunction of the larynx 
leading to the signs that are seen, namely the apneas, 
aspirations, and feeding difficulties [2,24]. Closely asso-
ciated, is GERD, which is seen in 65%–100% of patients 
with laryngomalacia [2]. No causal relationship has 
been identified, but they are thought to be involved in 
a positive feedback cycle where airway obstruction cre-
ates a larger negative intrathoracic pressure, worsening 
GERD, and worsening GERD causes edema and inflam-
mation of supraglottic structures with chronic acid expo-
sure resulting in a less robust neurosensory functionality, 
all of which contribute to the overall worsening airway 
obstruction [2,24]. Diagnosis is made with a dynamic 
exam, awake flexible fiberoptic laryngoscopy, to deter-
mine the collapsibility of the supraglottic structures with 
inspiration, an omega-shaped epiglottis, shortened ary-
epiglottic folds, and posterior displacement of the epi-
glottis (Fig. 34.7). There are multiple mentions in the 
literature of the presence of synchronous airway lesions 

Fig. 34.7 Severe Laryngomalacia With Tubular Epiglottis.
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in those with laryngomalacia, likely in those with more 
severe disease, multiple sites of obstruction, or nonre-
solving stridor [1,2].

As with many of the causes of airway obstruction, there 
is continuum related to severity and on presentation 40% 
are seen to have mild disease, 40% moderate, and 20% 
more severe [2]. Infants can progress to worsening degrees 
of laryngomalacia if not appropriately treated. Worse sever-
ity entails increased baseline respiratory distress, lower rest-
ing oxygen saturation, recurrent cyanosis, aspiration, and 
failure to thrive.

For the majority of mild and moderate laryngomalacia 
(∼80%) cases, particularly without any feeding difficulties, 
conservative medical therapy is the best option. Ensuring 
the patient is on adequate medication for GERD, if that is 
a diagnosis that has been made, helps to break the positive 
feedback cycle with the redundant mucosa of the supra-
glottis [2,24]. Laryngomalacia is typically self-limited, and 
resolves by ∼1 year of age. Those with severe or worsening 
disease trend toward needing surgical intervention [14]. 
Indications are severe stridor with any of the following, 
largely indicating chronic airway obstruction.
•	 Failure to thrive
•	 Obstructive apnea
•	 Hypoxia
•	 Pectus excavatum
•	 Pulmonary hypertension
•	 Cor pulmonale

An endoscopic supraglottoplasty is the current primary 
surgical treatment with incision and release of the aryepi-
glottic fold as well as removal of supraglottic prolapsing 
tissue with cold steel or CO2 laser [26]. Overall success in 
the literature is greater than 90% with significant symp-
tom improvement [2,23]. As laryngomalacia is exceedingly 
common, it is important to not become complacent with 
treatment and realize that timely surgical intervention is 
vital in patients with more severe disease.

Laryngeal cyst

Whilst relatively uncommon, another neonatal cause of 
stridor is the laryngeal cyst. These come in two forms, duc-
tal and saccular cysts based on the work of DeSanto in the 
1970s [27]. Ductal cysts are relatively more common, fre-
quently found in the vallecula, and thought to be related 
to blockage of submucosal glands (Fig. 34.8). The saccule 
is the region that communicates anteriorly with the laryn-
geal ventricle and has many mucous glands that assist in 
keeping the larynx lubricated. If there is outflow obstruc-
tion of the saccular opening into the ventricle, either from 
lack of congenital patency or other causes such as infec-
tion or trauma, there can be submucosal fluid accumula-
tions, which are termed saccular cysts [1,14,26]. Saccular 
cysts come in two types, lateral and anterior, depending on 

their anatomic locations. The lateral can be seen protruding 
superiorly into the false cords and aryepiglottic folds, while 
the anterior saccular cyst will emerge from between the true 
and false vocal cords [1].

Often clinically difficult to distinguish, but important 
to mention, is the laryngocele. It is described as dilation 
and/or herniation of the saccule, usually filled with air. It is 
pathologically different than a saccular cyst as it is in com-
munication with the laryngeal lumen and not submucosal. 
Depending on the pathway of herniation, it can be inter-
nal, into the laryngeal lumen; external, into the neck via the 
thyrohyoid membrane; or a combined entity [1,14].

It can be noted that the exact prevalence of any of these 
entities may be underestimated as they can be present 
but not clinically relevant as there are studies showing 
their presence during autopsies or radiographically in 
otherwise asymptomatic patients [1]. Symptoms depend 
on location and most frequently, proximity to the glot-
tic opening, and often present earlier if a saccular cyst 
[27]. With increased obstruction of the laryngeal lumen, 
worsening inspiratory stridor, a muffled cry and respira-
tory distress are more likely. Less severe symptoms, again 
depending on location, would be the more insidious 
dysphagia and failure to thrive. Diagnosis is made with 
laryngoscopy, either flexible or rigid, and can be con-
firmed radiographically to reveal extent of the lesion. 
Laryngoceles can be made more prominent with a Val-
salva maneuver. Treatment is frequently endoscopic in 
nature with marsupialization, particularly if only endol-
aryngeal. It is important to monitor for recurrence and 
in those cases or cases of extralaryngeal extension, an 
external neck approach may be warranted [1,14,27]. Tra-
cheostomy is usually not warranted; however, patients 
may require short-term intubation postoperatively until 
edema resolves.

Fig. 34.8 Fluid-Filled Vallecular Cyst.
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Laryngeal cleft

During development, initially the lung buds and foregut 
are in direct communication, but tracheoesophageal ridges 
develop and fuse to form the septum [28]. Congenital cleft-
ing of the larynx is a rare condition with a midline defect 
in the posterior larynx that can stretch from the hypophar-
ynx through the intrathoracic trachea. These defects may 
be isolated or associated with other anomalies, such as 
tracheoesophageal fistulas (TEFs), or other syndromes, like 
Pallister–Hall or Opitz–Frias [1,26,29]. The Benjamin–Ing-
lis classification of the laryngeal cleft is dependent on the 
length. Type I is supraglottic with an interarytenoid defect, 
type II presents with a partial cricoid defect, type III with 
complete posterior cricoid defect into cervical trachea, and 
type IV with cleft extending into thoracic trachea (Fig. 34.9) 
[30]. Minor cases where there is only an interarytenoid 
defect may be minimally symptomatic and present much 
later than more extensive clefting. The presenting symp-
toms can be respiratory in nature, but are frequently closely 
related to feeding. Patients can have cyanotic episodes with 
feeding, aspiration, and chronic pulmonary infections 
[1,29]. These can be subtle in type I and type II, but can be 
marked respiratory distress with a more severe lesion. For 
diagnostic purposes, it is difficult to evaluate the presence 
of a laryngeal cleft with flexible laryngoscopy as there is 
much redundant mucosal tissue that will obscure visualiza-
tion. Rigid laryngoscopy and bronchoscopy is vital to accu-
rate diagnosis, as an instrument is needed to separate the 
interarytenoid mucosa to palpate the cricoid cartilage and 
feel if a defect extends below level of the true vocal cords 
[1]. Additionally, it is important to also evaluate for a TEF, 
as they may be cosynchronous lesions. A modified barium 

swallow study is also useful to determine if there is aspira-
tion; however, it is not specific for laryngeal cleft and there 
may be other underlying neurologic abnormalities [2].

Treatment is dependent on the extent of the cleft. Type I 
and some type II clefts can be managed with upright posi-
tioning, thickened food, and reflux medication to reduce 
inflammatory changes to cleft site. However, there is also 
evidence to support an endoscopic injection laryngoplasty 
with resorbable gel or calcium hydroxylapatite at the site 
of the cleft to bulk up the region and prevent aspiration, 
particularly in the cases of minor laryngeal clefts [31]. For 
more extensive clefts, an endoscopic multilayer repair is 
indicated, but in some situations, particularly with larger 
type III and type IV clefts, as well as some revision cases, an 
open approach is recommended, again with the principle 
of a multilayer closure [2].

Prognosis with type I and type II laryngeal clefts is good 
with ability to manage aspiration and feeding problems; 
however, as clefting is more extensive, there is a much 
higher morbidity and mortality associated because there 
are frequently other associated anomalies as well. In the 
situation of requiring intubation and an urgent airway 
for these patients, the endotracheal tube can easily pass 
into the esophagus distal to the vocal cords as would be 
expected from an anatomical cleft. Thus, it is particularly 
vital to ensure proper positioning and appropriate end-
tidal CO2.

Laryngeal web

During the formation of the laryngeal cartilage there is also 
propagation of internal laryngeal epithelium during the 
10th week of embryogenesis. During this process, there is a 
time point in which the laryngeal lumen is fully occluded 
by soft tissue, which then undergoes recanalization [28]. 
If only partially recanalized, the patient is left with an 
obstruction of an anterior glottic web versus no recanaliza-
tion and the presence of laryngeal atresia [26]. Laryngeal 
atresia is very rare (Fig. 34.10), and it is imperative it is 
identified prenatally by ultrasonography, as after birth, it is 

Fig. 34.10 Laryngeal Agenesis.
Fig. 34.9 Direct Laryngoscopy Demonstrating Extension 
of Laryngeal Cleft Below True Vocal Cords.
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incompatible with life without an emergent tracheostomy, 
ideally carried out via an EXIT procedure. Ultrasound signs 
of CHAOS ( congenital high airway obstruction syndrome) 
include hyperechogenic lungs due to inability of formed 
fluid to exit the obstructed airway, flattened diaphragm, 
polyhydramnios, and fetal hydrops [1,2].

Alternatively, a glottic web is usually not identified prena-
tally, and can have tissue across the anterior third of the vocal 
cords with extent into the subglottis. 65% of patients with a 
glottic web have evidence of velocardiofacial syndrome or a 
22q11 microdeletion by genetic testing, but otherwise may 
have very minor other manifestations [2,26]. Symptoms 
depend on severity of the obstruction. There may be respi-
ratory distress, associated with aphonia, requiring urgent 
intervention, or be as mild as a slight hoarseness depending 
on the thickness and extent of the web [1,26].

Diagnostically, flexible laryngoscopy should be able 
to identify glottic webs, but the gold standard of visu-
alization is rigid laryngoscopy in the operating room. 
Additional physical signs to evaluate for in these patients 
include palatal abnormalities, medialized carotids, and 
in an overall exam, cardiac defects, as well as pharyngeal 
arch abnormalities that all point toward velocardiofacial 
syndrome [2]. Treatment is based on separating the glot-
tic web, largely done endoscopically, especially with thin-
ner webs. However, if there is extension into the subglottis, 
this may require much more extensive surgery, such as an 
external approach with placement of a laryngeal keel and 
concomitant tracheostomy [1,2,26]. Timing of surgery is 
again dependent on severity and degree of associated respi-
ratory dysfunction. Treatment failures may occur with ante-
rior scar band reformation and cause long-term functional 
voice deficits.

Vocal cord paralysis

Another glottic airway obstruction cause is vocal fold 
immobility. It is second only to laryngomalacia in terms 
of prevalence in congenital laryngeal anomalies, coming in 
at 15%–20%. Of those, 48% are unilateral and 52% are 
bilateral [32]. Causes are either neurologic or mechanical 
in nature. Neurologic causes can occur anywhere from the 
central nervous system to the level of the laryngeal mus-
culature. These include such congenital situations, such 
as Arnold–Chiari malformations, hydrocephalus, or their 
associated neurosurgical treatments [1]. In unilateral cases, 
etiologies are more frequently peripheral with birth trauma 
or iatrogenic origins. It is frequently associated with car-
diovascular or mediastinal surgery, particularly in relation 
to the aortic arch, putting the left recurrent laryngeal nerve 
and left true vocal cord more frequently at risk [2,32].

Symptoms associated with vocal fold immobility are 
once again, on a spectrum. It depends on the degree of air-
way obstruction and for those with a unilaterally malfunc-

tioning vocal cord, symptoms are much less prominent. 
In unilateral immobility, a mild stridor or weak cry can be 
seen, hoarseness, and signs of aspiration such as chronic 
cough or recurrent pneumonia may also be present. If time 
has passed and the child has compensated for the lack of 
movement in one cord with past midline excursion in the 
other cord, there may be minimal persistent symptoms 
[2,26]. Symptoms of bilateral vocal cord paralysis can be 
much more emergent and frequently present with respira-
tory distress, high pitched stridor, apneic spells, cyanosis 
and aspiration concerns, and an approximately 50% of 
patients requiring tracheostomy [2].

In order to appropriately identify the immobility of 
the vocal cord, either unilateral or bilateral, awake flexible 
laryngoscopy is the ideal study. It is important to note that 
bilateral vocal-fold immobility can be difficult to identify 
due to minor passive motion that is seen adducting the 
cords with inspiration. This is paradoxical motion and not 
indicative of vocal cords working appropriately [1]. Gen-
eral anesthesia and direct laryngoscopy and bronchoscopy 
are important to identify if there is any mechanical obstruc-
tion such as posterior glottic scarring (Fig. 34.11), which 
can occur with a prolonged intubation, or cricoarytenoid 
dislocation both of which, among others need to be dif-
ferentiated from neurologic causes of paralysis [32]. There 
are also studies that advocate ultrasound as a useful tool to 
evaluate vocal cord immobility, but flexible laryngoscopy 
remains the gold standard [33]. However, once the diag-
nosis is made, it is important to find the root cause, which 
involves imaging from the head through the chest follow-
ing the vagus nerve through recurrent laryngeal to assess 
neurologic or cardiovascular pathologies [1].

For cases of unilateral paralysis, most do not require 
surgical intervention and improve given time and develop-
ment, particularly with only mild to moderate respiratory 
distress. The most frequent complaint of feeding issues and 
aspiration need to be observed and alleviated with thick-
ener as able. In those instances when that does not work, 

Fig. 34.11 Posterior Glottic Scarring, Which can Cause 
Bilateral Vocal-Fold Immobility Secondary to Mechanical 
Obstruction.
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there are medialization procedures of the errant vocal cord. 
In 8% of the population, a tracheostomy is required if feed-
ing issues are intractable [26,32]. Bilateral cord dysfunction 
on the other hand, with a much more significant likelihood 
of respiratory distress, most importantly requires the airway 
to be secured, either with temporary endotracheal tube or 
tracheostomy, if needed. It is known that there is high rate 
of spontaneous resolution of bilateral cord paralysis in the 
neonate population, particularly if of idiopathic origin or 
with management of the primary insult if known, which is 
why more extensive surgery is not undertaken until a 2-year 
period of watchful waiting has occurred [1,2,14,26]. There 
are other surgical procedures that can be undertaken to 
widen the glottic aperture and to reinnervate vocal cords, 
which will be discussed later. The best time for surgical 
intervention is patient specific and contingent upon patient 
and family goals, as waiting longer for definitive surgery 
may prolong tracheostomy dependence, but allows more 
time for spontaneous recovery. Additionally, most surgery 
that can be completed will sacrifice voice for improvement 
to the airway, which is an outcome that families should 
expect [32].

Subglottic stenosis

Subglottic stenosis (SGS) is narrowing of the airway below 
the vocal cords to less than 4.0 mm in the full-term neo-
nate and less than 3.0 mm in a premature infant [2,32]. 
In 5% of cases, the etiology is congenital and akin to the 
formation of laryngeal atresia, a lack of recanalization of 
the airway during development. This is usually cartilagi-
nous in nature [32]. In 95% of cases, the cause is acquired 
and while in the past this was rare, after the 1960s, with 
more frequent episodes of endotracheal intubation, this 
became the leading etiology [34]. In acquired cases, it is 
theorized that risk factors are length of intubation, size of 
endotracheal tube, traumatic intubation, multiple intu-
bations, presence of GERD, systemic hypoperfusion, low 
body weight of the child, and concurrent infection with 
intubation; however, there has not necessarily been defini-
tive support in the literature [2]. It is important to note 
that clinical guidelines, particularly in the neonate, that 
may be intubated for longer periods of time, are to use the 
smallest endotracheal tube that allows adequate ventila-
tion and to keep balloon pressures less than 20–25 cm of 
H2O to limit trauma to the overlying mucosa and reduce 
remodeling of the underlying cartilage with associated 
granulation tissue [34]. At pressures exceeding this level, 
there is risk of overwhelming mucosal perfusion pressure 
and restricting local blood flow. The most frequent sites of 
damage are the posterior glottis, medial arytenoids, and 
the cricoid ring, largely due the predetermined curvature of 
the endotracheal tube [32]. Particularly at risk for acquired 
stenosis are those with any degree of congenital subglottic 

narrowing due to needing a smaller size endotracheal tube 
than would be expected [2].

A hallmark symptom of SGS is biphasic stridor, due to 
the fixed lesion in the airway. There may also be retractions 
and an associated barking cough reminiscent of croup. 
Depending on degree of obstruction there may be respira-
tory distress and need for endotracheal intubation and pos-
sible tracheostomy. In more significant cases of obstruction, 
exclusively of the congenital variety, this may be identified 
prenatally and require an EXIT procedure at birth. Patients 
are also identified due to having suspicious episodes of 
prolonged or multiply recurrent “croup,” which may be a 
SGS that is exacerbated by viral respiratory illnesses [2]. In 
other neonates, SGS needs to be considered when there is a 
prolonged failure to wean off the ventilator, multiple failed 
extubations, or if there is inability to pass the appropriate 
size endotracheal tube during intubation despite adequate 
visualization [2].

The best method of evaluation is rigid laryngoscopy and 
bronchoscopy to directly visualize the airway and to deter-
mine the degree of narrowing as well as the exact location 
and length of stenosis (Fig. 34.12). A common parlance 
is vital for communication amongst clinicians about the 
severity of disease. The Cotton–Myer grading scale is one 
such system [1]. Grade I stenosis is less than 50%, grade II 
is 50%–70%, grade III is 71%–99%, and grade IV is 100% 
stenosis [1,2]. This is determined in the operating room by 
assessing the expected endotracheal tube size with the tube 
that is able to fit with a cuff pressure of 10–20 cmH2O [1]. 
For a complete stenosis, it may be necessary to determine 
length with a CT scan due to the inability to assess in the 
operating room.

Treatment options depend on degree of stenosis, with 
grade I lesions rarely requiring significant intervention and 
often managed with observation. Surgical options are uti-
lized after there has been a failure of medical therapy, with 
the goals to reduce localized inflammation, edema, and 

Fig. 34.12 Subglottic Stenosis by Direct Laryngoscopy.
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infection. To this end, corticosteroids, racemic epinephrine, 
proton pump inhibitors, and antibiotics are necessary as the 
mainstay of treatment. The intricacies of decision making 
in terms of the surgical management of SGS are a compli-
cated one that is beyond the scope of this chapter. However, 
in general, initial procedures for grade II and some of grade 
III stenoses are endoscopic procedures, namely resection 
with cold steel and/or CO2 Laser and balloon angioplasty 
(Fig. 34.13) [1,32]. Adjunct tools of injecting corticoste-
roids and mitomycin C can also be used to limit scarring  
and restenosis [14]. There is high likelihood of resteno-
sis and multiple procedures may be required. For higher 
grade and more extensive stenosis, an external approach 
may be required. In the very small neonate and early infant 
an anterior cricoid split can be performed. Laryngotracheal 
reconstruction (LTR) via an anterior approach, to widen 
the subglottis, can be completed in single or double stages, 
with or without cartilage grafts and/or stents and this will 
be discussed further in the procedures section [2,14,32,34]. 
For timing of an LTR, allowing for the airway to mature to 
older than 2 years of age allows for a larger airway, better 
tolerance of postsurgical recovery, and larger allowance of 
autogenous rib cartilage graft; however, a bridging trache-
ostomy will be required. There has been some data that 
earlier procedures may be associated with improved speech 
and language outcomes [2]. Additionally, for high grade III 
and grade IV stenotic regions another option is a cricotra-
cheal resection (CTR), which is a more extensive surgery 
requiring airway reanastomosis [2,32].

SGS is a complicated disease entity to address as there 
can be many morbidities and recurrences. It is thus vital, 
particularly in the critical care setting, to be cognizant 
about preventing acute intubation lesions that can later 
develop into acquired SGS. This is done through good intu-
bation technique, choosing the smallest endotracheal tube 
to adequately ventilate the patient, minimizing intubation 
time and good communication with nursing support for 
atraumatic suctioning, and adequate sedation to prevent 
tube/patient movement. Close, multidisciplinary vigilance 

is required to appropriately choose the management path-
way that best maximizes outcomes and quality of life.

Trachea and bronchi
Airway compromise from a trachea and bronchus ori-
gin in neonates is a much less frequent entity than that 
of laryngeal origin; however, cases do arise, and the ones 
that do, often require significant multidisciplinary com-
munication to appropriately manage. Pathologies can be 
divided into tracheal stenoses and deformation, airway 
obstruction without stenosis, and several externally com-
pressive etiologies. Tracheal stenosis, tracheomalacia, TEFs, 
and necrotizing tracheobronchitis will be discussed in this 
section. Cardiovascular abnormalities will be discussed in 
the vascular abnormalities section, but it is known that the 
persistent external compression by these entities can con-
tribute to long-term tracheobronchomalacia.

Tracheobronchomalacia

Tracheomalacia can be isolated or associated with bron-
chomalacia depending on the length of collapse. It is a 
dynamic process, similar to laryngomalacia, where there 
are differences in the patency of the airway depending on 
phase of respiratory cycle. Physiologically during inspira-
tion, in the thoracic cavity, the negative pressure increases 
airway diameter during inspiration and decreases it during 
expiration. This pattern is reversed in the extrathoracic tra-
chea [1]. Mild movement is the normal pattern, but with 
tracheomalacia, the collapsibility of the trachea and/or 
bronchi due to weaker structural support is much greater 
and can lead to respiratory symptomatology [2]. Primary 
tracheomalacia is seen secondary to weakened tracheal car-
tilage often due to developmental immaturity or those with 
congenital structural cartilage abnormalities and diffusely 
affect the trachea. Secondary tracheomalacia is an acquired 
weakness to the tracheal cartilage caused by degeneration 
of normal supportive structures and is usually localized. 
There are a number of causes, such as tracheostomy tubes, 
chronic tracheal infections, and prolonged intubations, 
that weaken the tracheal wall internally, but also compres-
sive causes like vascular, skeletal, and cardiac malforma-
tions or mediastinal masses that compress externally and 
cause weakening of the associated segments.

Symptoms are often not specific for tracheobronchoma-
lacia. The time frame to presentation is variable, and based 
on history and physical exam, a confusing picture can arise, 
leading to alternate, incorrect diagnoses such as asthma 
or suspicion of foreign body aspiration. Expiratory stridor 
is commonly seen in thoracic tracheal stenosis as this is 
the region that collapses on expiration, while there may 
be inspiratory stridor associated with malacia of the cer-
vical trachea. Wheezing may also be present, but in more 

Fig. 34.13 Before and After Picture of Balloon Dilation to 
Address Subglottic Stenosis.
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severe situations, respiratory distress, exertional dyspnea, 
cyanosis, and desaturations can occur. Symptoms may 
be position-dependent and improved while prone. Feed-
ing difficulties, like dysphagia, regurgitation, and cough 
can also occur, similar to many other airway issues and if 
respiratory compromise is great enough there can be sec-
ondary failure to thrive due to inability to meet metabolic 
demands [1,2].

Diagnosis is based on operative bronchoscopy and 
dynamic visualization of the tracheobronchial tree. It is 
necessary to have the patient spontaneously ventilating 
as positive pressure will obscure the collapsibility of the 
airway, and is one of the treatment modalities that is uti-
lized. Compromise of the tracheal lumen more than 50% 
is likely to be symptomatic. Imaging is indicated for con-
cern of external tracheal compression leading to secondary 
tracheomalacia. CT scan with contrast is used for compress-
ing masses and MRI is more useful for vascular abnormali-
ties [1].

Treatment of primary tracheomalacia largely involves 
temporizing airway status until the child grows and devel-
ops, as there is usually resolution by 2 years of age. In more 
severe cases, positive pressure ventilation with a tracheos-
tomy may be indicated, or even a longer tracheostomy to 
stent opens the collapsible segment. Secondary tracheoma-
lacia is managed by identifying and treating the underlying 
cause that is reducing the integrity of the tracheal wall [1,2].

Tracheoesophageal fistula

TEF can occur in conjunction with esophageal atresia (EA) 
and classification schemes involve five subtypes. The most 
common subtype is type III with a blind proximal pouch 
of the esophagus and a distal TEF. At the fistula site, the 
common wall is not adequately supportive, this can allow 
for posterior distension into the tracheal lumen, narrowing 
the airway. Additionally, the adjacent cartilaginous rings are 
weakened. Localized tracheomalacia is seen in 75% of this 
patient population, but is not always symptomatic [1,32]. 
Presenting symptoms are found early as the majority of 
cases have an element of EA. Only one subtype, type V, the 
“H-type,” named for its TEF without EA has an esophagus 
in continuity and this occurs in 4% of the population. 
Feeding problems, chronic aspiration, and inability to 
pass a nasogastric tube are hallmarks, in conjunction with 
signs of tracheomalacia. Rigid bronchoscopy and esopha-
goscopy is important to identify TEF and to determine the 
level of the blind pouch of the atretic esophagus. Barium 
esophagram can also be completed to identify fistula site. 
Treatment is dictated by recognizing if there are synchro-
nous anomalies of the airway that need to be addressed, 
as this is a not infrequent finding. Surgical repair involves 
reestablishing continuity of the esophagus, closing fistula 
with the trachea, and supporting malacic segments of the 

airway with autologous cartilage or periosteum grafts [32]. 
The Spitz classification is used to assess survival rates and 
is influenced by low birth weight and concurrent cardiac 
defects. Without either of these, survival is >95%, while 
with both, it falls to approximately 30%–50% [1].

Tracheal stenosis

Structural tracheal stenosis or narrowing can come in a 
couple of forms. There can be congenital narrowing related 
to a cartilaginous structural abnormality with a variety 
of lengths, and formulations. Complete tracheal rings 
(Fig. 34.14), disorganized plates of cartilage, or even entire 
sleeves. Lack of the posterior membrane of tracheal wall 
leads to fixed diameters that are frequently stenotic and 
manifest with respiratory symptoms, particularly, if there is 
greater than 50% luminal narrowing. Children with these 
anomalies are usually identified during infancy and there 
are frequently other associated congenital abnormalities. It 
is more likely to need surgical intervention to correct the 
airway if identified at a younger age. Symptoms are depen-
dent on degree of narrowing, rather than length of stenosis. 
Symptoms can include a biphasic stridor, cyanosis, exer-
tional dyspnea, and manifest more profoundly during respi-
ratory infections. Diagnosis is based on rigid bronchoscopy 
(Fig. 34.15); however, depending on the degree of stenosis, 
it may be difficult to fully evaluate the lesion. It is important 
to minimize instrumentation of the stenotic region as with 
any swelling, airway obstruction will get markedly worse. 
Imaging, such as a CT scan with 3D reconstruction, may 
be required to evaluate the length of the lesion for surgical 
planning, and also the presence of any cardiovascular con-
genital anomalies as they are present in approximately 50% 
of cases of complete tracheal rings [2,32].

Treatment is dependent on severity of symptoms and 
length of stenosis. Endoscopic treatment with balloon dila-
tion has not been shown to be the optimal route of manage-
ment. For short segments (3–4 rings), tracheal resection and 
primary anastomosis can be completed. However, if segments 
are longer, a slide tracheoplasty is the intervention of choice. 

Fig. 34.14 Complete Tracheal Ring Causing Narrowed 
and Circular Airway by CT Scan.
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Although it shortens the overall tracheal length, requires 
extensive mobilization of the tracheobronchial tree, and often 
requires cardiopulmonary bypass or extracorporeal mem-
brane oxygenation (ECMO), it has become the procedure of 
choice for these difficult cases in enlarging airway diameter.

Necrotizing tracheobronchitis

Necrotizing tracheobronchitis is an infrequently encoun-
tered pathology but should be mentioned to be complete, 
particularly in the overall discussion of neonatal ventilation 
strategies. This is considered an iatrogenic etiology most fre-
quently seen in intubated and ventilated premature infants. 
The clinical presentation is of sudden difficulty in ventila-
tion and persistent hypercarbia in the setting of an intu-
bated infant. This is after obstruction of the endotracheal 
tube as well as worsening pulmonary parenchymal disease 
has been ruled out [35]. While etiology of the pathology is 
unclear, what is clear that there is desquamation of the tra-
cheal mucosa at a point distal to the tip of the endotracheal 
tube. It is not thought to be related to direct mechanical 
forces. A possible etiology is considered to be secondary 
to ischemic causes and interruption in blood flow to the 
mucosa and submucosa [36]. The most frequently affected 
region of the airway is the thoracic trachea, which also has 
the least robust perfusion, but more distal airways can also 
be affected. Often these infants also suffer concomitant 
hemodynamic instability and are on vasoactive medica-
tions, making them more prone to vascular insult [36].

Diagnostically, there are not always significant changes 
that are seen on a plain X-ray. However, there can be 

regions of atelectasis and irregular narrowing of the airway 
that can be more clearly seen in a CT, with regions of soft 
tissue obstruction in the tracheobronchial tree. Flexible tra-
cheoscopy via the endotracheal tube would also be a useful 
method to assess obstruction status but in terms of diagnos-
tic and therapeutic capabilities, rigid bronchoscopy would 
be the gold standard. Bronchoscopic findings include plugs 
of necrotic tissue and exfoliated tracheal mucosa as well as 
mucous plugs, which are removed with a combination of 
suction and optical forceps.

In the past, this pathology was more often diagnosed 
histologically on autopsy as it is acutely life threaten-
ing. However, with prompt recognition, treatment can be 
undertaken, which involves emergent rigid bronchoscopy 
to remove the obstructing debris. Another option would be 
the use of ECMO to provide adequate oxygenation while 
allowing for better endoscopic debridement of the airway 
and the opportunity to reduce ventilator settings [36]. If the 
initial insult is survived there is a risk of granulation tissue 
and cicatricial stenosis at these desquamated sites.

Vascular abnormalities
Vascular anomalies are generally divided into two sub-
groups, those of vascular tumors and that of vascular 
malformation. The tumor distinction is given based on 
hyperproliferation of cell types, while a malformation does 
not have excessive propagation or turnover but a devel-
opmental error leading to expanding networks of vessels. 
The name of the malformation is dependent on its most 
prominent involved vessel type. While vascular tumors or 
malformations are frequently cutaneous based, they do 
occur in the airway with hemangiomas being more com-
mon. Additionally, with size of cervicofacial lesions, there 
can be concern for airway compromise secondary to com-
pression [29].

Hemangioma

Overall, hemangiomas are a benign vascular tumor and 
the most common tumor affecting the pediatric popula-
tion, with the majority occurring in the head and neck. 
When there are cutaneous hemangiomas identified, the 
practitioner must be vigilant for associated visceral lesions 
such as in the subglottis, liver, or gastrointestinal tract [1]. 
Infantile hemangiomas of the larynx, while a rare entity, 
accounting for 1.5% congenital laryngeal anomalies, have 
a predilection for being found in the subglottis, are female 
predominant, 2:1, and more often encountered in prema-
ture infants than the general population [2,32]. There is 
an association with PHACES syndrome (posterior fossa, 
hemangioma, cerebrovascular aArterial anomalies, cardio-
vascular anomalies, eye abnormalities), where approxi-
mately 50% of these patients have airway hemangiomas 

Fig. 34.15 Bronchoscopic Image of Complete Tracheal 
Rings.
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[2,26]. In the initial weeks of life, neonates are usually 
not symptomatic from a subglottic hemangioma, but the 
lesion frequently begins undergoing rapid proliferation of 
endothelial cells after 4–6 weeks and respiratory difficul-
ties may develop. 80–90% of neonates will become symp-
tomatic with this type of lesion within 6 months, and on 
average 3–4 months [2]. Progressive involution and resolu-
tion will begin after 1–1.5 years and often full resolution by 
5–12 years of age [32].

Presentation occurs with biphasic stridor, barking 
cough, and worsening symptoms associated with upper 
respiratory infections. Identification is often difficult 
because presentation is frequently mistaken for laryngotra-
cheobronchitis that is recurrent or prolonged [2,32]. The 
gold standard for examining the subglottis is a direct laryn-
goscopy and bronchoscopy in the operating room, but 
also useful for diagnosis is flexible laryngoscopy to ensure 
no other dynamic airway lesion such as vocal cord pare-
sis exist. Particularly with larger lesions, imaging studies, 
such as MRI, are used to evaluate range of the lesion and 
to identify if there are extensions into the mediastinum. If 
seen on laryngoscopy, lesion is often described as a round, 
reddish/bluish mass, compressible, and often on the left 
side posterolaterally [2,32]. The mass is often not biopsied 
for risk of bleeding.

Management has undergone some changes over the 
years, but the mainstay is again dependent on the degree 
of respiratory dysfunction. In scenarios where there is 
minimal respiratory distress, watchful waiting is a valid 
option, as the lesion is known to resolve given enough 
time [2,32]. In the past, the medical management 
included interferon α-2a, which is no longer used. Also, 
more frequently used in the past were systemic steroids, 
which have largely been supplanted with propranolol. 
Propranolol (2 mg/kg/day) has shown significant success 
with cutaneous hemangiomas and in many places, has 
become first-line medical treatment for subglottic hem-
angiomas [37,38] However, there is still a surgical role 
as there is not an insignificant population that does not 
respond to propranolol or if they require more urgent sur-
gical intervention based on overall airway status 5 [2,39]. 
Surgical options include endoscopic resection with CO2 
laser or microdebrider, adjuvant lesion injection with cor-
ticosteroids, or the more invasive methods of open exci-
sion through a laryngofissure. Tracheostomy used to be 
the gold standard for treatment, particularly as the disease 
resolves on its own given time, but it has its own comor-
bidities and there is a more modern arsenal of tools avail-
able for treatment.

Vascular compression

Compression of the trachea and/or esophagus externally 
by abnormal vascular development is termed a vascular 

ring. These can take the form of complete or incomplete 
depending on degree of encirclement. Abnormalities of 
branchial arch vessels result in vascular anomalies such 
as double aortic arch, right aortic arch, Innominate artery 
compression, pulmonary artery sling, or aberrant subcla-
vian vessels (Fig. 34.16). Those with more complete encir-
clement around trachea and esophagus, namely double 
aortic arch, are likely to present with symptoms earlier, 
within the first 3 months of life. Biphasic stridor, dyspha-
gia, cyanosis, and wheezing are seen, secondary to com-
pression of both trachea and esophagus. On diagnostic 
bronchoscopy for these lesions, a pulsatile compression is 
seen on the anterior wall and if there is full encirclement, 
on the posterior wall of the trachea as well. Imaging stud-
ies of barium esophagram to examine esophageal com-
pression and MRI to trace vasculature to identify tracheal 
compression are needed to confirm diagnosis [1]. Treat-
ment consists of alleviating the compression on the tra-
chea by these vascular rings if patients are symptomatic. If 
asymptomatic a “watchful waiting” policy is valid. Surgical 
correction involves either division and reimplantation or 
suspension of the offending vessel by cardiothoracic sur-
gery. In terms of specific entities, pulmonary artery slings 
are frequently associated with complete tracheal rings and 
may need concurrent slide tracheoplasty. Many of these 
vascular rings despite repair can still be symptomatic and 
that is due to a secondary tracheomalacia from the chronic 
tracheal compression. These segments may need to be bol-
stered with grafts or supports depending on degree of col-
lapse or patient’s symptoms.

Fig. 34.16 Vascular Compression Narrowing the Lumen 
of the Trachea.
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Procedures

Diagnostic and therapeutic procedures concerning the neo-
natal airway are an extensive topic. As a medical pediatric 
provider, it may not be vital to know the procedural ins 
and outs of each of these interventions, as that would be 
the role of the surgeon. However, it is necessary to have 
a basis for understanding when they are indicated, types 
of postoperative complications, and other management 
pearls from a surgical viewpoint. We will discuss a selection 
of different case types.

Flexible fiberoptic laryngoscopy
Diagnostic flexible fiberoptic laryngoscopy is the mainstay 
of otolaryngology evaluation of the airway and allows for 
the screening of the anatomy and functionality of the nasal 
cavity, nasopharynx, oropharynx, and larynx. It is done in 
an awake population, without regard to age, is usually well 
tolerated, and allows the practitioner to assess the mobil-
ity of the vocal cords and patency of the upper airway in a 
dynamic setting. In neonates, the scope can also be passed 
orally. It is important to realize that the provider is not able 
to well visualize the airway below the vocal cords, particu-
larly in the neonatal and pediatric population, as they are 
more likely to laryngospasm with minor mechanical stim-
uli to the larynx [14]. This is a bedside procedure and there 
is no need to be NPO, or a requirement to have sedative or 
pain medications.

Direct laryngoscopy and 
bronchoscopy
A direct laryngoscopy and bronchoscopy is completed in 
the operating room or similarly monitored setting, with the 
aid of anesthesia, to allow for a thorough airway exami-
nation as well as ability to therapeutically intervene. There 
are a number of laryngoscopes, bronchoscopes, rigid tele-
scopes, and laryngeal instruments that are used to examine 
for the pathologies previously discussed (Fig. 34.17). Addi-
tionally, a dynamic assessment is possible as the patient is 
awakening from anesthesia. Using a bronchoscope allows 
for ventilation during evaluation and intervention of the 
airway below the vocal cords. The main risks associated 
with rigid laryngoscopy and bronchoscopy is damage to 
the teeth, laryngospasm, arytenoid dislocation, or perfora-
tion [14].

Tracheostomy
Tracheostomy is a common procedure, but the decision to 
undertake one, should not be taken lightly (Fig. 34.18). 

Its complexity requires close discussion with family, criti-
cal care providers, and pediatric airway specialists. There 
is nonnegligible rate of tracheostomy related mortality 
related to blockage of tube or accidental decannulation, 
ranging from 0.5%–2% [1]. There are of course indications 
for tracheostomy in which it is life saving, with near com-
plete upper airway obstructions that allow the pathology 
to be bypassed, but the most frequent reasons for tracheos-
tomy are prolonged intubation, airway maintenance, and 
pulmonary toilet with the most common diagnosis being 
bronchopulmonary dysplasia.

For timing of a tracheostomy, it can be an emergent tra-
cheostomy that is required, for example, if the patient is in 
respiratory distress and unable to be intubated orally, or it 
could be for prolonged intubation, where the time frame is 
age dependent. In neonates and premature infants requir-
ing chronic ventilation, they can tolerate intubation for 
months without significant laryngeal edema or ill effects. 
As children age, their airway loses its compliance, becom-
ing more structurally firm, and prolonged intubation will 

Fig. 34.17 Rigid Bronchoscopic Instrumentation.

Fig. 34.18 Endoscopic View of Tracheostomy Tube in the 
Trachea.
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cause more laryngeal trauma, resulting in the recommen-
dation for tracheostomy after 2–3 weeks.

In choosing the right tracheostomy tube for the patient, 
it is important to consider length and diameter. In first 
discussion about length, too short and there will be more 
frequent accidental decannulation, too long and it may 
rest on the carina and cause vagal effects, such as bradycar-
dia and cough, as this is a very sensitive region. There are 
shorter neonatal tubes for this reason and the end of the 
tube should be at least 1–2 cm from the carina. For tube 
diameter, the reason for the tracheostomy tube needs to be 
addressed. If expected to have some translaryngeal airflow, a 
narrower tube should be chosen to allow air to pass around 
the tube, while a wider tube should be chosen if all airflow is 
expected to travel through tracheostomy site. A diameter that 
is too large should not be chosen that would cause trauma 
to the luminal mucosa. A cuff, if present, should be filled to 
minimal occlusive volume and not overfilled. More mod-
ern cuff balloons on pediatric tracheostomy tubes are of a 
high volume low pressure (HVLP) type to try and minimize 
pressure necrosis of tracheal mucosa. The provider must be 
aware that these tend to allow air leak at pressure greater 
than 35 cmH2O, which can make it a challenge to positive 
pressure ventilate a neonate with poorly compliant lungs.

Postoperative complications to be wary of include signifi-
cant bleeding from within the tracheostomy tube. There may 
be sentinel bleeding for a trachea-innominate fistula arising 
from erosion of the tracheostomy tube through the anterior 
tracheal wall. This is an acutely life-threatening emergency. 
Attempts at tamponade must be made, either with a cuffed 
endotracheal tube or digital occlusion from the pretracheal 
region to compress onto the posterior sternum, followed by 
emergent trip to the operating room and possible median 
sternotomy. There is frequent development of granulation 
tissue at the tip of the tracheostomy tube, which is exacer-
bated by mucosal trauma from the tracheostomy tube as 
well as by suctioning past the end of the tracheostomy tube. 
This can cause luminal obstruction if not addressed. There 

can also be granulation tissue that forms above the tracheos-
tomy tube that can delay decannulation due to suprastomal 
obstruction (Fig. 34.19). In the early perioperative period, 
also to be monitored for is pulmonary edema, particularly 
after bypassing a chronic airway obstruction, and the other 
is possible pneumothorax. Accidental decannulation is also 
a significant risk but one that is persistent, as it can quickly 
lead to mortality, especially if the tracheostomy is the only 
route of ventilation. To address this issue at our institu-
tion we create a superior and inferior Bjork flap during the 
tracheostomy and suture those edges to the skin to make 
replacement of the tube as easy as possible. After the first tra-
cheostomy change, there should be well-healed tract allow-
ing for easy replacement of the tube during future changes.

Supraglottoplasty
For severe laryngomalacia for which medical management 
as failed, a supraglottoplasty is considered in the operating 
room. Multiple instruments can be used, but the goal is 
to widen the supraglottic airway. This is done by incis-
ing the shortened aryepiglottic folds, reducing the length 
of the epiglottis, or removing redundant mucosa surround 
the arytenoid (Fig. 34.20). Depending on extent of surgery,  

Fig. 34.20 Preoperative and Postoperative Supraglottoplasty.

Fig. 34.19 Luminal Obstruction From Suprastomal 
Fibroma Superior to Tracheostomy Tube.
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there is risk of supraglottic swelling in the postoperative 
period and at our institution, these patients are given ste-
roids and are extubated on the following day. Complica-
tions other than airway swelling include the possibility of 
impaired laryngeal sensation and increased risk for aspira-
tion. Supraglottic stenosis is also a possibility, but rare, as is 
the need for revision surgery.

EXIT procedure
The need for an EXIT procedure is identified prenatally, 
usually with polyhydramnios on ultrasound and then 
with further delineation with MRI (Fig. 34.21). Fig. 34.22 
shows a patient with a congenitally obstructed upper air-
way who would not be able to successfully ventilate at 
birth (Fig. 34.21). A multidisciplinary team is organized 
with pediatric otolaryngology, anesthesiology, neona-
tology, pediatric surgery, fetal cardiology, and high-risk 
obstetrics. The crux of the procedure is keeping the 
mother under deep sedation and paralysis, delivering 

the fetal head and neck via cesarean section, ensuring 
the infant is paralyzed so as not to draw breath, and to 
remain on maternal circulation. The airway is secured 
at this point by the pediatric otolaryngologist either by 
direct visualization and intubation or transitioning to 
a surgical airway with a tracheostomy. If still unable to 
secure the airway, ECMO is an option if infant is older 
than 35 weeks. Once the airway is secure, the infant can 
be delivered and removed from maternal circulation. 
There is high risk for adverse events, the main ones being 
loss of neonatal airway and significant postpartum hem-
orrhage. (Video 34.1)

Fig. 34.21 Fetal MRI Demonstrating Cystic 
Oropharyngeal Mass.

Fig. 34.22 Epignathic Tumor With an Obstructed Upper 
Airway that Required an EXIT Procedure. EXIT, Ex utero 
intrapartum treatment.
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Introduction

Advances in neonatal intensive health care delivery have 
resulted in improved survival for both sick term and 
extreme preterm infants and increased incidence of com-
plications, such as health care-associated infections (HAI) 
and ventilator-associated pneumonia (VAP). The com-
plexity of care in neonatal intensive care has exponen-
tially increased with widespread use of invasive devices 
like central lines, and mechanical ventilation has further 
promoted VAP and HAI. Both HAI and VAP result in pro-
longed hospital stay, long-term disability, waste of human 
and financial resources, and death in many cases [1]. Many 
of the microorganisms causing VAP are resistant to cur-
rently used antibiotics. The situation has become grave 
with emerging antibiotic resistance and lack of new anti-
biotics in the research pipeline. It is speculated in future 
that there will be no effective infection control due to pan-
antibiotic resistance. Hence, the only remedy left with us to 
deal with multidrug-resistant microorganisms is infection 
prevention.

The paradigm of health care-associated infection includ-
ing VAP has changed recently from being considered as 
an inevitable complication associated with intensive care 
therapy to a preventable harm. The expectation from health 
policy makers, managers, patients, and society is to provide 
high-quality care at low cost coupled with less preventable 
harm. More recently, most health care facilities are expected 
to report HAI and VAP as quality indicators of their health 
care delivery system.
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CHAPTER POINTS

•	 VAP is the second most common cause of healthcare-
associated infection and can be prevented by the use 
of VAP prevention bundles.

•	 Diagnosis of VAP specific to neonates is imprecise 
and based on CDC criteria which includes clinical, 
laboratory, and imaging findings.

•	 A variety of host, microbial, therapeutic, and 
environmental risk factors contribute to its 
pathogenesis; microbes causing VAP are acquired 
from endogenous or exogenous sources.

•	 Audit and surveillance of VAP, CLABSI and HAI are the 
major pillars of an effective infection prevention and 
control program.
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Magnitude and significance of VAP

The incidence of VAP varies from center to center and from 
country to country and is influenced by a variety of fac-
tors, such as diagnostic criteria used, patient population 
under consideration, and country’s economic level. VAP is 
the second most common cause of health care-associated 
infection in acute care setting, accounting for 10%–25% of 
all HAI. According to Centers for Disease Control and Pre-
vention (CDC), in the United States 39% of 157,000 health 
care-associated pneumonia were associated with mechani-
cal ventilation. VAP is also common in neonatal intensive 
care units with incidence density per 1000 ventilator days 
ranging from 1.9–12.5 in developed countries to 9.2–37.2 
in developing countries [2]. VAP has been shown to pro-
long hospital stay by 8–56 days, with attributable cost of 
US$ 51,157 in the United States [3,4]. Incidence of VAP 
stratified by birth weight [3,5] is shown in Table 35.1.

Definition and diagnosis of VAP

VAP is usually suspected when an infant shows deteriora-
tion in respiratory status with increased ventilator require-
ment, after a period of stability or improvement. There is 
no clear, validated definition of VAP available for the new-
born period for both term and preterm infants. Most stud-
ies and neonatologists follow CDC criteria and definitions 
of VAP for the infant aged less than 1 year [1]. Diagnosis 
of VAP is imprecise and usually based on clinical, labora-
tory, and imaging criteria. CDC defines VAP as pneumonia 
acquired after 48 h of onset of invasive mechanical ventila-
tion via an endotracheal tube or tracheostomy tube and sat-
isfies clinical, laboratory, and imaging criteria (Table 35.2). 
These criteria will increase objectivity of diagnosis and are 
used for surveillance.

Table 35.1  Incidence density “per 1000 ventilator days” of VAP in NICUs stratified by birth weight

Weight  
categories

Geffers 2008 
(Germany)

Rosenthal 2010 
(INICC)

Hocevar 2012 
(USA)

Rosenthal 2016 
(INICC)

≤750 g 11.8 2.4 4.7

751–1000 g 28* 9.2 2.1 5.9

1001–1500 g 23 8.2 13 5.03

1501–2500 g 7.2 09 14.4

>2500 g 6.2 07 10.4

NICUs, Neonatal intensive care units; VAP, Ventilator-associated pneumonia.
*Birth weight <1000 g

Table 35.2  CDC criteria for VAP in infants <1 year 
of age

General

•	 The	condition	is	not	POA

•	 Ventilator	is	defined	as	any	device	used	to	support,	assist,	
or control respiration through application of positive 
pressure to the airway via an oral/nasal endotracheal or 
tracheostomy tube (note: noninvasive positive pressure 
using nasal prongs or mask, etc. are not considered 
ventilators)

•	 Ventilator	was	in	place	for	>2 calendar days on the date 
of the event, with day of ventilator placement being 
day 1 (note: if ventilator was in place prior to inpatient 
admission, the ventilator day count begins with the 
admission date to the first inpatient location)

Imaging test evidence

Number of chest imaging results:
•	 Two	or	more	serial	imaging	test	results
•	 In	patients	without	underlying	pulmonary	and	cardiac	

disease (e.g., RDS, BPD, pulmonary edema), one 
definitive imaging result is acceptable

•	 New	and	persistent	or	progressive	and	persistent	findings
•	 Infiltrate
•	 Consolidation
•	 Cavitation
•	 Pneumatoceles

Clinical criteria

•	 Worsening	gas	exchange	(e.g.,	two	desaturations	[e.g.,	
pulse oximetry < 94%], increased oxygen requirements, 
or increased ventilator demand) and

•	 At	least	three	of	the	following:
•	 Temperature instability
•	 Leukopenia (≤4,000 WBC/mm3) or leukocytosis 

(≥15,000 WBC/mm3) and left shift (>10% band forms)
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CDC definition of VAP has limitations due to the 
following factors:
1. The clinical, laboratory, and radiographic criteria used 

in CDC definition are neither specific nor sensitive, as 
many complications of prematurity and critical care 
mimic CDC VAP criteria. The conditions encountered 
in mechanically ventilated preterm and term infants, 
such as chronic lung disease, meconium aspiration 
syndrome, and congestive cardiac failure, may have 
radiographic appearance similar to VAP.

2. Interobserver agreement for clinical and radiological 
signs is poor.

3. CDC criteria for diagnosis of VAP are not validated 
in neonate against gold standard like lung or tissue 
culture/biopsy.

Procedures for obtaining tracheal 
aspirate
Respiratory airway samples for microbiological evaluation 
can be obtained using invasive and minimally invasive 
techniques as described in Table 35.3 [6–8].

Isolation of microorganism from 
tracheal aspirate: colonization versus 
true infection
Microbial growth from tracheal aspirate (TA) represents 
either colonization or true infection. To differentiate 

•	 New onset of purulent sputum or change in character 
of sputum, or increased respiratory secretions or 
increased suctioning requirements

•	 Apnea, tachypnea, nasal flaring with retraction of 
chest wall or nasal flaring with grunting

•	 Wheezing, rales, or rhonchi
•	 Cough
•	 Bradycardia (<100 beats/min) or tachycardia 

(170 beats/min)

Laboratory criteria

In addition to radiographic and clinical criteria, at least one 
of the following is present:
•	 Positive	growth	in	blood	culture	not	related	to	another	

source of infection
•	 Positive	growth	in	culture	of	pleural	fluid
•	 Positive	quantitative	culture	from	minimally	

contaminated lower respiratory tract specimen (e.g., BAL, 
protected specimen brushing)

•	≥5% BAL-obtained cells contain intracellular bacteria on 
direct microscopic examination (e.g., Gram-stain)

•	 Histopathologic	examination	shows	at	least	one	of	the	
following indications of pneumonia:
•	 Abscess formation or foci of consolidation 

with intense PMN accumulation in bronchioles 
and alveoli

•	 Positive quantitative culture of lung parenchyma
•	 Evidence of lung parenchyma invasion by fungal 

hyphae or pseudohyphae

BAL, Bronchoalveolar lavage; BPD, bronchopulmonary dysplasia; 
CDC, Centers for Disease Control and Prevention; PMN, 
polymorphonuclear leukocyte; POA, present on admission; RDS, 
respiratory distress syndrome; VAP, ventilator-assisted pneumonia.
Source: Available from: https://www.cdc.gov/nhsn/PDFs/
pscManual/6pscVAPcurrent.pdf.

Table 35.2  CDC criteria for VAP in infants <1 year 
of age (cont.)

Table 35.3  Procedures for getting tracheal aspirate 
[6–8]

Procedures Techniques
Advantages and 
limitations

ETA Blind procedure, a 
catheter is passed 
through ETT by 
bedside nurse 
and lower airway 
secretion is obtained

Advantage: Minimally 
invasive, no need for 
bronchoscopy
Limitation: Chances of 
getting contaminated 
sample from biofilm of 
ET are high

BAL Samples are 
obtained under 
direct vision, requires 
bronchoscopic skill. 
Invasive procedure

Advantage: Gold 
standard for 
microbiological 
sample as precise 
noncontaminated 
sample can be 
obtained
Limitation: Technically 
difficult to perform in 
neonatal small caliber 
airways. Limited data 
in neonates

PSB Utilizes a brush at the 
tip of the catheter 
that is rubbed against 
the bronchial wall

Requires 
bronchoscopy 
and rarely used in 
neonates

Non-BAL Performed through 
endotracheal tube 
blindly, without 
bronchoscopy 
guidance. Saline is 
instilled; catheter 
is passed till the 
resistance is felt

Considered to be 
better than ETA 
for obtaining a 
noncontaminated 
sample

BAL, Broncho alveolar lavage; ETA, endotracheal aspirate; Non-BAL, 
nonbrochoscopic bronchoalveolar lavage; PSB, protected specimen brush.

https://www.cdc.gov/nhsn/PDFs/pscManual/6pscVAPcurrent.pdf
https://www.cdc.gov/nhsn/PDFs/pscManual/6pscVAPcurrent.pdf
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between the two, refer Table 35.4 [7,8]. Isolation of micro-
organism from TA helps in early initiation of specific anti-
microbial therapy for true infection, which may translate 
into improved patient survival. However, there is a risk 
that the isolate from TA may represent colonization, and 
treating it as pneumonia with antibiotics may result in 
development of multidrug-resistant bacteria.

In addition to early initiation of specific antimicrobial 
therapy, other advantages of isolating microorganisms 
from ETA are: it allows record of local antibiotics resistance 
trend, permits microbial specific prognosis, and early detec-
tion and implementation of infection-control measures for 
local VAP outbreaks.

Pathogenesis of VAP (Fig. 35.1)

A sound understanding of the pathogenesis and risk factors 
is essential for prevention and adequate treatment of VAP. 
In a mechanically ventilated infant, VAP is the end result 

Table 35.4  Tracheal aspirate: colonization versus true 
infection [7,8]

Colonization True infection/VAP

Tracheal aspirate Defined as two 
positive samples 
1 week apart

Positive for 
microorganism

Clinical signs  
and symptoms

Absent Present

Radiological signs No changes in 
X-ray

Recent changes in 
X-ray

Gram-staining of 
TA—intracellular 
bacteria in polymor-
phoneuclear cell [7]

<2% >2% suggestive of 
true infection

TA—CFU [8] CFU ≤ 105 CFU ≥ 105

CFU, Colony forming unit; TA, Tracheal aspirate.

Fig. 35.1 Pathogenesis of VAP. Various sources of contamination in the NICU environment lead to colonization. Due to poor 
host defense, especially in preterm infants, infection can spread leading to pneumonia. Copyright: Satyan Lakshminrusimha.
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of a complex interplay between the strength and integrity 
of the host defense system versus the virulence and magni-
tude of potential pathogenic microorganisms (PPM), in the 
context of complex neonatal intensive care environment. 
PPM causing VAP are usually acquired from an endogenous 
source (patient’s own flora) or exogenous source (patient’s 
environment). Pathogenesis of VAP is extensively studied 
in adult and pediatric patients but only limited data are 
available for newborns. A variety of host, microbial, thera-
peutic, and environmental risk factors play a causative role 
(Table 35.5) [3,4,9–11] .

Susceptible host with compromised 
defense system
Microbiologically, the human lower respiratory system is 
considered sterile and in possession of layers of anatomical, 
physiological, and immunological natural defense systems 
(Table 35.6) that prevent microbial invasion, limit micro-
bial proliferation within the host and ultimately contain or 

eradicate the potential pathogenic microorganisms. New-
born infants admitted to NICU for critical illness have mul-
tiple host factors that make them vulnerable to acquisition 
of VAP. There is an inverse relationship between birth 
weight and gestational age relating to frequency of VAP and 
nosocomial infection [9]. An infant with low birth weight 
has a greater likelihood of requiring mechanical ventilation 
for prolonged period, compromising natural defense sys-
tems (Table 35.7) [4,12,13]. Data from the National Insti-
tute of Child Health and Human Development (NICHD) 
showed that 82%–90% of VLBW (birth weight ≤ 1500 g) 
infants who survived beyond 3 days required conventional 
mechanical ventilation [14]. Other systemic host factors 
specific to neonatal patients like extra uterine malnutrition 

Table 35.5  Risk factors for VAP

Host factors
Environmental 
factors

Therapeutic 
factors

Low birth weight 
infant (OR 1.37; 
95% CI, 1.01–1.85)

Design of neonatal 
intensive care unit

Previous 
antibiotic 
therapy (OR, 
2.89; 95% CI, 
1.41–5.94)

MV (OR 9.7; 95% 
CI, 4.6–20.4)

Contamination of 
respiratory devices 
and circuit

Histamine-2 
antagonist, 
antacid

Duration of MV 
reintubation (OR 
5.3; 95% CI, 
2.0–14.0)

Frequent 
endotracheal 
suctioning (OR 3.5; 
95% CI, 1.6–7.4)

Total parenteral 
nutrition

Congenital airway 
malformation (OR, 
2.04; 95% CI, 
1.08–3.86)

Duration of 
ventilator circuit

Opiate sedation 
(OR 3.8; 95% 
CI, 1.8–8.5)

Overcrowding Neuromuscular 
blockade

Extra uterine 
growth failure

Nursing–patient 
ratio

Gastro esophageal 
reflux

Blood infection 
(OR 3.5; 95% CI, 
1.2–10.8)

CI, Confidence interval; MV, mechanical ventilation; OR, odds ratio, 
provided where information available in the literature.

Table 35.6  Layers of natural defenses against 
microbial invasion

Anatomical and physiological integrity prevents microbial 
acquisition and colonization
•	 Glottis	and	larynx
•	 Saliva
•	 Mucociliary	apparatus
•	 Cough	reflex
•	 Aerodynamic	of	airways

•	 Turbulent airflow
•	 Humidification

•	 Defensins	(antimicrobial)
•	 Mucosal	turnover
Immunological integrity promotes microbial containment 
or killing
•	 Secretory	IgA
•	 Macrophages
•	 Immunoglobulin

Table 35.7  Effect of mechanical ventilation on natural 
defense system

Presence of ETT
•	 Gives	direct	access	for	microbes	to	sterile	lower	airways
•	 Promotes	biofilm	formation
•	 Injures	epithelial	surface
•	 Uncuffed	ETT,	supine	and	constant	recumbency	position	

promotes microaspirate
Abolish
•	 Mucociliary	clearance
•	 Cough	reflex
•	 Upper	airway	humidification
Prematurity-related immunocompromise
•	 Salivary	IgA
•	 Macrophages
•	 Immunoglobulin
•	 Defensin	(antimicrobial)
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secondary to poor enteral nutrition with breast milk, depen-
dence on total parental nutrition, associated critical illness 
requiring invasive monitoring and procedures, further com-
promise host defense, making them vulnerable to the devel-
opment of VAP. The skin of extreme premature is deficient 
in stratum corneum before 26 weeks of gestation, allowing 
easy microbial access by an invasive procedure.

Microbial causes and sources
Understanding the types and sources of microbes respon-
sible for VAP will guide in formulating preventive and 
treatment strategies. The various microbes causing VAP are 
listed in Table 35.8. The endogenous source comes from 
patient’s own flora and the exogenous source from the 
environment. Major endogenous sources for microorgan-
isms include secretions from oral, nasopharyngeal, and 
stomach and from hematogenous spread (sepsis or infec-
tions from other organs). Exogenous sources for micro-
organism are hands of health care personnel and patient 
environments (respiratory and other monitoring and ther-
apeutic equipment).

Endogenous sources of microbes

Role of Naso-oro-pharyngeal and stomach 
microbes in causing VAP

Traditionally, newborn lungs were pursued to be sterile; 
however, a recent study showed that bacterial DNA was 
detected in the tracheal aspirate collected immediately after 
intubation on day 1 of life in 25 preterm infant of less than 
32 weeks gestation [15]. In term infant, the microbial com-
munities were detected in the upper airway (nasopharynx 
and oral cavity) within 5 min of birth [16]. From this, it 
seems that colonization of newborn’s airways begins very 
early in life, at birth or possibly in utero.

Microbial flora of mouth, nasopharynx, and stomach 
of NICU patients constantly changes during their stay in 
NICU and are influenced by underlying illness, days of 
mechanical ventilation, antibiotics treatment, and feeding 
choices. Evidence from adult literature show that oropha-
ryngeal flora are dynamic and change to a predominance 
of aerobic Gram-negative bacilli and Staphylococcus aureus 
during ICU stay [12]. A study compared microbial com-
munities between 10 preterm infants with RDS and VAP 
with 15 infants with RDS without VAP. Tracheal aspirate 
collected within 1, 3, and 5 days of ventilation revealed 
decreased microbial diversity on day 3 in infants with VAP. 
The greater constituent ratios of Klebsiella sp., Acinetobacter 
sp., and Streptococcus sp. in the aspirate may be indicators 
of VAP [17]. The major limitations to study include small 
sample size, lack of control group that was not treated with 
antibiotics and not ventilated.

Microbes causing VAP may originate from stomach. 
Data from 92% of tracheal aspirate from preterm infants 
who were ventilated in the first 28 days of life showed the 
presence of pepsin indicative of chronic aspiration of gas-
tric material [18]. Gastric microbe’s access to lungs in NICU 
patients is abetted by recurrent microaspiration caused by 
ever recumbency position of neonates, the constant pres-
ence of naso- or orogastric tube, methylxanthine therapy, 
and in some infants with impaired swallowing or anatomi-
cal abnormalities. The most concerning issue is that the gut 
microbes are the epicenter of antibiotic resistance [19], and 
when excreted in stool, will act as a source for cross trans-
mission by hands of health care workers.

Early life colonization of gut is influenced by multiple 
factors, including the type of delivery (vaginal versus cesar-
ean section), antibiotics use (perinatal and postnatal), 
type of feeding (breast milk vs. formula feed), and medica-
tions, for example, H2 blocker [20]. The influence of these 
factors on airways colonization in early life has not been 
fully examined. Evidence suggest that neonates skin, oral 
mucosa, and nasopharynx acquire bacterial communities 
(dominated by Lactobacillus, Prevotella, or Sneathia spp.) 
similar to maternal vaginal microbial flora if born by vagi-
nal delivery and also acquire similar flora (dominated by 
Staphylococcus, Corynebacterium, and Propionibacterium spp.) 
of mother’s skin if born by cesarean section [16]. A strong 
association has been observed between breastfeeding and 
microbial community composition in the upper respira-
tory tract of 6-week-old infants, which may offer protec-
tive effect for wheezing and the number of mild respiratory 
tract infections [21]. Breastfed infant showed increased 
presence and abundance of the lactic acid bacterium Dolo-
sigranulum and Corynebacterium and decreased abundance 

Table 35.8  Microbes causing VAP

Microbes causing 
VAP [2–4]

Antibiotics 
resistance (%) [2] Region [3]

Gram-negative 
microorganism
•	 Pseudomonas 

aeruginosa
•	 Escherichia coli
•	 Klebsiella 

pneumoniae
•	 Enterobacter sp.
•	 Acinetobacter sp.

Carbapenem-resistant 
microbes [3]
•	 Pseudomonas 

aeruginosa (43.5%), 
Escherichia coli 
(11.7%),

•	 Klebsiella 
pneumoniae (35.7%), 
and Acinetobacter 
sp. (90.1%)

Common 
in Asia

Gram-positive
•	 Staphylococcus 

aureus

Methicillin resistant 
staphylococcus aureus 
(MRSA)

Common 
in North 
America 
and Europe
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of Staphylococcus and anaerobic bacteria, such as Prevotella 
and Veillonella when compared to formula-fed infants.

Exogenous sources of microbes

Exogenous microbes causing VAP can be acquired from: 
patient and hospital environment, health care worker’s 
apparel, hand and equipment, invasive monitoring and 
therapy equipment (Fig. 35.1). Exogenous sources of 
microbes-responsible epidemics of VAP can be traced to 
various environment sources as shown in Table 35.9.

Biofilm formation and VAP
Biofilms are the houses or colonies of microorganisms formed 
by both Gram-positive and Gram-negative bacteria within 
48 h of intubation on the inner and outer surfaces of ETT, 
from microbes-produced extracellular matrix substance called 
slime. It has been demonstrated that microorganisms hide in 
these biofilms and communicates with each other with much 
sophisticated chemical communication system called “quo-
rum sensing” [22]. Evidence suggests that biofilms over ETT 
act as significant and constant reservoirs of microorganism 
causing VAP. Emerging data suggest that diversity of microbes 
in the biofilm is different in patients with VAP and non-VAP. 
A study evaluating the diversity of bacterial communities in 
the biofilm of ETT of 29 mechanically ventilated newborns 
after extubation found Klebsiella spp., Streptococcus spp., and 
Pseudomonas spp., the most frequent microbes on the surface 
ETT [23]. A recent study provided new insight by compar-
ing microbial biodiversity in 49 ventilated newborns with or 
without VAP by newer nonculture-independent technique. 
The study found that Streptococci facilitate biofilm formation 
of the common nosocomial pathogen Pseudomonas aeruginosa 
PAO1 and decreased IL-8 expression of airway epithelial cells 
exposed to the biofilm-conditioned medium of PAO1 [24].

Pathogenic sequential evolution of 
microbes in NICU and development 
of VAP
The first step in causation of VAP in the complex environ-
ment of NICU is virulent microorganisms getting acquisition 
or colonization into a normally sterile lower respiratory tract 
of newborn, whose natural defense system is compromised 
because of comorbid illness (prematurity or other critical ill-
nesses) and the presence of ETT abolishing local immunity. 
Critical illness, requiring multiple invasive monitoring and 
therapies like TPN with inadequate hand hygiene practices, 
encourages entry of exogenous bacteria into airways via 
hematogenous or local route. Misuse of antibiotics (over-
use or inappropriate use) will change internal milieu and 
dynamics of protective versus pathogenic microbial colonies, 

allowing pathogenic microbes to multiply resulting into VAP. 
Suboptimal infection control practices like hand hygiene and 
noncompliance with VAP bundle promote cross infection.

VAP treatment and prevention

VAP treatment
Key principles guiding the empirical treatment of VAP are 
knowledge of most likely microbes present, local antibi-
otics resistance patterns within NICU, and previous anti-
biotics exposure. Empirical antibiotic coverage should 
be broad enough to cover both Gram-positive and Gram-
negative microbes including those that are resistant. Based 
on unit bacterial surveillance, antibiotic coverage should 

Table 35.9  Source of exogenous microbes 
and reported epidemic* of VAP

Source of exogenous 
microbes Microorganisms

ETT—biofilm

Ventilator circuit*, sensor*, 
humidifier*, nebulized 
medication*

Burkholderia cepacia
Stenotrophomonas 
maltophilia
Acinetobacter calcoaceticus

Monitoring devices

Health worker hands* and 
finger nails*

Pseudomonas aeruginosa
Klebsiella pneumoniae

Stethoscope/Doctors apron

Infected patient* and health 
care worker*

Respiratory syncytial virus
Mycobacterium 
tuberculosis
Methicillin-resistant 
Staphylococcus aureus

Water* and ice* Legionella pneumophila
Pseudomonas aeruginosa
Nontuberculous 
mycobacteria

Ambient air* Aspergillus, zygomycetes

Miscellaneous—milk bank*, 
breast milk pump, blood gas 
analyzer*

Pseudomonas aeruginosa

*Reported source from epidemic
Source: Adopted and modified from Safdar N, Crnich CJ, Maki DG. 
The pathogenesis of ventilator-associated pneumonia: its relevance 
to developing effective strategies for prevention. Respir Care 
2005;50(6):725–739 [12].
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be narrowed or deescalated once the culture and sensitiv-
ity results from blood or airway secretions are available. Evi-
dence suggests that appropriate empirical treatment reduces 
mortality [25]. Tables 35.10 and 35.11 provide bedside 
action and the choices of empirical antibiotics combinations 
to be considered when VAP is suspected or VAP confirmed.

VAP prevention
The “all or none” or bundle-care concept of the quality pro-
cess has been utilized in the prevention of various health 

care-associated infections, including VAP and CLABSI, 
both in adults and children [27]. VAP is usually multi-
factorial and needs multipronged preventive strategies. 
VAP “bundles” are multiple evidence-based care practices 
when implemented together will have a synergistic effect 
and shown to improve outcomes. VAP bundles are well 
standardized for adult patients; however, most of these 
practices are not relevant for neonatal population. VAP pre-
ventive practices customized to neonatal population based 
on pathophysiology have been suggested. The corner stone 
of prevention is early extubation to noninvasive mode 

Table 35.10  Bedside action when VAP is suspected or confirmed

Begin empirical antibiotics (combination therapy preferred)

Blood culture (two sets if PICC line)
Tracheal aspirate culture

Deescalate or narrow antibiotics according to culture sensitivity pattern after 48–72 h
•	 Monotherapy	preferred	if	no	systemic	signs	and	blood	culture	is	negative

Monitor response to therapy: Clinical, laboratory, and radiological response

Duration:
•	 7–14	days	or	longer	in	severe	persistent	cases	with	MDROs
•	 In	culture	negative	(blood	or	tracheal	aspirate)	follow	biomarkers	(such	as	C-reactive	protein	or	procalcitonin),	clinical	and	

radiological response

Isolation of microbes from tracheal aspirate: (CDC recommendations with level of evidence)*
Personal protective equipment
•	 Follow contact precautions: Before direct contact with patients or surfaces and articles in close proximity to a NICU patient 

with any respiratory infection, including rhinovirus, human metapneumovirus, bocavirus, undifferentiated suspected viral 
illness, influenza, parainfluenza, adenovirus infection, pertussis, and varicella. (Category IB)

•	 Wear	a	gown	whenever	anticipating	that	clothing	will	have	direct	contact	with	the	infected	patient	or	potentially	
contaminated environmental surfaces or equipment. Remove gown and gloves and observe hand hygiene before leaving 
the patient-care environment. (Category IB)

•	 Maintain	isolation	precautions	for	the	duration	of	illness	for	patients	known	or	suspected	to	be	infected	with	pathogens.	
(Category IB)

•	 Droplet precautions: Wear a facemask upon entry into the room or cubicle of patients. (Category I)
 Further research is needed on the benefit of routinely wearing eye protection. (No recommendation, unresolved issue)
•	 Cohorting of health care personnel
 During outbreaks: Assign dedicated health care personnel to care for one patient cohort and not to move between 

patient cohorts (e.g., restrict personnel who give care to infected or exposed patients from giving care to uninfected or 
unexposed patients). (Category II)

 In a nonoutbreak setting, assign dedicated health care personnel based primarily in the NICU to care for one patient 
cohort and not to move between patient cohorts when feasible assessing the risks and benefits (e.g., restrict personnel 
who give care to infected or exposed patients from giving care to uninfected or unexposed patients). (Category II)

Prevent cross-transmission: (Refer VAP prevention)
•	 Strict	hand	hygiene
•	 Identify	microbial	source	if	more	than	one	case	in	the	nursery	with	the	same	microorganism

*CDC level of evidence:
Category IA: A strong recommendation supported by high-to-moderate quality evidence suggesting net clinical benefits or harms.
Category IB: A strong recommendation supported by low-quality evidence.
Category IC: A strong recommendation required by state or federal regulation.
Category II: A weak recommendation supported by any quality evidence suggesting a trade-off between clinical benefits and harms.
No recommendation: An unresolved issue for which there is low to very low-quality evidence with uncertain trade-offs between benefits and harms.
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of ventilation, which protects natural respiratory airway 
defense system and prevents access of potential pathogenic 
exogenous and endogenous microbes to airways and lung 
parenchyma, by strictly following VAP bundles and infec-
tion control practices (Table 35.12).

Health care-associated infection and 
central line-associated bloodstream 
infection

Background
HAIs are serious health hazards for patients admitted 
to NICU. The data from the NICHD Neonatal Network 
showed that 32% of VLBW (birth weight ≤1500 g) infants 
who survived beyond 3 days developed late-onset sepsis 
[14]. Detailed information about pathophysiology and 
preventive strategies of HAI are beyond the scope of this 
textbook, and readers are advised to refer to CDC guide-
lines. This section will cover measures to reduce central 
line-associated bloodstream infection (CLABSI).

Table 35.11  Empirical therapy of VAP

Potential pathogen
Combination antibiotic 
therapy

Multidrug-resistant 
pathogens
Pseudomonas aeruginosa
Klebsiella spp.
Acinetobacter spp.

Antipseudomonal 
cephalosporin 
(cefepime, ceftazidime) 
or antipseudomonal 
carbapenem (imipenem or 
meropenem) or β-lactam/ 
β-lactamase inhibitor 
(Piperacillin/tazobactam) 
plus antipseudomonal 
fluoroquinolone 
(Ciprofloxacin or Levofloxacin) 
or aminoglycoside (Amikacin, 
Gentamicin, or Tobramycin)

Methicillin-resistant 
Staphylococcus aureus

Linezolid or vancomycin

Fungi Fluconazole or Amphotericin

Source: Adapted and modified from Hooven TA, Polin RA. 
Pneumonia. Semi Fetal Neonatal Med 2017;22(4):206–213 [26].

Table 35.12  VAP prevention bundle

Neonatal practices Rationale
Level of 
evidence

Education and implementation of VAP bundle
•	 Nurse	and	respiratory	therapist	led	

implementation VAP bundle program

Educational program of VAP and nurse-led implementation 
showed 71% reduction of VAP [28]

IIB

Promote noninvasive ventilation
•	 Noninvasive	ventilation	like	NIPPV	or	CPAP	or	

high flow

Studies showed that VAP rates are lower in neonates 
undergoing nasal continuous positive airway pressure 
compared to the use of mechanical ventilation [5,29]

IIA

Early weaning and rapid extubation
•	 Assess	readiness	of	extubation	daily	on	round

VAP reduced from 3.3 to 1.0/1000 ventilation days in study 
after aggressive weaning and early extubation [30,31]

IIA

Nasal versus oral intubation No comparative data for VAP
Nasal intubation gives stability but nasal cavity is common 
site for MRSA colonization

Unresolved

Hand hygiene
•	 Meticulous	hand	hygiene	before	and	after	patient	

contact and handling respiratory equipment
•	 Wear	gloves	when	handling	ventilator	

condensate and other respiratory/oral secretions

Hand hygiene practices reduced VAP rate by 38% [32] IIA

ET intubation
•	 Use	a	new,	sterile	ETT	for	each	intubation	

attempt
•	 Ensure	that	the	ETT	does	not	contact	

environmental surfaces before insertion
•	 Use	a	sterilized	laryngoscope

Cross-contamination risk can be reduced by using an aseptic 
technique and a sterile or disinfected equipment

IIB

(Continued)
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Neonatal practices Rationale
Level of 
evidence

Measures to prevent oropharyngeal colonization 
and aspiration

Suction practice
•	 Suction	an	ET	tube	on	an	“as-needed”	basis	

and avoid using normal saline
•	 Clear	secretions	from	the	posterior	oropharynx	

prior to:
•	 ET tube manipulation (i.e., retaping) or 

suctioning
•	 Repositioning patient
•	 Extubation
•	 Reintubation

Normal saline does not thin or mobilize mucous, can 
adversely affect arterial and global tissue oxygenation, and 
can dislodge bacterial colonies [33]

IIB

Secretions forming in the subglottic area are rapidly 
colonized with pathogenic bacteria [34,35]

IIIB

Hypopharyngeal suctioning before suctioning or repositioning 
the ET tube and/or the patient reduces risk of aspirating-pooled 
oropharyngeal and nasopharyngeal secretions

IIB

Closed versus open suction
Closed suction system recommended

Closed suction system is easier, faster to use, and better 
tolerated by patients. Open system may cause environment 
contamination and has concern for losing lung volume. 
However, study examining two systems found no difference 
in incidence of VAP or mortality between groups [36]

IIIB

Positioning
•	 Use	side-lying	position	as	tolerated
•	 Keep	the	head	of	bed	elevated	15–30	degree	

as tolerated
•	 Use	left	lateral	positioning	after	feedings,	as	

tolerated

Neonatal tracheal colonization from oropharyngeal 
contamination has shown to be reduced from 87% in the 
supine position to 30% in the lateral position [37,38]

IA

Maintaining at least 15 degree head elevation in neonates 
after ventilation correlates with less microaspiration of 
stomach contents [39]

IIIB

Oral care
Provide oral care:
•	 Within	24	h	after	intubation;	every	3–4	h
•	 Prior	to	reintubation	as	time	allows
•	 Prior	to	orogastric	tube	insertion
•	 Use	sterile	water,	mother’s	milk,	or	approved	

pharmaceutical oral care solution

Intubated patients become colonized with oral pathogenic 
bacteria within 24 h of intubation [34]

IIB, IIIB

Safe respiratory equipment
•	 Use	a	separate	suction	catheter,	connection	

tubing, and canister for oral and tracheal suction
•	 Drain	ventilator	condensate	away	from	the	

patient every 2–4 h and before repositioning
•	 Avoid	unnecessary	disconnection	of	the	

ventilator circuit
•	 Change	ventilator	equipment	when	visibly	

soiled or mechanically malfunctioning
•	 Use	heated	ventilator	circuits

Respiratory equipment can become colonized with 
pathogens that cause VAP and should avoid direct 
contact with the patient’s bed to prevent environment 
contamination [34,40]
To avoid equipment contamination [40]:
•	 Keep	the	ventilator	circuit	closed	and	free	from	

condensate by draining water away from the patient and 
before repositioning every 2–4 h

•	 Avoid	manipulation	and	routine	ventilator	circuit	changes
•	 Heated	ventilator	circuits	decrease	the	occurrence	of	

condensate

IIB, IIIB

Feeding
•	 Prevent	gastric	distention
•	 Monitor	gastric	residuals	if	other	signs	of	

feeding intolerance
•	 Adjust	feeding	to	prevent	large	residuals	and/or	

distention

Avoid gastric distention, it may increase risk of aspiration
Routine monitoring of gastric residual is not recommended 
in asymptomatic infant

IIIB

Table 35.12  VAP prevention bundle (cont.)
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Neonatal practices Rationale
Level of 
evidence

Medication not recommended
•	 Use	of	histamine-2	receptor	antagonists	or	

antacids
•	 Selective	digestive	tract	decontamination	with	

nonabsorbable antimicrobials
•	 Silver-coated	ETT
•	 Chlorhexidine	mouth	wash
•	 Probiotics

The use of H2-blockers is associated with increased risk of 
late-onset fungal infection and necrotizing enterocolitis 
among very low birth weight NICU infants [41]

H2 
blocker = IIB

Suppression of acid–gastric content may promote 
colonization with pathogenic organisms and will increased 
the risk of VAP

Probiotics =  
Unresolved

Safe environment: Safe air, safe water Reports of outbreaks of VAP with pseudomonas and other 
microbes with contaminated water and equipment

Audit and surveillance Monitoring of practices and processes of VAP bundle is 
essential

Level of evidence: I, demonstrated by at least one RCT or meta-analysis; II, demonstrated by a comparative study that is not an RCT or by a cohort 
study; III, a case series study or an expert opinion. Ranking of recommendation: A, strongly recommended or strongly advised against; B, generally 
recommended or generally advised against; C, optional, the effect of it is unclear, there is no evidence or unresolved.
Source: Adapted and modified from Hooven TA, Polin RA. Pneumonia. Semi Fetal Neonatal Med 2017;22(4):206–213 [26]; Weber CD. Applying 
adult ventilator-associated pneumonia bundle evidence to the ventilated neonate. Adv Neonatal Care 2016;16(3):178e90 [42].

Table 35.12  VAP prevention bundle (cont.)

The use of central lines (UVC, UAC, PICC, and CVL) is 
common in NICU and is considered to be the most stable 
and reliable way of providing intravenous access for sick 
neonates. CLABSIs are the commonest type of HAI in 
NICU. Both HAI and CLABSI are associated with increased 
morbidity and mortality. CLABSI results in prolonged hos-
pital stay and drains the financial and human resources 
of the health care system. The multinational surveillance 
data from the International Nosocomial Infection Control 
Consortium (INICC) reported the incidence of CLABSI per 
1000 central line days as 10.5 for the infant weighing more 
than 2500 g to 20.9 for the infant weighing less than 750 g 
[2]. The most common pathogens responsible for causing 
CLABSI are Gram-positive cocci (mainly coagulase-neg-
ative staphylococci and S. aureus), Gram-negative bacilli 
(particularly Enterobacteriaceae), and Candida species. 
The emergence of extended spectrum β-lactamases (ESBL) 
and carbapenemases producing Gram-negative bacteria 
and Methicillin-resistant Staphylococcus aureus (MRSA) is a 
cause for concern due to the paucity of effective antibiotics 
to treat these infections.

CLABSI definition
To diagnose a bloodstream infection as CLABSI, CDC crite-
ria to be satisfied are as follows:
1. At least one positive culture of noncommensal 

organism or two blood culture positives from two 
separate sites if it is a commensal organism like CONS.

2. Catheter in place for more than 2 days before the event 
or removed 2 days prior to the event.

3. No other documented primary site of infection.

CLABSI prevention
Implementing an evidence-based CLABSI bundle 
(Table 35.13) [43,44] results in the reduction of CLABSI. 
Studies reported a decrease in CLABSI rate from 4.9 to 
1.5 per 1000 central line days and even zero rates in some 
centers by strictly adhering to the CDC CLABSI bundle 
[45,46].

Audit and surveillance of VAP, 
CLABSI and HAI

Auditing and surveillance are the major pillars of an 
effective infection prevention and control (IPC) pro-
gram of any hospital. It is a systemic way of collecting, 
analyzing, and interpreting the data of effectiveness of 
infection-control processes, practices, and outcomes. 
It provides distribution and determinants of various 
health care-associated adverse events. It measures care 
system performance and allows comparison nationally 
or internationally. HAI, CLABSI and VAP surveillance 
should be a part of any IPC program. The major com-
ponents of surveillance are mentioned in Table 35.14.
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Table 35.13  CLABSI prevention

Neonatal practices Rationale and level of evidence*

Education and implementation of CLABSI bundle:
•	 Staff	education	and	efforts	to	promote	adherence	to	

recommended practices (e.g., checklist)

•	 Low-quality	evidence	from	10	studies	evaluated	the	use	
of “bundled interventions” to prevent CLABSI among 
neonates and suggested reduction in CLABSI rate. (IB)

CLABSI bundle •	 Site	selection
•	 Catheter	type	and	duration
•	 Insertion	bundle
•	 Maintenance	and	care	bundle
•	 Miscellaneous

Optimum site selection:
•	 Peripheral	veins	versus	central	veins:	Peripheral	veins	are	

preferred than femoral
•	 Upper	extremity	versus	lower	extremity:	No	difference	in	

CLABSI rate
•	 Long-term	surgically	implanted	central	line	(SICL):	Consider	

using subclavian or femoral and avoid internal jugular
•	 Risk	for	CLABSI	among	different	central	lines	(UVC,	PICC,	

SICL)
•	 Central	line	tip	placement	for	lower	extremity	PICC

•	 Low-quality	evidence	suggested	an	increase	in	CLABSIs	
in neonates with a PICC placed directly into the 
femoral vein compared to those placed peripherally 
(nonfemoral) (II)

•	 No	difference	in	CLABSI	rate	between	PICC	in	the	lower	
extremity peripheral sites (generally saphenous veins) 
versus upper extremity peripheral sites (antecubital) 
(unresolved issue)

•	 Increase	in	the	risk	for	CLABSIs	with	internal	jugular	in	two	
low-quality studies (II)

•	 Unresolved	issue
•	 There	were	no	differences	in	catheter	complications	

between catheters that terminated in the upper vena cava 
(T8–T10) compared to those that terminated in the lower 
vena cava (around L2) (II)

Catheter type:
•	 Use	single	lumen	or	double	lumen	UVC
Catheter duration:
•	 UAC:	Short	duration	(maximum	5	days)
•	 UVC:	Short	duration	(<7 days) preferred, maximum 14 

days
•	 PICC:	Intermediate	duration:	weeks
•	 SICL:	Weeks	to	months

Low-quality evidence suggested that there was no difference 
in sepsis rate between single- or double-lumen catheters
Duration:
•	 UAC	should	not	be	left	in	place	for	>5 days
•	 UVC	can	be	used	up	to	14	days	if	managed	aseptically;	

study comparing UVC for >10 days versus ≤7 days, found 
20% increase in the odds of a CLABSI for each day of UVC 
in situ

•	 Discontinue	PICC	as	soon	as	they	are	no	longer	needed.	
Low-quality evidence suggested that the longer a PICC was 
in place, the higher the odds or risk of CLABSI (IB)

Insertion bundle:
•	 Perform	hand	hygiene	before	insertion
•	 Adhere	to	aseptic	technique
•	 Use	maximal	sterile	barrier	precautions	(i.e.,	mask,	cap,	

gown, sterile gloves, and sterile full body drape)
•	 Perform	skin	antisepsis	with	>0.5% chlorhexidine with 

alcohol
•	 Choose	the	best	site	to	minimize	infections	(as	mentioned	

above)
•	 Cover	the	site	with	sterile	gauze	or	sterile,	transparent,	

semipermeable dressings

•	 Promote	adherence	to	hand	hygiene	to	prevent	health	
care-associated infections. Hand hygiene adherence 
programs should include education of health care 
personnel about the importance of hand hygiene 
for infection prevention, reminders, and adherence 
to surveillance with feedback of results to frontline 
providers (IB)

•	 Do	not	use	topical	antibiotic	ointment	or	creams	on	
insertion sites because of potential to promote fungal 
infections and antimicrobial resistance
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Neonatal practices Rationale and level of evidence*

Maintenance and care bundle:
•	 Remove	nonessential	catheters.	Assess	the	need	for	

continued intravascular access on a daily basis during 
multidisciplinary rounds. Remove catheters when not 
required for patient care

•	 Comply	with	hand	hygiene	requirements
•	 Scrub	the	access	port	or	hub	immediately	prior	to	each	

use with an appropriate antiseptic (e.g., chlorhexidine, 
povidone iodine, an iodophor, or 70% alcohol)

•	 Access	catheters	only	with	sterile	devices.	Replace	dressings	
that are wet, soiled, or dislodged

•	 Perform	dressing	changes	under	aseptic	technique	using	
clean or sterile gloves

•	 Use	the	minimum	number	of	ports	or	lumens	essential	for	
management of the patient

Hub cleaning/catheter manipulations/blood draws
•	 Frequent	central	line	hub	manipulations	requiring	

disinfection (e.g., disconnection of the infusion set from 
a central line) or drawing blood through a central line 
increases the risk of CLABSIs (IB)

•	 Minimize	the	number	of	times	central	line	hubs	are	
accessed and minimize blood sampling through central 
lines to decrease the risk for CLABSI

Miscellaneous:
•	 Dedicated central line insertion and care team: It is 

desirable
•	 Systemic antimicrobial prophylaxis: Before insertion or 

during use of central line is not indicated
•	 In-line	filter: Not indicated
•	 Central	line	antimicrobial	locks:	Consider	in	setting	of	high	

CLABSI rate when other recommendation failed
•	 Heparin	infusion:	For	prevention	of	CLABSI:	not	indicated
Change of IV sets for central line infusion:
•	 IV	infusion	of	dextrose	5%	with	0.45%	saline:	72	h
•	 IV	infusion	blood,	blood	products	lipid	solution,	and	IV	

amino acid solution: 24 h

•	 The	use	of	teams	for	central	line	insertion	and	care	resulted	
in lower number of CLABSIs (IA)

•	 Although	studies	on	prophylactic	vancomycin	did	appear	to	
result in a decrease in CLABSIs due to coagulase-negative 
Staphylococci, the development of antimicrobial resistance 
was not adequately evaluated in these studies (IB)

•	 Do	not	use	in-line	filters	solely	for	the	prevention	of	
CLABSIs (IA)

•	 Central	line	antimicrobial	locks:	Three	studies	showed	that	
the use of catheter locks prevented CLABSIs (II)

•	 Do	not	use	heparin	infusions	solely	for	the	purpose	of	
preventing CLABSIs (IA)

CLABSI, Central line-associated bloodstream infection; PICC, percutaneous inserted central catheter; SICL, surgically implanted central line; UAC, 
umbilical arterial catheter; UVC, umbilical venous catheter.
*CDC level of evidence:
Category IA: A strong recommendation supported by high-to-moderate quality evidence suggesting net clinical benefits or harms.
Category IB: A strong recommendation supported by low-quality evidence.
Category IC: A strong recommendation required by state or federal regulation.
Category II: A weak recommendation supported by any quality evidence suggesting a trade-off between clinical benefits and harms.
No recommendation: An unresolved issue for which there is low to very low-quality evidence with uncertain trade-offs between benefits and 
harms.
Source: Adopted and modified from Marschall J, Mermel LA, Fakih M, et al. Strategies to prevent central line associated bloodstream infections 
in acute care hospitals. Infection Cont Hosp Epidemiol 2014;35:753–771 [43] and from https://www.cdc.gov/infectioncontrol/guidelines/bsi/
index.html [44].

Table 35.13  CLABSI prevention (cont.)

Cleaning, disinfection, 
and sterilization in NICU

1. Cleaning is the removal of visible organic and inorganic 
material from objects and surfaces before disinfection 
and sterilization; it is done manually or mechanically 
using water with detergents or enzymatic products.

2. Disinfection is a process that eliminates many or all 
pathogenic microorganisms, except bacterial spores, on 
inanimate objects; it is done using liquid chemicals or 
wet pasteurization.

3. Sterilization is a process that destroys or eliminates all 
forms of microbial life and is carried out by physical or 
chemical methods; these include steam under pressure, 
dry heat, ethylene oxide (EO) gas, hydrogen peroxide 
gas plasma, and liquid chemicals.

https://www.cdc.gov/infectioncontrol/guidelines/bsi/index.html
https://www.cdc.gov/infectioncontrol/guidelines/bsi/index.html
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4. Spaulding’s classification of medical devices [47,48]: 
The level of terminal processing required for medical 
devices is based on the classification system developed 
by Spaulding in 1970. It divides medical devices 
into three categories, based on the risk of infection 
resulting from contact with various types of devices 
(Table 35.15).

5. Resistance of microorganisms to disinfection and 
sterilization [48]: Fig. 35.2 outlines the variable 
order of resistance of microorganisms to disinfection 
and sterilization (with the disinfection levels 
indicated). The recommendations for cleaning, 
disinfection and sterilization in NICU are listed 
in Table 35.16. The indications and directions for 

Table 35.15  Spaulding’s classification of medical devices [47]

Classification Definition Processing level Examples

Critical device Device that enters into 
sterile tissues, including the 
vascular system

Cleaning followed by 
sterilization

Laryngoscope blades, surgical 
instruments, cardiac catheters, 
cystoscopes

Semicritical device Device that comes in 
contact with nonintact skin 
or mucous membranes but 
does not penetrate them

Cleaning followed by high-level 
disinfection with germicides; 
sterilization is preferred

Respiratory circuits, self-inflating bags 
and masks; reusable enteral feeding 
equipment

Noncritical device Device that comes in 
contact with intact skin

Cleaning followed by low-level 
disinfection; cleaning alone is 
required for some

Stethoscopes, thermometers, pulse 
oximeter and cardiorespiratory leads, 
ultrasound probes, phototherapy 
mats, incubators, cots, and mattresses

Table 35.14  Surveillance of VAP, CLABSI and HAI

Surveillance Details

Measure outcomes Monitor the incidence density by calculating rates of major HAI (CLABSI, VAP, UTI, SSI) as 
per CDC guidelines

Measure processes and practices Monitor the compliance with various infection control practices and bundles such as 
CLABSI bundles, VAP bundles, UTI bundles, and SSI bundles

Environment and equipment Monitor and evaluates the state of contamination of the hospital environment and 
equipment, determine sources and routes of infections, identify the carriers

Microorganisms and MDROs Monitor growth of various microorganisms and their sensitivity. Identify MDROs and 
establish hospital isolation policy

Antibiotics stewardship Monitor antibiotics consumption; establish disease and department-specific antibiotics 
policy, as per local flora and sensitivity pattern

VAP, CLABSI, HAI specific 
surveillance

•	 VAP	rate:	Number	of	VAPs	per	1000	ventilation	days
•	 Ventilation	device	utilization	ratio:	Ratio	of	ventilation	days	to	patient	days
•	 CLABSI	rate:	Number	of	blood	stream	infection	per	1000	central	line	days

Audit and feedback •	 Provide	feedback	to	the	facility	staff	about	the	VAP	rates	and	compliance	with	bundles.	
Education and reminders to health care personnel to adhere to infection-control 
practices and VAP-preventive bundles

CLABSI, central line associated blood stream infection; HAI, health care associated infection; MDRO, multi-drug resistant organism; SSI, surgical 
site infection; UTI, urinary tract infection; VAP, ventilator associated pneumonia.
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use of disinfectants and germicides are outlined in 
Table 35.17.

6. Hand hygiene should be performed before patient 
contact, before any aseptic task, after exposure risk 
to body fluids, after patient contact, and after contact 
with patient surroundings. Hand washing should 
be performed by first wetting the skin with tepid 
water, then adding the soap or cleansing agent. The 
hands should be vigorously rubbed together for at 
least 40–60 s, covering and generating friction on 
all surfaces, then thoroughly dried. When using an 
alcohol-based rub, rubbing should be continued for 
20–30 s or until the hands are dry.

7. Prevention of needle stick injuries: Percutaneous 
injury with a hollow injection needle is associated 
with the risk of transmitting blood-borne infection. 
Used needles should not be recapped, bent, or broken 
by hand. If it is necessary to recap needles, a single-
handed technique should be used in which the needle 
is not directed toward the unprotected hand. Puncture-
resistant sharps containers must be available closely in 
all work areas.

8. Surface disinfection: Most nosocomial pathogens can 
survive on surfaces of health care facilities for weeks or 
months (Table 35.18) and can be a continuous source 
of transmission [50]. Hence it is advisable to control 
the spread of nosocomial pathogens by routine surface 
disinfection.

9. Safe disposal of hospital waste: Proper disposal of 
hospital waste is essential to keep a clean environment. 
The following are different color drums with different 

color polythene for different types of waste, to be 
disposed of in a different way.
a. Black drums/bags: Left over food, fruits, feeds, 

vegetables, waste paper, packing material, empty 
box, bags, and so on. This waste is disposed by the 
local municipality.

b. Yellow drums/bags: Infected nonplastic waste, for 
example, human anatomical waste, blood, body 
fluids, placenta, diapers, and so on. This type of 
waste requires incineration.

c. Blue drums/bags: Infected plastic waste such as 
used disposable syringes, needles, and soiled gloves. 
Patients’ IV set, blood transfusion set, endotracheal 
tube, catheter, urine bag, and so on should be cut 
into pieces. This waste will be autoclaved to make it 
noninfectious.

d. Red drums/bags: Used sharps, blade, and broken 
glass should be discarded in puncture proof 
containers before discarding.

Implications for practice

•	 VAP is a preventable harm common in preterm infants 
requiring prolonged mechanical ventilation.

•	 Diagnosis of VAP in neonates is not precise. 
Commonly used CDC criteria for infants less 
than 1 year are not VAP-specific and overlap with 
other neonatal conditions, resulting in over- or 
underdiagnosis and treatment of VAP.

Fig. 35.2 Decreasing Order of Resistance of Microorganisms to Disinfection and Sterilization [48].



780

Section Ancillary Services| VII |

•	 Microorganisms causing VAP originate either from 
the patient environment or patient’s own flora from 
oropharyngeal and gastric secretion. Inappropriate use 
of antibiotics promotes selection of highly resistant 
microorganism (MDROs), resulting in severe lung 
injury and death.

•	 Prevention of VAP is achieved by early removal of 
the endotracheal tube to minimize the duration of 
mechanical ventilation and by strictly implementing 
the VAP prevention bundle.

•	 The use of central lines is common in NICU, and 
CLABSIs are associated with increased morbidity and 
mortality. Implementing an evidence-based CLABSI 
bundle results in its reduction.

•	 Hand hygiene should be performed before patient 
contact, before any aseptic task, after exposure risk to 
body fluids, after patient contact, and after contact with 
patient surroundings.

•	 Audit and surveillance of HAI, CLABSI, and VAP are the 
major pillars of an effective infection prevention and 
control program of any hospital.

Table 35.16  Recommendations for cleaning, disinfection, and sterilization in NICU [49]

Object Disinfection method Frequency and other considerations

Stethoscope, thermometer, 
BP cuffs, probes of radiant 
warmer/pulse oximeter

Clean with spirit swab Daily, before and after use
Dedicate stethoscope to single patient

Oxygen hood Wash with soap and water and dry 
with clean linen

Daily

Weighing machine Wipe with surface disinfectant Daily

Face mask Clean with soap and water, immerse 
in glutaraldehyde for 20 min, rinse 
in distilled water, dry and wrap in 
autoclaved linen

Daily and after each use

Resuscitation bag 
and reservoir mask, 
oxygen tubing, bottle, 
and tubing of suction 
machine

Clean with soap and water, immerse in 
glutaraldehyde for 4–6 h, rinse in distilled 
water, dry and wrap in autoclaved linen 
and put a date

Weekly for resuscitation bag and reservoir
Daily for others

Laryngoscope Clean with spirit swabs thoroughly daily 
and after each use. Wrap in autoclaved 
cloth and put a date on cover

Daily and after each use
If used for an infected baby, wash with soap 
and water. Put the blade in 2% glutaraldehyde 
after removing the bulb and wash thoroughly 
with distilled water

Syringe pumps Clean with wet clean cloth. If blood 
stained, use soap and water

Daily and if possible in each shift

Swab container, injection, 
and medicine tray

Wash with soap and water/autoclave Daily morning; use separate swab containers 
for each baby

Feeding utensils Wash with soap and water and then 
boil for 10 min

Before each use; use disposable feeding cups 
if available

Cheatle Forceps Autoclave Daily

Sets for procedures Autoclave After each use; every 72 h
if not used

Radiant warmer, Bassinet 
and Incubator, dressing 
trolley, crash trolley, 
infusion pump

Clean with soap water daily, if occupied. 
If not occupied, clean with 2% Bacillocid

Daily and between patients
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Table 35.17  Disinfectants and germicides [49]

Name Indication for use
Direction for use and special 
considerations

Bacillocid spray (2%) Walls of nursery
Incubators and warmers (not in use)
Surface of weighing machine

Switch off air conditioners at the time of 
spray

2% Glutaraldehyde 
(Cidex)

Face mask and Ambu bag
Reservoir

Before immersing into Cidex, clean 
thoroughly with soap and water; duration of 
contact:
•	 for	disinfection,	15–20	min
•	 for	sterilization,	4–6	h

EcoShield (H2O2 11% w/v, 
0.01% w/v silver nitrate)

Fumigation of NICU Routine fumigation: 200 mL of EcoShield 
in 800 mL of water, 1 L/1000 ft3 for aerial 
fumigation

Sodium hypocholorite 
(bleach)

Sharps/needles and disposables Keep the solution covered, change it every 
24 h

Spirit Skin preparation, cleaning laryngoscope 
blades, tape measure, and stethoscope

Do not use to clean incubators and warmers

Soap and water Oxygen hood, feeding utensils, swab 
containers, injection tray, face mask, buckets

After washing in soap and water, boil the 
feeding utensils for 20 min

Povidone-iodine Skin preparation
Urinary catheterization

Use with caution in extremely preterm babies

Chlorhexidine 2% Skin preparation Infants <29 weeks and less than 3 weeks of 
age, use without alcohol

Table 35.18  Persistence of clinically relevant pathogens on dry inanimate surfaces [50]

Persistence of clinically relevant bacteria

Acinetobacter spp. 3 days to 5 months

Bordetella pertussis 3–5 days

Campylobacter jejuni up to 6 days

Clostridium difficile (spores) 5 months

Chlamydia pneumoniae, C. trachomatis ≤30 h

Chlamydia psittaci 15 days

Corynebacterium diphtheriae 7 days to 6 months

Corynebacterium pseudotuberculosis 1–8 days

Escherichia coli 1.5 h to 16 months

Enterococcus spp. including VRE and VSE 5 days to 4 months

Haemophilus influenzae 12 days

Helicobacter pylori ≤90 min

Klebsiella spp. 2 h to >30 months

Listeria spp. 1 day to months

(Continued)



782

Section Ancillary Services| VII |

Persistence of clinically relevant bacteria

Mycobacterium bovis >2 months

Mycobacterium tuberculosis 1 day to 4 months

Neisseria gonorrhoeae 1–3 days

Proteus vulgaris 1–2 days

Pseudomonas aeruginosa 6 h to 16 months; on dry floor: 5 weeks

Salmonella typhi 6 h to 4 weeks

Salmonella typhimurium 10 days to 4.2 years

Salmonella spp. 1 day

Serratia marcescens 3 days to 2 months; on dry floor: 5 weeks

Shigella spp. 2 days to 5 months

Staphylococcus aureus, including MRSA 7 days to 7 months

Streptococcus pneumoniae 1–20 days

Streptococcus pyogenes 3 days to 6.5 months

Vibrio cholerae 1–7 days

Persistence of clinically relevant fungi

Candida albicans 1–120 days

Candida parapsilosis 14 days

Torulopsis glabrata 102–150 days

Table 35.18  Persistence of clinically relevant pathogens on dry inanimate surfaces [50] (cont.)
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CHAPTER POINTS

•	 Postnatal or extrauterine growth restriction is common 
among preterm infants on respiratory support and 
can be prevented by judicious fluid and nutritional 
management.

•	 Human milk (with fortification for preterm infants) is 
preferred for all infants.

•	 Protein intake as high as 4.5 g/kg/d may be required 
in extremely preterm infants to compensate for 
accumulated protein deficit and achieve adequate 
linear growth.

•	 Lipids have high caloric density and are an important 
source of calories in ventilated infants on fluid-restriction.

•	 High rates of glucose delivery in parenteral nutrition 
(> 12.5 mg/kg/min) increases CO2 production as it has a 
high respiratory quotient (RQ). 

Introduction

Over the last several decades, neonatal intensive care for 
preterm infants has resulted in major improvement in 
their survival. Unfortunately, there is still major room for 
improvement in the physical as well as neurodevelopmental 

outcome of these survivors. Preterm infants receiving respi-
ratory support such as mechanical ventilation, continuous 
positive airway pressure (CPAP), and supplemental oxygen 
present challenges in terms of both intravenous and enteral 
nutritional support. Concerns about metabolic imbalances, 
especially in terms of intravenous nutritional support, have 
precluded in many cases the resumption of the same level 
of nutritional support these babies would be otherwise 
achieving in utero had they not been born preterm. Further-
more, concerns about maturity of the gastrointestinal tract 
and necrotizing enterocolitis (NEC) have led to prolonged 
periods prior to initiation of enteral feedings as well as pro-
longed periods of placing babies nil per orally (NPO).

In this chapter, we will present information about nutri-
tional requirements for preterm infants, especially those 
requiring additional respiratory support. We will discuss 
macronutrients as well as several important micronutrients 
that are important in maintenance of health, growth, pre-
vention of further damage to the lungs and other tissues, as 
well as promotion of optimal neurodevelopment.

Several controversial areas will be discussed, which 
include enteral feeding while on CPAP, mechanical ventila-
tion, progression of enteral feedings, the relative value of 
mother’s milk versus formula feeding for these infants, com-
position of parenteral nutrition (PN), and safety of PO feed-
ing while on CPAP and high-flow nasal cannula treatment.

Nutritional goals

Preterm infants are at increased risk for potential nutri-
tional compromise as they are born with limited nutrient 
reserves, immature metabolic pathways, and have increased 
nutrient demands. Prematurity-associated medical and 
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surgical conditions contribute to altered nutrient require-
ments. There are several reasonable goals for nutritional 
support of these infants:
1. The goal of preterm neonatal nutrition is to mimic 

intrauterine growth rates and later to imitate growth 
rates of term breastfed infants [1].

2. We should aim to limit the degree and duration of 
initial weight loss in preterm infants, to support their 
nutritional needs, and to facilitate regain of birth 
weight within 7–14 days of life.

3. Approximate target weight gain considered is 
10–20 g/kg/day [2].

4. Energy needs are dependent on age, weight, rate of 
growth, thermal environment, activity, hormonal 
activity, organ size, and maturation. The metabolic rate 
increases during the first week of life from a resting 
metabolic rate (RMR) of 40–41 kcal/kg/day during the 
first week to 62–64 kcal/kg/day by the third week of 
life [3].

5. Judicious nutritional support to maintain lean body 
mass and bone density, prevention of complications 
(e.g., chronic lung disease [CLD], NEC, infection), 
optimization of neurodevelopment growth, and 
consideration of its impact on adult health [2].

6. Infants receiving respiratory support and especially 
those with increased work of breathing require 
specialized nutritional support beyond that 
required by healthy preterm infants. The nutritional 
support to maintain safe metabolic balance, 
growth, and optimization of neurodevelopment is 
a special challenge of these infants with respiratory 
problems.

Fluids

Maintenance of fluid and electrolyte balance is essential for 
normal cell and organ function during intrauterine devel-
opment and throughout extrauterine life. Requirements 
are based on gestational age, postnatal age, illness, and 
environmental conditions [4]. Preterm infants have imma-
ture skin, and renal function coupled with environmental 
factors such as use of radiant warmers and phototherapy 
increases water loss [5]. Table 36.1 and Table 36.2 show the 
insensible water losses (IWLs).

Increased fluid administration may lead to complica-
tions such as intraventricular hemorrhage (IVH), patent 
ductus arteriosus (PDA), bronchopulmonary dysplasia 
(BPD), and NEC. During the immediate postnatal period, 
critically ill premature infants may require volume resusci-
tation for shock or acidosis, which should be considered 
when planning subsequent fluid management [6].

Table 36.1  Sources of water loss

Renal Immature renal functions (↓ GFR, ↓ Na 
reabsorption, ↓ capacity to concentrate urine, 
↓ bicarbonate, K, and hydrogen ion secretion)

Extra 
renal

Environmental
Skin breakdown and immaturity
↑ Respiratory rate
Insensible water loss is inversely related to 
gestational age
Ventilation (e.g., ↓ humidification of inspired 
gas)
Losses in stools, NG tube drainage, intercostal 
drainage

Insensible water loss = fluid intake – urine output + weight 
change

Table 36.2  Factors influencing insensible water loss

Increased loss Decreased loss Incubator

Lower 
gestational age

Clothing Body box

Lower postnatal 
age

High humidity Plastic blanket

Denuded/broken 
skin

Good skin care

Increased skin 
temperature

Topical 
ointments and 
emollients

Increased activity Humidification 
of inspired 
gases

Increased 
environmental 
temperature

High humidity

Radiant heat 
sources

Radiant warmers

Phototherapy 
units

Draughts

Excessive crying

Source: Reprinted from Modi N, Fluid and electrolyte balance. 
In: Rennie JM, Roberton NRC, editors. Textbook of neonatology, 
5th ed. Table no. 18.1 (factors influencing insensible water loss), 
p. 333. Copyright © 2012, Elsevier Limited, with permission from 
Elsevier.
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Preterm infants with surfactant deficiency have low lung 
compliance [4]. These fragile lungs have higher tendency 
for barotrauma and other injuries. Also, there are chances 
of pulmonary capillary endothelial injury due to underly-
ing elements of perinatal hypoxia, mechanical ventilation, 
and oxygen administration [7]. This damage leads to capil-
lary leak and formation of interstitial edema which further 
compromises pulmonary  functions [4].

RDS may lead to hypoxia and acidosis, which fur-
ther compromises renal function [8]. With the gradual 
improvement of pulmonary function, there was noticed 
to be improvement in renal perfusion and diuresis which 
typically occurs on 3rd to 4th postnatal days (especially in 
presurfactant era) [4]. Further water retention may occur 
owing to increased secretion of aldosterone and ADH 
related to positive pressure ventilation [9]. Restriction of 
fluids in the first couple of postnatal days is still required 
to allow the contraction of extracellular volume [4]. If fluid 
restriction is not followed then fluid over load may lead 
to complications like PDA, IVH, NEC and BPD etc [4]. 
Studies on restricted water intake showed the trend toward 
decreased severity of complications, but increased risk of 
dehydration and weight loss. But these values were not sta-
tistically significant [10]. A careful fluid restriction to meet 
the physiological needs without allowing significant dehy-
dration is advocated [10]. Restricted fluid demonstrated no 
adverse effect on the urine specific gravity or weight loss. 
In uncomplicated cases such as TTNB, mild fluid restric-
tion is proved to be beneficial [11,12]. Complications like 
hypernatremia and dehydration should be kept in mind 
upon fluid restriction [13]. Fluid intake must be reassessed 
frequently in preterm infants requiring respiratory support. 
IWL for the infants in incubators during the first week of 
life is estimated to be higher for babies between 750 and 

1000 g birth weight at approximately 80–85 mL/kg/day 
and is lower for more mature babies [3].

Total fluid requirements
Total fluid requirements = maintenance of fluids 
(IWL + urine + stool water) + growth requirements [13] 
(Tables 36.3 and 36.4).

IWL is greater in early days of life, whereas later the renal 
loss increases to compensate for the increased solute load. 
Stool loss is usually 5–10 mL/kg/day.

The fluid and electrolyte requirements are as follows:
•	 Expected weight loss of 10%–15% of birth weight 

during the initial 3–5 days
•	 Maintenance of electrolytes
•	 Avoidance of oliguria
•	 Transition to enteral intake
•	 Avoidance of fluid overload
•	 Input and output calculations

Term infants
On subsequent days, increments of 10–20 mL/kg/day may 
be considered based upon the tolerance of the previous 

Table 36.3  Fluid requirement on day 1 of life

60–70 mL/kg/day For urine output—50 mL/kg/day 
(to excrete a solute load of about 
15 mosm/kg/day at a urine osmolarity 
of 300 mosm/kg) + IWL of 20 mL/kg

The initial fluids should be 10% dextrose in order to 
maintain a glucose infusion rate (GIR) of 4–6 mg/kg/min [5]

Table 36.4  Estimated starting intravenous intake, at an ambient humidity of 50%*

Gestational 
age (weeks)

Birth 
weight 
(kg)

Approximate 
transepidermal water 
loss (mL/kg/24 h)

Allowance for 
urine output 
(mL/kg/24 h)

Estimated 
intake range 
(mL/kg/24 h)

Suggested 
starting volume 
(mL/kg/24 h)†

<27 <1.0 120 30–60 150–180 150‡

27–30 1.0–1.5 40 30–60 70–100 90

31–36 1.5–2.5 15 30–60 45–75 60

>36 >2.5 10 30–60 40–70 60

*At higher ambient humidity, transepidermal water losses will be reduced and requirements will be lower.
†Once sustained weight loss of at least 5% is achieved, proceed to the intravenous volume necessary to support nutritional goals without 
stepwise increments.
‡A cautious approach, commencing at the lower end of the estimated requirement, is recommended.
Source: Reprinted from Modi N, Fluid and electrolyte balance. In: Rennie JM, Roberton NRC, editors. Textbook of neonatology, 5th ed. Table no. 
18.3 (estimated starting intravenous intake, at an ambient humidity of 50%*), p. 334. Copyright © 2012, Elsevier Limited, with permission from 
Elsevier.
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day’s fluid therapy, estimations of IWL, and clinical status 
[5,6]. Electrolytes should be added.

Preterm infants
Extreme preterm infants require more fluids and are less 
tolerant of glucose [5,6]. They have increased IWL owing to 
skin immaturity and more weight loss compared with term 
babies and hence the fluid requirement will be higher dur-
ing the initial 5–7 days.

Dextrose 5% provides a more suitable glucose load at 
these increased rates, and insulin infusions may be needed 
in ELBW infants. Fluids need to be increased at 10–15 mL/
kg/day till a maximum of 150–160 mL/kg/day.

Monitoring and considerations
Morbidities caused by hypervolemia and hypovolemia 
can be prevented by proper fluid management [6,13]. 
After birth, the infant undergoes an isotonic contraction 
of the ECF compartment, with excretion of excess water, 
which attributes to initial weight loss. Transitional phase 
of volume contraction is followed by a maintenance 
phase, and fluid administration can then be decreased as 
the skin becomes more mature and IWL through the skin 
decreases [6].
•	 Sodium: Requirements 2–5 mEq/kg/day; to target 

sodium levels of 135–145 mEq/L. Sodium and 
potassium should be added after 48 h. Serum sodium 
levels can serve as a “proxy” for hydration status, and 
in the absence of rapidly rising sodium, fluid adequacy 
can be ensured.

•	 Potassium: Requirements 1–3 mEq/kg/day, 
administered after urine output is established.

•	 Calcium: Supplemented in preterm infants because 
their low body stores.

•	 Nutrition: Enteral feedings should be started as soon 
as possible. Intravenous fluids are simultaneously 
decreased as enteral fluid intake is increased.

•	 Body weight: For ELBW infants, body weights should 
be checked 2 or more times daily to more closely 
monitor fluid status. Uncompensated IWL is indicated 
by a cumulative weight loss of >20% in the first week. 
Excessive fluid administration is manifested by <2% 
per day of weight loss. Due to “severity of illness” 
many clinicians use birth weight in order to design 
fluid therapy until the infant is stable enough to be 
safely weighed. Inbuilt weighing scales in incubators 
may be used and fluid calculations are estimated 
based on gestational age, day of life, IWL, and clinical 
condition.

•	 Blood levels: Tests for hematocrit (HCT), sodium, 
potassium, blood urea nitrogen (BUN), creatinine, 
acidosis, and base deficit should be performed on a 

regular basis to monitor the hydration status and fluid 
adjustment to be done accordingly. Increases in any 
of these parameters may indicate inadequate fluid 
therapy. Overhydration is indicated by low sodium, a 
falling HCT, or a low BUN.

•	 Glucose to be administered to maintain a GIR of 
5–8 mg/kg/min: Further glucose adjustments are based 
upon blood glucose values; up to 12–15 mg/kg/min as 
tolerated.

•	 Fluid intake and output: Fluid administration 
should be optimized to maintain a urine output of 
1–3 mL/kg/h. Oliguria warrants increasing the fluids 
and polyuria indicates overhydration and needs fluid 
restriction. However, in the presence of renal failure 
fluid restriction might be needed in the presence 
of decreasing urine output. In infants without 
urinary catheters or urine bags, diapers need to be 
weighed soon after voiding to reduce errors due to 
evaporation [13,14].

•	 General appearance and vital signs: Hypotension, 
poor perfusion, tachycardia, and poor pulses may all 
be signs of hypovolemia.

•	 Environmental factors: The causes of increased IWL 
include immature skin, environmental temperature, 
radiant warmers, and phototherapy. Polythene wrap as 
heat shield may decrease IWL by 10%–30%. Optimal 
humidification of the isolette can decrease IWL by up 
to 30% [13].

Summary
1. The goal of preterm neonatal nutrition is to mimic 

intrauterine growth rates and later to imitate growth 
rates of term breastfed infants.

2. We should aim to limit the degree and duration of 
initial weight loss in preterm infants, to support their 
nutritional needs, and to facilitate regain of birth weight.

3. During the immediate postnatal period, critically ill 
premature infants may require volume resuscitation for 
shock or acidosis, which should be considered when 
planning subsequent fluid management.

4. Excessive fluid administration may lead to 
complications such as IVH, PDA, BPD, and NEC.

5. A careful fluid restriction to meet the physiological 
needs without allowing significant dehydration is 
advocated.

6. Initial fluid requirement and its subsequent increments 
depend on the gestational age, birth weight, postnatal 
age, and clinical assessment. As a general rule, preterm 
infants require more fluids than term infants.

7. Sodium requirements 2–5 mEq/kg/day; to target 
sodium levels of 135–145 mEq/L.

8. Potassium requirements 1–3 mEq/kg/day, 
administered after urine output is established.
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 9. Calcium—supplemented in preterm infants because 
their low body stores.

10. Fluid administration should be optimized to maintain 
a urine output of 1–3 mL/kg/h.

Enteral nutrition
Human milk is preferred for feeding to all newborn babies. 
Term healthy infants should be breastfed as soon as pos-
sible. Preterm birth survivors are at a higher risk of growth 
and developmental disabilities. Early administration of 
optimal nutrition to these babies lowers the risk of adverse 
health outcomes and improves cognition in adulthood 
[15]. Very low birth weight (VLBW) infants, growing along 
the lower quartiles during neonatal period, are at higher 
risk for neurodevelopmental damage as well as chronic 
pulmonary complications [16].

Infants with RDS have high work of breathing, increased 
oxygen consumption, and increased energy expendi-
ture, which may lead to growth impairment. Infants on 
mechanical ventilation are at risk of growth delay. The 
causes include increased calorie requirement, prolonged 
PN, restricted fluid intake, and associated feed intolerance. 
Some infants may need exogenous steroids which further 
interfere with growth [17,18].

Neonates with respiratory problems often experience 
poor growth and delayed development. It has been shown 
that adequate nutrition is crucial in reducing the risk and 
severity of BPD and plays a major role in lung growth, lung 
alveolar development, and lung function including surfac-
tant production, lung repair, and defense against infection 
and therefore optimizing the growth [19–21]. Therefore, 
inadequate early nutrition interferes with lung repair and 
plays an important role in pathogenesis of BPD [22].

It has been observed that CPAP may interfere with physio-
logical increase in postnatal superior mesenteric artery blood 
flow [23,24] which deranges intestinal motility and leads to 
feed intolerance [25,26]. The CPAP may exert pressure on the 
diaphragm, thus increasing velocity of gastric emptying [27].

Energy intake
Denne estimated that the energy needs of infants with BPD 
are 15%–25% above healthy controls. An energy intake of 
140–150 kcal/kg/day may be required during active periods 
of disease [18,28]. Weight and length gains must be strictly 
monitored as the energy needs differ depending upon the 
clinical condition and respiratory status [29].

According to the European Society of Pediatric Gastro-
enterology, Hepatology and Nutrition (ESPGHAN) Com-
mittee on Nutrition recommendations, the daily energy 
intake for healthy growing preterm infants is 110–135 kcal/
kg, and higher calorie intake may be beneficial for infants 
with BPD [30,31].

The following criteria are assessed prior to initiating 
infant feeding [6]:
1. Respiratory rate <60 breaths/min for oral feeding and 
<80 breaths/min for gavage feeding.

2. No history of excessive oral secretions, vomiting, or 
bile-stained gastric aspirate.

3. Nondistended, soft abdomen, with normal bowel 
sounds. If the abdominal examination is abnormal, 
evaluation is warranted.

4. Prematurity: Trophic feeds should be started as soon 
as possible depending on clinical status. Delayed 
feeding may lead to morphologic and functional 
changes in the intestine with a significant decrease 
in gut enzyme activity, and an increase in gut 
permeability [32].

Initial feedings
In order of preference, mother’s milk should be considered 
for initiating feeding and if it is not available then donor 
breast milk should be considered after screening and 
obtaining consent if the center policy permits [33]. Mini-
mal enteral feedings (trophic feeding) are subnutritional 
quantities of milk, also called as hypocaloric feeds, charac-
terized by a small-volume feeding to prime the gut. Trophic 
feeding has been shown to be beneficial in facilitating the 
gastrointestinal tract maturation, better tolerance of feeds 
which leads to faster attainment of full enteral feeding and 
decreased duration of PN [34] (Table 36.5).

Table 36.5  Volume of feeding according to birth 
weight

Day of 
feeding

<750 g >750 to 
<1250 g

>1250 to 
<1500 g

1 0.5 mL 6 qh 0.5 mL 6 qh 1 mL 3 qh

2 1 mL 6 qh 1 mL 6 qh Increase by 
1 mL 3 qh 
every 12 h 
from day 2 
until reaching 
full enteral

3 1 mL 3 qh 1 mL 3 qh

4 1 mL 3 qh 1 mL 3 qh

5 1.5 mL 3 qh 
for 12 h, then 
increase by 
0.5 mL per feed 
every 12 h until 
reaching full 
enteral

Increase 
by 1 mL 
3 qh every 
12 h until 
reaching full 
enteral
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Minimal enteral nutrition can be started as early as the 
first day if there are no contraindications [6]. Early trophic 
feeds are known to facilitate release of endogenous agents 
which decrease the effects of cytokines and other inflam-
matory mediators [35,36]. It also helps in early establish-
ment of gut microbiota (Bifidobacterium and Lactobacillus 
strains), which prevents NEC and infection [37–39].

Omega-3 and omega-6 fatty acids are concentrated 
in the infant brain during the last trimester and they are 
present in breast milk [40,41]. As per the American Soci-
ety for Parenteral and Enteral Nutrition recommenda-
tions in 2009, trophic feeds can be started with a volume 
of 0.5–1 mL/kg/day and increased gradually by 20 mL/kg/
day [42]. 0.5–1 mL/kg/h volume may be used if giving as 
continuous feeds [6,43]. Evidence shows that early intro-
duction of feeding in babies with invasive or noninvasive 
respiratory support was not associated with increased risk 
of feed intolerance and NEC [44,45].

Hence it is advised that the feeding schedule for the 
preterm babies on respiratory support can be same as the 
babies without RDS [46]. Infants on CPAP manifesting as 
CPAP belly syndrome are shown to have no association 
with NEC and the feeding method does not contribute to 
CPAP belly [47].

If expressed breast milk is not available, special pre-
mature formula (24 kcal/oz) can be used. Formula milk 
should contain all essential nutrients including docosa-
hexaenoic acid (DHA) and is specifically designed to meet 
the requirements of LBW infants [15,48].

Advancement of enteral feeds
Feedings should be advanced as tolerated once to twice a 
day and a safe rate of advancement is 10–30 mL/kg/day [6]. 
A study comparing fast versus slow advancement of feeds 
in <1250 g neonates revealed that neonates in fast feeding 
group attained full feeds faster than the slow feeding group. 
Incidence of feed intolerance and NEC were similar in both 
the group. The babies in fast feeding groups discharged 
home earlier [44]. In intrauterine growth restriction (IUGR) 
infants with antenatal Doppler ultrasound showing absent 
end-diastolic flow are of increased risk of NEC [49]. Feeding 
in such situations depends on clinical status of babies. How-
ever, the available evidence regarding starting early versus 
late feeding is not conclusive. Growth-restricted infants born 
<29 weeks’ gestation with abnormal antenatal Doppler 
failed to tolerate even the careful feeding regimen of Abnor-
mal Doppler Enteral Prescription Trial (ADEPT). A slower 
advancement of feeds may be required for these infants [50].

Feeding method
Routine use of nasogastric tube is not recommended in 
preterm infants because it may increase airway resistance 

by 30%–50% and may interfere with breathing [51,52]. 
Current evidence is insufficient to recommend any particu-
lar type of feeding method. A systematic review compares 
continuous versus bolus feeding method in preterm infants 
with birth weight <1500 g revealed better weight gain and 
shorter hospital stay for babies on continuous feeding [53]. 
Bolus feeding was associated with deranged pulmonary 
function and altered cerebral blood flow [54,55].

Feeding intolerance
Episodes of feeding intolerance are common in preterm 
infants with poor peristalsis. A small volume of altered 
milk is usually benign, while significant and frequent vom-
iting, bile- or blood-stained vomitus should be assessed. 
According to Ziegler et al., gastric residuals (GRs) are very 
frequent in the early neonatal period and are virtually 
always benign, for example, not associated with NEC [56].

Clearly defining feeding intolerance can lead to dra-
matic improvements in nutritional outcomes [57]. GR in 
the absence of other clinical signs and symptoms during 
trophic feed may not be considered as a significant sign 
of feeding intolerance. Feed intolerance is characterized 
by significant vomiting, color of aspirates, blood in stool, 
abdominal distension, tenderness or discoloration, and 
increasing abdominal girth or a combination of any of the 
above features [58]. Some of these may be manifested in 
healthy preterm so careful clinical judgment is required to 
prevent unnecessary interruption of feeding [59].

Gastric motility changes more rapidly to a normal pattern 
if feeds are started early and offered frequently rather than 
being withheld [60]. Routine gastric aspiration is not rec-
ommended as it may cause damage to gastric mucosa and 
delay enteral feeding [61,62]. In the absence of any clinical 
signs, <1.5 cm increase in abdominal girth may occur nor-
mally [63]. Check pre-feed gastric residual volume (GRV) 
only after a minimum feed volume (per feed) is attained. 
Use the smallest volume syringe for checking residuals. 
GRs are considered significant if it is greater than 30% of 
the previous feed, blood- or bile-stained or associated with 
significant systemic manifestations [64]. In infants <750 g, 
<2 mL of gastric aspirate and in infants 750–1500 g aspi-
rates up to 3 mL were considered normal [65,66].

Evidence shows that there is no correlation between GR 
volume and attainment of full enteral nutrition [67,68]. 
Gastric aspirates should only be considered in the pres-
ence of abnormal gastrointestinal signs and symptoms 
[69]. Voidance of gastric residues may lead to loss of hydro-
chloric acid and pepsin resulting in intestinal bacterial 
overgrowth and increase the risk of late-onset sepsis and 
NEC [70,71]. A recent study done by Neu and colleagues 
on ‘the value of routine evaluation of GRs in VLBW infants’ 
concluded that routine evaluation of GRs may not improve 
nutritional outcomes in premature infants [67].
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Re-feeding aspirates
Push back GR volume of up to 50% of the previous feed 
volume (Cobb et al.) [72]. If it recurs, subtract the residual 
volume from the current feed. If the GRV is >50% of the 
previous feed volume, and if the clinical status of the baby 
allows, push back the residue up to 50% of the feed volume 
and skip the current feed. One may consider slow bolus 
feeds or withholding feeds if >50% GRV persists, depend-
ing on the clinical condition (Fig. 36.1).

Considerations
If the problem of residual volumes persists despite slow bolus 
feeds, consider decreasing the feed volume to the last well-
tolerated feed volume [6]. Vomiting bile may indicate an 
intestinal obstruction or ileus. Withhold feeds in case of hem-
orrhagic residuals, as hemorrhagic residuals are significant.

If feeding is initiated but not tolerated, a complete 
abdominal examination should be performed. If the 
abdominal evaluation is normal, we can attempt continu-
ous feedings with a nasogastric or orogastric tube. Check 
the gastric aspirate and follow as per tolerance. Use breast 
milk preferably or special formula because they may be bet-
ter tolerated.

Nutritional supplements
Extrauterine growth restriction (EUGR) is a major clinical 
problem in VLBW infants [73–76]. Nutritional supplements 

are added to feedings, primarily to increase caloric intake 
with no concomitant increase in fluid volume. Nutritional 
supplements are often used in infants with BPD who are 
not gaining weight and need additional calories with no 
increase in protein, fat, or water intake [6].

The AAP Committee on Nutrition recommends to 
provide nutrients so as to achieve comparable postnatal 
growth rate and weight gain to that of a normal fetus of the 
same PMA [77].

Proteins

Supplementation with proteins results in increase in short-
term weight gain, linear growth, and head growth. Protein 
supplement can be increased to as high as 4.5 g/kg/day in 
extremely preterm babies to compensate for accumulated 
protein deficit [21].

Term milk approximates to 0.9–1.2 g/dL for protein 
[78]. The recommended range of protein intake is therefore 
3.5–4.5 g/kg/day [30]. Macronutrient composition differs 
between preterm and term milk, with preterm milk tending 
to be higher in protein and fat [78].

Carbohydrates

The main carbohydrate in the term human milk is lactose 
−6.7 to 7.8 g/dL [78]. Glucose polymers have an advan-
tage in that they increase caloric density without a rise 
in osmolality. In preterm formulas, part of the carbohy-
drate is in the form of glucose polymers. Recommended 

Fig. 36.1 Example Scenarios of Feeding Intolerance.
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carbohydrate intakes for premature infants are 11.6–
13.2 g/kg/day [79].

Lesser amounts of carbohydrates should provide total 
energy requirements in infants with CLD [6].

Lipids

Ventilated infants with restricted fluid and feed intakes due 
to feeding intolerance may need high-fat intakes to meet 
energy needs. Moreover, due to the high caloric density of 
lipids emulsion, these are a good energy source in clinical 
conditions requiring fluid restriction [21].

Energy estimates range from 65 to 70 kcal/dL and are 
highly correlated with the fat content of human milk [78]. 
Term human milk content of fat is 3.2–3.6 g/dL [78]. 
The absorption of fatty acids increases with decreasing 
chain length and with the degree of unsaturation. Con-
sequently, medium-chain triglycerides are hydrolyzed 
more rapidly than long-chain triglycerides. Human milk 
supplies 8%–12% of fat as medium-chain triglycerides. 
Recommended intake for preterm infants is in a range of 
4.8–6.6 g/kg/day [79,80].

Calcium

Studies showed that calcium absorption depends on cal-
cium and vitamin D intakes, and that calcium retention is 
additionally related to absorbed phosphorus [81]. With an 
intake of 120–140 mg/kg/day and at calcium absorption 
rate of 50%–65%, calcium retention will be approximately 
60–90 mg/kg/day. In addition, 60–90 mg/kg/day (55–
80 mg/100 kcal) of phosphate is recommended which can 
diminish the clinical symptoms of osteopenia and ensures 
appropriate mineralization in VLBW infants [30].

Vitamin D

A vitamin D intake of 800–1000 IU/day is recommended 
[30].

Iron

Daily recommended intake of iron is 2–3 mg/kg/day. Pro-
phylactic enteral iron can be started at 2–4 weeks of age, 
and depending upon the postdischarge diet, it can be con-
tinued at least until 6–12 months of age [30].

Other supplements

Various nutritional supplements that may be used to maxi-
mize enteral nutrition are as follows: carbohydrate (poly-
cose and infant rice cereal), fat (medium-chain triglyceride, 
vegetable oil, and micro-lipid), protein, and human milk 
fortifier.

Human milk fortification

Human milk fortifiers are the most efficient way to supple-
ment protein, calcium, phosphorus, and micronutrients 
when premature infants are fed with human milk [82], 
though some studies demonstrated that the addition of 
HMF may temporarily delay gastric emptying and cause a 
short-term increase in GRs and emesis [83].

Fortification should begin when the infant is tolerat-
ing at least 50–100 mL/kg/day enteral feeds and gradu-
ally increased to achieve 24 kcal/oz [15,84]. It is advisable 
to start at a concentration of 1 packet/sachet:50 mL of 
EBM and if this is tolerated for 48 h, it can be increased 
to 1:25 mL of EBM [85]. For infants with fluid restriction, 
consider dose 1 pkg fortifier per 20 mL EBM [86].

HMF increases osmolarity of breast milk [87]. Some evi-
dence shows increased incidence of infections and NEC in 
babies who received cow’s milk-based fortifier versus non-
fortified human milk. However, the infants in the study 
received >50% of their feeds from formula [88].

Fortification should continue until the infant reaches at 
least 1.8–2.0 kg or is established at breastfeeding [89]. For-
tification may be used for longer periods of time in nutri-
tionally compromised infants [90].

Probiotics

Definitions
•	 Probiotic: These are live selected microorganism 

strains, when administered in appropriate quantity 
confers a health benefit to the host (WHO).

•	 Prebiotic: These are nondigestible ingredients of 
food, which have a beneficial effect on the health 
of the host by selectively activating the growth and/
or activity of beneficial microorganism species in 
the gut.

•	 Symbiotic: This a mixture of both prebiotics and 
probiotics.

•	 Functional food: A modified nutrition that has 
potential beneficial effect on health other than 
providing basic nutrition. Foods with probiotics or 
prebiotics fall in this categories [91].
Probiotics are microbial strains of human origin, are 

nonpathogenic, adhere to gut epithelium, colonize the 
intestinal tract, produce antimicrobial substances, and 
modulate immune responses [92]. Probiotics act on muco-
sal immune system and alter the gut permeability by inter-
acting with commensal microorganisms and pathogenic 
organisms [93].
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Breast milk contains various probiotic strains like Bifi-
dobacteria (primarily Bifidobacterium longum subsp. infantis) 
and also oligosaccharides that act as prebiotics; hence, it is 
considered as functional food [94].

Probiotics inhibit growth of pathogenic microorganisms 
and decrease gut inflammation. In preterm neonates, there 
is less colonization of commensals in gut which increases 
the risk of NEC [92,95]. Probiotics are Gram-positive non-
pathogenic and nontoxigenic live microbes, and coloni-
zation with these organisms is thought to protect the gut 
from colonization by more pathogenic species [96]. Probi-
otic products contain lactobacilli and Bifidobacterium, the 
predominant organisms found in the GI tract of healthy 
breastfed infants.

As evidenced in Cochrane review, probiotics decrease 
the incidence of NEC and death in VLBW infants [97]. But 
the data on protective effect of probiotics in ELBW babies 
are limited.

Summary
1. Human milk is preferred for feeding to term, preterm, 

and sick infants.
2. Term healthy infants should be breastfed as soon as 

possible.
3. It is important that early aggressive nutritional strategy 

should be used so as to ensure smooth transition from 
the intrauterine to the extrauterine life.

4. Nutrition and pulmonary function in VLBWIs are 
closely interrelated.

5. It has been shown that adequate nutrition is crucial 
in reducing the risk and severity of BPD and plays a 
major role in lung growth, lung alveolar development, 
and lung function including surfactant production, 
lung repair, and defense against infection.

6. According to the European Society of Pediatric 
Gastroenterology, Hepatology and Nutrition 
(ESPGHAN) Committee on Nutrition 
recommendations, the daily energy intake for 
healthy growing preterm infants is 110–135 kcal/
kg, and higher calorie intake may be beneficial for 
infants with BPD.

7. Minimal enteral nutrition can be started as early as the 
first day when there are no contraindications.

8. Ventilator or CPAP treatment should not serve as a 
hindrance to enteral feeding.

9. A systematic review compares continuous versus 
bolus feeding method in preterm infants with 
birth weight <1500 g revealed better weight gain 
and shorter hospital stay for babies on continuous 
feeding.

10. Enteral feedings should be advanced as clinically 
tolerated.

11. A small volume of altered milk is usually benign, 
while significant and frequent vomiting, bile- or 
blood-stained vomitus should be assessed.

12. If the problem of residual volumes persists despite 
slow bolus feeds, consider decreasing the feed volume 
to the last well-tolerated feed volume.

13. Extra uterine growth restriction (EUGR) is a major 
clinical problem in VLBW infants; hence, nutrient 
supplementation needs meticulous care.

14. Human milk fortifiers are the most efficient way 
to supplement protein, calcium, phosphorus, and 
micronutrients when premature infants are fed with 
human milk.

15. Probiotics inhibit growth of pathogenic 
microorganisms and decrease gut inflammation. 
In preterm neonates, there is less colonization of 
commensals in gut, which increases the risk of NEC.

Parenteral nutrition
Intravenous administration of all nutrients in sufficient 
amounts is necessary for metabolic requirements and ade-
quate growth. The components of the PN are protein, car-
bohydrates, lipids, minerals, vitamins, and trace elements. 
It is a substitute for enteral feeding in circumstances where 
the initiation and establishment of full enteral feeds will be 
delayed or inadequate.

There is growing evidence that inadequate nutrition 
early in life delays the time to regain birth weight and 
subsequently leads to extrauterine growth restriction [98]. 
Inadequate supplementation of early nutrition to ELBW 
infants is associated with critical illness in the first week of 
life and later growth. This is also associated with worsening 
BPD, late-onset sepsis, prolonged hospital stays, neurode-
velopmental impairment, cognition, and death [99,100].

To prevent the growth failure, avoid early malnutri-
tion and in order to enhance neurodevelopment in ELBW 
babies, administrating TPN early in the initial postnatal 
hours is very important [101].

PN for the premature infant is classified as follows [102]:
•	 Administration of adequate calories for optimal growth.
•	 To satisfy the energy requirement, carbohydrates in 

combination with lipids can be administered. Positive 
nitrogen balance required for optimal growth can be 
attained by providing sufficient protein intake, which 
includes essential amino acids.

•	 Minerals, electrolytes, vitamins, and trace elements are 
also supplemented.
PN is classified as follows [98]:

•	 Total when all the energy/nutrition is administered 
parenterally.

•	 Partial or supplemental when used along with enteral 
nutrition.
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Indications

Medical

•	 Prematurity
•	 Ileus
•	 Hypoxic-ischemic encephalopathy
•	 Cooling
•	 Feeding intolerance
•	 Short gut syndrome
•	 Failure to thrive secondary to cardiac/renal/pulmonary 

diseases [98]

Surgical

•	 Hirschsprung disease
•	 Intestinal atresias
•	 Surgical NEC/bowel perforation
•	 Gastrointestinal malformations (e.g., gastroschisis, 

omphalocele, imperforate anus, esophageal atresia/
tracheoesophageal fistula)

•	 Diaphragmatic hernia

Routes
The following two routes are commonly used for adminis-
tration [6,79,103]:
•	 Central PN: It is used in babies requiring long-term 

administration of nutrients and calories. It involves 
infusion of a hypertonic nutrient solution (up to 
15%–25% dextrose) into a catheter with tip in a 
central position.

•	 Peripheral PN: It is indicated in the neonates who 
require short-term infusion of nutrients and is used as 
a route for partial PN or supplemental PN in situations 
where full feeds are likely to be achieved relatively 
soon. The maximum concentration of dextrose that 
can be administered is 12.5%.

Fluids and energy
“Water—the major nutrient” is the title of a review illus-
trating that water represents the major component of the 
human body as well as of enteral and PN [104]. In fetuses, 
water content decreases from 95% initially to 85% by 
8 months of gestation and downs to 75% at term [105]. 
In neonates who are parenterally fed and are stabilized in 
a thermoneutral environment have a RMR of 40–60 kcal/
kg/day.

For every gram of gain in weight, 3–4.5 kcal of energy is 
utilized [106]; 50 kcal/kg/day is optimal for ongoing expen-
diture, but for optimal growth an additional of 70 kcal/kg/
day is required. Energy needs may need to be identified 
and optimized for a rapidly growing preterm baby. Some 

hypermetabolic infants and infants with CLD may require 
≥120 kcal/kg/day [6,107].

The energy sources available to the neonate are carbohy-
drates and fat, which provide 4 and 9 kcal/g, respectively 
[108]. Ideal distribution of calories should be 60% carbo-
hydrate, 10%–15% protein, and 30% (25%–40%) fat [6]. 
Protein, which can provide approximately 4 kcal/g, is not 
typically used unless total energy expenditure exceeds total 
energy intake [108].

Term infants require a minimum of 60 mL/kg/day on 
day 1 of life and subsequently intake can be increased as 
per tolerance to reach a total of 120–150 mL/kg/day [105]. 
In preterm neonates, fluid needs are higher. They need up 
to 80–100 mL/kg/day on day 1 of life and required to be 
increased by 10–20 mL/kg/day to reach a total of 130 to 
180 mL/kg/day [105].

An account of total daily intake (including other 
infusions, e.g., UAC/UVC fluid, inotropes, drugs) is 
important and it may warrant the need of checking the 
concentration of solution for nutrition. Studies show 
that there is increased risk of death, BPD, and PDA with 
fluid overload and reduced incidence with restricted 
intake [19,109–111]. Therefore, a “prudent prescription” 
of water intake for preterm infants so that physiological 
needs can be met without causing significant dehydration 
is advised [111].

Extrauterine growth restriction is difficult to overcome, 
and poorer growth during the neonatal period is associated 
with long-term adverse neurocognitive effects [98]. Up to 
4.6-point increase in Bayley Mental Development Index 
(MDI) was observed in babies who received higher energy 
supply during their first postnatal week [103].

Nutrients and respiratory diseases

Carbohydrates

High rate of carbohydrate delivery (>12.5 mg/kg/min) 
increases carbon dioxide production as it has a high respi-
ratory quotient (RQ). To excrete the built-up CO2, there 
is increase in work of breathing and increased ventilator 
requirements, thereby exposing the infants to ventilator-
associated injuries. Infants on mechanical ventilation may 
benefit by receiving lipids as they have lower RQ and are 
energy dense [108].

Lipids

Lipid emulsions produce vasoactive metabolites, increase 
ventilation/perfusion mismatch, and effect pulmonary 
functions by impairing gas exchange. Early initiation of lip-
ids is advantageous despite its effects on lung ventilation 
as significant growth failure is associated with severe lung 
disease [108].
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Protein

Negative nitrogen balance and undernutrition lead to 
delayed structural and functional maturation of lungs, 
which escalates risk of hyperoxia, barotrauma, and infec-
tion. Low oncotic pressure in protein-deficient infants can 
lead to pulmonary edema. A lower incidence of CLD has 
been reported in infants receiving higher protein intakes 
(4 g/kg/day) than in those receiving 3 g/kg/day [98].

Protein intolerance in babies receiving amino acid 
intakes of up to 2.9 g/kg/day was not evidenced in venti-
lated babies in their first week of life [112]. Evidence sug-
gest that infants can be started at or close to the maximal 
protein dose and gradual increments is not necessary [108].

It was demonstrated that high-dose dexamethasone for 
BPD reduces linear growth and weight gain by markedly 
increasing protein breakdown without affecting rates of 
protein synthesis [113].

Minerals

Transient neonatal hypocalcemia often is exacerbated 
by acute respiratory disease. Infants whose mothers have 
received magnesium sulfate have higher risk of having 
hypermagnesemia which may lead to apnea [108].

Vitamins

Studies showed that early vitamin A supplementation dur-
ing the time of acute pulmonary disease can decrease the 
risk of BPD [108].

Composition of parenteral nutrition 
solutions

Carbohydrates

The endogenous glucose production is estimated to be 
8 mg/kg/min in term and 6 mg/kg/min in preterm infants, 
and these rates can be used as starting points [114,115]. 
Excess glucose administration results in its conversion to 
lipids which have clinical effects on exacerbation of lung 
diseases [116,117].

In infants receiving long-term PN, maximum glucose 
oxidation capacity is 12 mg/kg/min and, therefore, should 
not exceed this concentration generally [118]. Glucose oxi-
dative capacity is affected by gestational age and clinical 
status. The minimum recommended blood glucose con-
centration is 45 mg/dL [119,120].

ELBW infants sometimes have hyperglycemia in initial 
days because of their limited glycogen storage capacity and 
they also fail to respond to exogenous supply by inability 
to suppress endogenous production. It can be managed by 
decreasing glucose infusion rate or using intravenous insu-
lin [121,122].

A suggested range of hyperglycemia in ELBW babies 
is 150–220 mg/dL [122]. Higher glucose infusion rates 
>5 to 8 mg/kg/min may hamper endogenous insulin 
response and may potentially lead to osmotic diuresis 
[6]. Hyperglycemia may also be stabilized by administer-
ing amino acids early as it stimulates endogenous insulin 
secretion [121]. Infusion rates can be increased gradually 
by 0.5–2 mg/kg/min/day as per tolerance to achieve ade-
quate caloric intake [6]. The presence of glucose in urine 
needs to be monitored.

Proteins

Protein accretion rates by fetuses demonstrates a declining 
trend from 4.0, 3.6, and 3.3 g/kg/day at 24–25, 27–28, and 
30–32 weeks’ gestation, respectively [123,124]. Net protein 
accretion in babies can be enhanced by infusing amino 
acids with glucose from the first postnatal day as it serves 
a substrate and prevents protein catabolism [125,126]. It 
is important to the reduce number of hours an infant is 
receiving in suboptimal nutrition, that is, without amino 
acids [127].

Nitrogen retention and growth may correspond to the 
intrauterine rate when amino acid intake is 2.7–3.5 g/
kg/day and nonprotein energy intake is 80–85 kcal/kg/
day [19]. Older practice of commencing amino acids at 
0.5–1 g/kg/day and increasing it gradually is challenged, 
and a regimen maximizing protein intake (at least 3 g/kg/
day) from day 1 of life in VLBW infants is associated with 
shorted time of PN and better weight gain [125–130].

With the use of current crystalline solutions of amino 
acids, the complications such as metabolic acidosis, azote-
mia, and hyperammonemia are minimized [131–133]. The 
current recommendations for preterm infants are to start 
amino acids at minimum 2.5–3 g/kg/day in the first day 
of life and advance to 3.5 g/kg/day and adequate nonpro-
tein energy meets requirements for anabolism [98]. Protein 
should provide 8%–10% of total calories, and should not 
exceed 12% [1]. Inadequate protein intake may result in 
failure to thrive, hypoalbuminemia, and edema [6].

Cysteine hydrochloride and glutamine

Cysteine is often considered a semiessential AA in the new-
born period, as the premature infants are unable to con-
vert methionine to cysteine [6]; hence, it is added routinely 
to AA preparations [134]. Cysteine is a major substrate 
for glutathione, an antioxidant important in maintaining 
redox potential and calcium homeostasis [134]. Cysteine 
prevents the precipitation of calcium and phosphorous and 
increases its bioavailability by reducing the PH of solution. 
As cysteine demonstrates lower solubility, it is added last 
to the solution at a dose of 30–40 mg/g AA [6,135]. It may 
also decrease hepatic cholestasis [6].
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Glutamine, the most abundant amino acid in plasma 
and human milk, is not included in PN solutions owing to 
decreased solubility [98].

Lipids

Lipids acts as a high energy source with low osmolarity 
[103]. Lipid emulsions are available in 10, 20, and 30% 
concentrations. For infants, the 20% concentration is pre-
ferred because of the lower phospholipid content and more 
rapid clearance than 10% emulsions [98]. Lipids should 
provide 40%–50% of the daily energy intake [98].

Essential fatty acids cannot be synthesized endogenously 
by infants [103]. Therefore, specifically w-6 and w-3 fatty 
acids or their precursors (i.e., linoleic acid [LA] and alpha-
linolenic acid [ALA]) must be provided in PN [124].

There is no strong evidence to support low initial dose of 
lipids (as traditionally practiced) and its gradual increment 
versus staring higher doses (2–3 g/kg/day) on day 1 of life 
[136–138]. Evidence reflects that administration of higher 
lipid doses of 0.2 g/kg/h and 4 g/kg/day in VLBW infants has 
no deleterious effects on blood pH and alveolar–arteriolar 
oxygen diffusion gradient [136]. Evidence shows that optimiz-
ing nutrition (use of 3–3.5 g/kg/day of proteins and 3g/kg/day 
of lipids) from day 1 of life (even during 1 to 2 hours of age) 
in VLBW infants is well tolerated without any adverse effects 
or increase in duration of mechanical ventilation [139,140].

The inhibitions and dogmas related to the early use of 
intravenous lipids have either been disproved, not based 
on fact, or weak. Salama et al. recommended to start intra-
venous lipids on day 1 of life at  2–3 g/kg/day. Lipid should 
be given as a continuous infusion over 24 hours at a rate 
not exceeding 0.15 g/kg/h [136].

Carnitine

Carnitine is a carrier molecule necessary for oxidation of 
long-chain fatty acids and its synthesis, and storage is not 
well developed in infants <34 weeks of gestation [6,141]. 
However, a meta-analysis does not show beneficial effect of 
carnitine on ketogenesis and lipid tolerance [142].

Carnitine-deficient infants may experience hypotonia, 
nonketotic hypoglycemia, cardiomyopathy, encephalopa-
thy, and recurrent infections [6]. Nonetheless, carnitine 
supplementation at 2–10 mg/kg is recommended in infants 
exclusively receiving PN for more than 4 weeks [130].

Vitamins

Preterm infants are especially at risk for vitamin deficiency 
due to their poor vitamin stores and increased requirement 
for rapid growth [103]. Both fat and water-soluble vitamins 
should be given within 48 h of commencing PN. Vitamins 
are added to intravenous solutions as water-soluble vitamins 
and fat-soluble vitamins, available as pediatric multivitamin 
suspension/reconstituted from sterile lyophilized powder.

Various formulations are available with different recom-
mendations.

Examples: Water-soluble vitamins are supplied as 
solution (Soluvit) containing thiamine, riboflavin, nico-
tinamide, pyridoxine, sodium pantothenate, vitamin C, 
biotin, folic acid, and cyanocobalamin (Table 36.6).

Dose of Soluvit: 1 mL/kg/day. Fat-soluble vitamins are given 
along with intralipids. (Up to maximum of 10 mL) which is 
available as Vitalipid. Dose of Vitalipid: 4 mL/kg/day [143].

Trace elements

Trace elements are a very important constitute of prolonged 
TPN [6]. Zinc, copper, manganese, chromium, selenium, 
and molybdenum are currently recommended for neonatal 
PN [103] (Table 36.7).

Electrolytes

Sodium, potassium, chloride, calcium, magnesium, and 
phosphorus levels need to be closely monitored and the 
infusion needs to be prescribed accordingly (Table 36.7). 
Sodium and potassium are generally not required in the 
first 24 h until natriuresis is started and are needed to be 
monitored on at least daily basis, but smaller babies may 
require more frequent monitoring [144]. Restricted sodium 
intake in VLBW infants is shown to have a beneficial effect 
on oxygen requirement and risk of BPD [145].

Maximum fetal accretion of calcium (140 mg/kg/day) 
and phosphorous (75 mg/kg/day) occurs in third trimester 
of pregnancy, hence the goal of PN in PT babies should be 
to achieve these intrauterine rates [130].

Heparin
To prevent catheter occlusion and thrombosis, prophy-
lactic heparin at a dose of 0.25–1 U/mL of PN solution 
is used [146–149]. Heparin has been shown to increase 
lipoprotein lipase levels and lipolytic activity, thereby sta-
bilizing triglyceride levels [147].

Table 36.6  Vitamins

Recommendations
Composition of 
Vitlipid (per mL)

Vitamin A 700–1500 IU 230 units

Vitamin D 40–160 IU 40 units

Vitamin E 2.8–3.5 IU 0.7 units

Vitamin K 10 µg 20 µg

Source: Reprinted from Cairns P. Parenteral nutrition. In: Rennie JM, 
Roberton NRC, editors. Textbook of neonatology, 5th ed. Table no. 
17.3 (Vitamins), p. 324. Copyright © 2012, Elsevier Limited, with 
permission from Elsevier.



797

ChapterNutrition in the Preterm Neonate Requiring Respiratory Support | 36 |

Complications of parenteral nutrition
Most of the metabolic complications can be prevented 
using a stepwise advancement in the constituents and care-
ful monitoring (Table 36.8). Infectious complications can 
be prevented by aseptic line insertion and careful main-
tenance, including sterile change of infusion solutions, 
minimizing access to the line for administering other 
medications or blood products, and removing the catheters 
when enteral feeds are progressing well and have reached 
80–100 mL/kg/day.

Monitoring of parenteral nutrition
At least daily or more frequent monitoring of fluid intake, 
glucose, electrolytes, blood gas and urine output is advo-
cated till stabilization of acutely ill newborns [103]. Moni-
toring the infant and adjusting the PN to his or her needs 
is of paramount importance to prevent complications and 
achieve the desired growth and development.

Once the baby is stable, the pricks can be optimized and 
collaborated with other collections.

Following is the suggested monitoring plan as described 
in PN chapter in workbook in practical neonatology 
(Table 36.9).

Table 36.7  Recommendations for intravenous 
mineral, trace elements, and vitamins in 
very low birth weight infants (amount per 
kilogram per day)

Sodium 3–5 mmol

Chloride 3–7 mmol

Potassium 2–3 mmol

Calcium 1.5–2.0 mmol

Phosphorus 1.5–1.9 mmol

Magnesium 0.2–0.3 mmol

Zinc 6.1 µmol

Copper 0.3 µmol

Selenium 19–57 nmol

Manganese 18.2 nmol

Iodine 7.9 nmol

Chromium 1–5.8 nmol

Molybdenum 2.6 nmol

Source: Reprinted from Cairns P. Parenteral nutrition. In: Rennie JM, 
Roberton NRC, editors. Textbook of neonatology, 5th ed. Table no. 17.2 
(recommendations for intravenous mineral, trace elements and vitamins 
in very low birthweight infants (amount per kilogram per day), p. 324. 
Copyright © 2012, Elsevier Limited, with permission from Elsevier.

Table 36.8  Risks associated with total parenteral 
nutrition

Metabolic

Hyperglycaemia
Hyperchloraemic acidosis
Metabolic bone disease of prematurity
Abnormal aminogram
Hyperlipidaemia

Line-related

Infection

Atrial or superior venocaval thrombus
Pleural effusions
Pericardial tamponade, peritoneal extravasation
Tissue necrosis from extravasation injury

General

Cholestasis
Gut mucosal atrophy

Source: Reprinted from Cairns P. Parenteral nutrition. In: Rennie 
JM, Roberton NRC, editors. Textbook of neonatology, 5th ed. Table 
no. 17.1 (risks associated with total parenteral nutrition), p. 322., 
Copyright © 2012, Elsevier Limited, with permission from Elsevier.

Table 36.9  Monitoring during parenteral nutrition

Daily body weight and weekly body length and head 
circumference
Initially during grading-up of parenteral nutrients or during 
periods of metabolic instability: Strict fluid balance
•	 6–12-hourly	blood	glucose
•	 Daily	plasma	sodium,	potassium,	calcium,	urea,	and	

acid–base
•	 Twice-weekly	triglycerides
When on full parenteral nutrition and during metabolic 
steady state:
•	 Strict	fluid	balance
•	 12–24-hourly	blood	glucose
•	 Twice-weekly	plasma	sodium,	potassium,	calcium,	urea,	

and acid–base
Plasma magnesium, phosphorus, alkaline phosphatase, 
albumin, transaminases, triglycerides, and bilirubin (total 
and conjugated) weekly
Plasma amino acids and ammonia not usually routinely 
monitored
Trace elements and fat-soluble vitamins should be 
monitored monthly

Source: Reprinted from Cairns P. Parenteral nutrition. In: Rennie JM, 
Roberton NRC, editors. Textbook of neonatology, 5th ed. Table no. 
17.3 (monitoring during parenteral nutrition), p. 325. Copyright © 
2012, Elsevier Limited, with permission from Elsevier.



798

Section Ancillary Services| VII |

Weaning parenteral nutrition
•	 Planning of weaning should be simultaneously started 

from the inception TPN.
•	 Weaning of PN should be considered once the baby 

is able to tolerate some enteral feed which should be 
initiated as early as possible.

•	 Newborns may need frequent monitoring of glucose 
after the solution has been stopped.

•	 PN should generally be continued until at least 75% or 
120 mL/kg/day of nutritional requirement is tolerated 
enterally.

Summary
1. To prevent the growth failure, avoid early 

malnutrition, and to enhance neurodevelopment in 
ELBW babies, administrating TPN from the initial 
postnatal hours is very important.

2. PN is a substitute for enteral feeding in circumstances 
where the establishment of full enteral feeds will 
be delayed or inadequate owing to the associated 
clinical condition of the baby.

3. Inadequate supplementation of early nutrition to 
ELBW infants is associated with critical illness in 
the first week of life and later growth and outcomes 
such as BPD, late-onset sepsis, hospital stays, 
neurodevelopmental impairment, cognition, and 
death.

4. Each gram of weight gain for growth, including the 
stored energy and the energy costs of component 
synthesis, requires between 3 and 4.5 kcal.

5. 50 kcal/kg/day is optimal for ongoing expenditure 
but for optimal growth an additional 70 kcal/kg/day 
is required.

6. Energy needs may need to be identified and 
optimized for a rapidly growing preterm baby. Some 
hypermetabolic infants and infants with CLD may 
require ≥120 kcal/kg/day.

7. Studies show that there is increased risk of death, 
BPD, and PDA with fluid overload and reduced 
incidence with restricted intake.

8. High rates of carbohydrate delivery (>12.5 mg/
kg/min) increases carbon dioxide production as 
it has a high respiratory quotient (RQ). To excrete 
the built-up CO2, there is increase in work of 
breathing and increased ventilator requirements, 
thereby exposing the infants to the risk of ventilator-
associated injuries. Infants on mechanical ventilation 
may be benefited by receiving lipids as they have 
lower RQ and are energy dense.

9. The current recommendations for preterm infants are 
to start amino acids at minimum 2.5–3 g/kg/day in 
the first day of life and advance to 3.5 g/kg/day and 
adequate nonprotein energy meets requirements for 
anabolism.

10. Evidence shows starting 2–3 g/kg/day of intravenous 
lipids to be given at a rate not exceeding 0.15 g/kg/h 
as an infusion over 24 h starting on day 1.
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Abbreviations

ETT Endotracheal intubation tube
ICD Intercostal chest drain
LMA Laryngeal mask airway
NICU Neonatal intensive care unit
PAC Peripheral arterial catheters
PICC Peripherally inserted central catheters
UAC Umbilical arterial catheters
UVC Umbilical venous catheters

Introduction

Neonatal procedures involving catheters and tubes are 
essential components in the care of critically ill infants in 
neonatal intensive care units. These are used for critical 
neonates; for blood pressure monitoring, arterial blood gas 
collection, infusion of medications, and total parenteral 
nutrition.

This chapter reviews the indications, techniques, 
complications and their treatment, care, surveillance, 
and evidence-based recommendations of various cathe-
ters and invasive tubes. Catheters discussed in this chap-
ter include venous catheters, such as umbilical venous 
catheters (UVCs), peripherally placed central catheters, 
and arterial catheters, such as peripheral arterial cath-
eters (PACs) and umbilical arterial catheters (UACs). 
In addition, intercostal chest drain (ICD) tubes (tho-
racostomy tubes) and endotracheal intubation are also 
discussed.
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CHAPTER POINTS

•	 Umbilical arterial lines are placed in a “high” position 
(between T6 to T9 vertebrae) or “low” position (L3 to 
L4). Common complications include lower limb ischemia 
and renovascular hypertension.

•	 Umbilical venous lines are placed with the tip in the 
inferior vena cava just below the right atrium (typically 
T9-10 vertebral level).

•	 Peripherally inserted central catheters (PICC) are placed at 
the superior vena cava – right atrial junction (from upper 
extremity, head and neck region) or in the inferior vena 
cava (from lower extremity). Occlusions, infections and 
pericardial/pleural effusions are common complications.

•	 Peripheral arterial cannulation should only be performed 
after confirming adequate collateral flow by modified 
Allen test.

•	 Premedication with a sedative (atropine and paralytics 
are optional) is standard prior to non-emergent 
intubation in the NICU
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Umbilical arterial catheters

UACs are frequently used in the neonatal intensive care 
units for the purpose of blood sampling, continuous 
monitoring of systemic blood pressure, and measurement 
of arterial blood gases [1]. The contraindications include 
omphalitis, omphalocele, necrotizing enterocolitis, perito-
nitis, and when there is an evidence of vascular compro-
mise in lower limbs.

Insertion of the UAC is an urgent procedure in critically 
ill preterm neonates as the catheter insertion becomes dif-
ficult if umbilical arteries start constricting. According to a 
comparative cohort study published in 2014, early inser-
tion of UAC in the first 30 min of life is associated with 
more success rates than late insertion in the NICU [2].

There are two positions in which the tip of the UAC can 
be located; at a “high” position between thoracic vertebrae 
T6 to T9 with the catheter tip above celiac axis or at a “low” 
position between lumbar vertebrae L3 to L4 with the tip 
above the aortic bifurcation but below the renal arteries 
(Figs. 37A.1 and 37A.2) [1]. However, the current body of 
evidence does not support the use of low-placed UAC [1].

Procedure (Fig. 37A.3)
The first step to be considered for UAC insertion is selec-
tion of appropriate sized catheter and estimation of the 
expected depth of insertion by measuring the shoulder-to-
umbilical length and weight of the infant. Depending upon 
the shoulder-to-umbilical length nomograms, the position 
of catheter insertion is decided either as high or low. To date, 
there is no guidance regarding the proper estimation of the 
length of catheter to be inserted (Table 37A.1). After proper 
sterilization, umbilical tie should be placed at the base of 
umbilical cord and incised perpendicular leaving 1 cm of 
the umbilical stump. The umbilical stump should be held 
with the toothed forceps and the umbilical artery should 
be dilated with iris forceps. Before placement, UAC should 
be primed with heparinized saline (1 unit/mL), and then 
the catheter should be introduced into the lumen with-
out any force to the required length. The position of the 
catheter should be confirmed with the help of ultrasound 
or X-ray. The catheter should be sutured and secured. The 
area should be further observed for any signs of bleeding. 
The entire procedure of catheter insertion should be carried 
out aseptically. To facilitate the blood pressure monitoring, 
transducer must be placed [1]. 

Complications
The common side effects of UAC placement are vaso-
spasm or thromboembolic phenomena leading to cold 
lower extremities and pallor or discoloration. Occasionally, 

reno vascular hypertension is associated with microscopic 
hematuria and can potentially lead to renal failure which 
is observed more commonly with low-placed UAC [3]. The 
material of catheter has been shown to influence the extent 
of thromboembolic events, although conclusive evidence is 
not available. Silicone rubber catheters were shown to be 
associated with outcomes that are more favorable. Use of 
heparinized fluids in the catheters was shown to reduce the 
mechanical occlusion of UAC [4]. Treatment of catheter-
associated thromboembolism includes use of anticoagu-
lation, fibrinolytic therapy, and rarely surgical excision, if 
necessary.

UACs are also associated with potentially life-threaten-
ing complications, such as umbilical artery perforation [5] 
and pseudoaneurysm formation [3], rare complications, 
such as scrotal hypoperfusion [6] and flaccid paraplegia 
[7], and known complications, such as catheter-associated 
infections, bleeding, thromboembolism, and persistent 
hypoglycemia.

Several studies have shown that high-placed catheters 
are associated with fewer complications than low-placed 
ones [1]. However, high-placed catheters are associated 
with hypoglycemia as streaming of glucose occurs to supe-
rior mesenteric and celiac arteries [8]. However, the recently 
published literature discouraged the use of UAC to provide 
glucose-containing solutions.

Malpositioning of catheters have been implicated in vas-
cular complications, such as umbilical artery perforation 
and pseudoaneurysm formation. Molanus et al. (2017) 
have reported a case of umbilical artery perforation lead-
ing to hemorrhagic shock, renal failure, and death of the 
preterm infant [5]. Hence, neonatologists should be aware 
of this life-threatening complication while using UAC. 
Straight forward placement of the UAC has been impli-
cated in the formation of pseudoaneurysm in the presence 
of coagulopathy in an infant [3].

Muñoz et al. (1993) reported flaccid paraplegia as a 
complication of UAC in two patients, where it was pre-
sumed to be triggered by the spasm of Adamkiewicz artery 
during the movement of the catheter [7].

Care and surveillance
Strict aseptic technique must be maintained while inserting 
the UAC in order to prevent catheter-associated infections. 
The catheter should not be forced into the umbilical artery if 
spasm is noted. Instead, it should be inserted after sometime 
when spasm is relieved. The malpositioned lines need to be 
removed immediately to avoid vascular complications. Sur-
veillance needs to be in line with the recommended guide-
lines to watch for the signs of catheter-related infections, 
bleeding, thromboembolic events, and effusion. Thrombo-
embolism can be identified by cyanosed and cold extremities. 
The catheter needs to be removed when thromboembolism is 
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suspected. Treatment options include anticoagulant therapy, 
fibrinolytic agents, surgical intervention, and supportive care, 
such as restoring the fluids and electrolytes, blood transfu-
sion to correct anemia and thrombocytopenia, and adminis-
tration of antibiotics to treat sepsis [1].

Recommendations
According to CDC guidelines, the UAC should be removed 
(and not replaced) when the signs of infection, cyanosis, 
or thrombosis are observed [9]. The catheter insertion site 
must be cleaned with the antiseptic solution. However, 

Fig. 37A.1 Optimal Position of the Umbilical Arterial Catheter (UAC) at High or Low Position and Umbilical Venous 
Catheter (UVC). High position for UAC is between T6 and T9 thoracic vertebrae and low position is below the renal arteries at 
L3–L4 lumbar vertebrae. Copyright: Satyan Lakshminrusimha.
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tincture of iodine should be avoided for this purpose as this 
has a detrimental effect on the thyroid gland of the infant. 
Instead, povidone-iodine is recommended [10]. Topical 
antimicrobial agents should not be applied over the catheter 
insertion site as this may lead to the development of anti-
microbial resistance and further promote the fungal infec-
tions [11]. Heparin should be used in low doses (typically 
0.5–1 unit/cc of normal saline or ½ normal saline infusing 
at 0.25–1 mL/h) in the catheter to avoid occlusion [12].

Infants who show mild ischemia or cyanosis of the toes 
may be treated by warming of the toes or catheter removal, 

in case of no improvement after toes warming; while UAC 
needs to be removed immediately if any sign of vascular 
insufficiency in the extremities is seen [6]. The optimal 
time to retain UAC is less than 5 days or when frequent 
arterial blood gas or blood pressure monitoring is no lon-
ger needed [9].

Umbilical venous catheters

UVCs may be used in preterm infants who require vascu-
lar access and resuscitation, as a lifesaving technique. This 
catheter can be inserted up to 1 week of birth as the umbili-
cal vein remains open and possibly patent for this period. 
After the placement of the catheter, the parenteral nutri-
tion and emergency medications, such as inotropes can be 
administered in these preterm infants [12]. The contraindi-
cations for UVC placement are presence of local infections, 
omphalitis, peritonitis, and necrotizing enterocolitis [12].

Procedure (Fig. 37A.4)
The first step to be considered for UVC insertion is selec-
tion of appropriate sized catheter (3.5 F for <1500 g infant 
and 5 F for >1500 g infant) by measuring the shoulder-to-
umbilical length and weight of the infant. The umbilical vein 
should be identified. The length of catheter to be inserted 
should be estimated. After proper sterilization, umbilical 
tape should be placed at the base of umbilical cord and 
incised. The umbilical cord should be held with the toothed 
forceps and the umbilical artery should be dilated with iris 
forceps. Then the catheter should be introduced into the 
lumen without any force to the required length. The catheter 

Fig. 37A.2 Optimal Path of the UVC.

Fig. 37A.3 (A–D) Steps involving the insertion of the UAC. Copyright: Satyan Lakshminrusimha.
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Fig. 37A.3 (cont.)
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should be sutured. The entire procedure of catheter insertion 
should be carried out aseptically. According to a prospective 
observational study published in 2017, the position of the 
UVC should be determined by the anatomical structures like 
diaphragm, cardiac silhouette, and vertebrae. Further, the 
position of the catheter tip needs to be confirmed by echocar-
diography [13]. The ideal position of UVC is in the inferior 
vena cava and was identified as catheter tip being in between 
9th and 10th thoracic vertebrae, which lies just above liver 
and below the right atrium (Fig. 37A.5). If the catheter tip 
is higher than the 9th vertebra, then the position of UVC 
is considered as too high. If the catheter tip is below than 
the 10th vertebra, then the position of UVC is considered 
as too low. Mutlu et al. (2017) have conducted a prospec-

tive observational study to determine the accurate method 
for appropriate UVC catheter insertion. It was observed that 
Shukla–Ferrara formula [(9 + weight in kg × 3)/2 + 1 cm] 
or modified Shukla–Ferrara formula [(9 + weight in kg × 
3)/2 cm] was more accurate than Dunn method (using 
shoulder–umbilical length and the Dunn nomogram) [14]. 
For infants who are term or near-term and sick enough to 
require central access (e.g., sepsis, MAS, or PPHN), a 5-F 
double-lumen UVC should be inserted. For infants <1000 g, 
a 3.5-F double-lumen catheter should be considered if the 
infant is likely to need inotropes or multiple infusions. This 
will be decided on an individual basis.

Complications
UVC are often associated with complications, such as 
bleeding, malposition of catheters, catheter-related blood-
stream infections, presence of catheter remnants in umbi-
licus, catheter-related thrombosis, hepatic complications, 
such as hepatic hematoma and hepatic laceration, and 

Table 37A.1  UAC catheter size based upon birth weight

Birth weight (g) UAC catheter size (F)

<1200 3.5

>1200 5

Source: Fletcher MA, MacDonald MG, Avery GB. Atlas of procedures 
in neonatology. Philadelphia, PA: JB Lippincott Co.; 1983.

Fig. 37A.4 Insertion of the Umbilical Venous Line. 
Copyright: Satyan Lakshminrusimha.

Fig. 37A.5 Optimal Positioning of a Central UVC in the 
Inferior Vena Cava Above the Liver But Below the Right 
Atrium. Copyright: Satyan Lakshminrusimha.
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cardiac tamponade. Mutlu et al. (2016) have conducted a 
retrospective observational study over a period of 6 years in 
a hospital setting and identified that 198 out of 974 neo-
nates developed UVC complications; 189 of 198 patients 
developed complications due to malpositioning of UVC 
and remaining infants developed complications due to 
catheter-related infections and presence of catheter rem-
nants in umbilicus [15]. Therefore, this study highlights 
that extreme care should be taken while insertion and 
removal of UVC in neonates to avoid the complications.

Abiramalatha et al. (2016) demonstrated that even 
appropriately placed UVC could lead to life-threatening 
complications, such as hepatic hematoma, cardiac 
tamponade resulting from pericardial effusion, and atrial 
thrombosis. It is recommended that regular echocardio-
graphic examination is required in neonates with UVCs for 
early detection of such life-threatening UVC-related com-
plications [16].

Pericardial tamponade is another life-threatening 
complication due to UVC in neonates. This may be 
caused due to high glucose concentration in the pericar-
dial fluid due to administration of parenteral nutrition 
through UVC. This condition can be treated by pericar-
diocentesis [17].

Care and surveillance
Strict asepsis must be maintained while inserting the UVC 
in order to prevent catheter-associated infections. Malposi-
tioned catheters need to be immediately removed or repo-
sitioned to avoid complications. The physicians need to be 
vigilant and observe for the signs of complications caused 
by malpositioning of catheter with the help of echocardio-
graphic examination.

An observational study published in 2017 demon-
strated that chest radiography along with echocardio-
graphic visualization helps in proper positing of UVC, 
which thereby reduces the complications of malpositioned 
catheter [13].

Recommendations
According to CDC guidelines, the UVC should be removed if 
there is no need but can be used for a maximum duration of 
14 days with aseptic technique [9]. Tincture of iodine should 
be avoided for the cleaning of catheter insertion as this has a 
detrimental effect on the thyroid gland of the infant. Instead, 
povidone-iodine is recommended [10]. Topical antimicro-
bial agents should not be applied over the catheter insertion 
site as this may lead to the development of antimicrobial 
resistance and further promote the fungal infections [11]. 
Heparin should be used in low doses (typically 0.5–1 unit/
cc at 0.25–1 mL/h) in the catheter to avoid occlusion [12].

UVC needs to be removed immediately if any complica-
tions are seen due to malpositioning or presence of cath-
eter remnants in the umbilicus. The optimal time to retain 
UVC is less than 14 days or when no longer needed [9]. 
Early planned removal of UVC is recommended to prevent 
the catheter-related bloodstream infections. However, a 
recently published Cochrane review found that the current 
evidence is insufficient to show a significant difference in 
infection rates between early planned and longer duration 
removal of the catheter [18].

Peripherally inserted central 
catheters

Peripherally inserted central catheters (PICCs) have 
been most commonly used rather than surgical proce-
dures as the insertion procedure is simple without any 
surgical incisions, comparatively rapid, less expensive, 
and requires only mild sedation or pain relief. PICCs 
are available in various sizes to facilitate their insertion 
in micro preemies with weight less than 1 lb. These are 
mostly made of materials like silicone, polyurethane, or 
polyethylene [1].

PICCs are routinely inserted through basilic, brachial, or 
cephalic veins. The indications of PICC include neonates 
needing vascular access for more than 1 week, antimicro-
bial agents, and analgesics [19]. PICCs are contraindicated 
in micro preemies with anatomical asymmetry in the 
extremities or with infection or broken skin at the insertion 
site [20].

Procedure (Fig. 37A.6)
PICC is first inserted in the larger peripheral vein and 
later it is passed through the further larger veins until 
the catheter tip reaches distal superior or inferior vena 
cava. The ideal position for the catheter tip is parallel 
to vessel wall in the superior vena cava or inferior vena 
cava, proximal to right atrial junction. It is 1 cm out-
side the heart in a premature infant and 2 cm outside 
in a full-term neonate [21]. The length of the inserted 
catheter may be around 20–60 cm. The insertable length 
should be estimated by measuring the distance from 
insertion site to xiphisternum for long lines inserted via 
the leg, and from insertion site to sterna notch for long 
lines inserted via the arm. Then the PICC is passed till 
the appropriate length and without resistance. In case 
of joints resistance, the joint must be straightened, and 
heparinized solution should be passed through the cath-
eter. The catheter tip should not be in the heart as there is 
a risk of heart tamponade and arrhythmias. Appropriate 
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positioning of PICC must be ensured with the diagnostic 
methods, such as chest radiography and ultrasound. An 
X-ray should be taken with infant positioned in anatom-
ical position with arms by their side for upper limb lines 
or legs with hips slightly flexed for lower limb lines. If 
the position of the catheter tip is not clear, a subsequent 
X-ray with contrast is advised.

Care should be taken that the dressing at the site of inser-
tion should be transparent to make it visible. The intrave-
nous fluid should be always passed through PICC as there 
are chances of blockade due to small lumen [20].

Complications
The most common complications associated with PICC are 
occlusion of catheter, phlebitis, and thrombosis. PICCs are 
believed to have lower rate of catheter-related infections 

than other centrally inserted catheters. However, no con-
clusive evidence is available yet to substantiate that PICCs 
have lower rate of infections [19].

Sertic et al. (2017) conducted a retrospective case con-
trol study to identify the risk factors for the PICC-associ-
ated perforations, a devastating complication resulting in 
pericardial and pleural effusion. Lower birth weight was 
identified as a risk factor for pericardial effusion. Catheter 
tip position, more proximal to the heart at the time of 
insertion resulted in higher pericardial effusions. Whereas, 
catheter tip position more distal from the heart at the 
time of insertion resulted in higher pleural effusions.  
Mild oozing of blood from the insertion site may occur 
for up to 24 h. This can be stopped with mild pressure. 
If the oozing of blood continues, thrombin foam can be 
applied over the area and under the dressing immediately 
after insertion [22]. Early recognition and being vigilant 

Fig. 37A.6 Insertion and Location of Upper Extremity and Lower Extremity PICC Lines. Copyright: Satyan Lakshminrusimha.
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about these complications may help in avoiding and 
treating them. A recently published prospective cohort 
study identified the caliber thickness and age as the risk 
factors for the development of complication in neonates 
with inserted PICC [23].

Care and surveillance
Heparinized solution (0.5 units/mL) should be passed 
through the catheter to avoid the complications, such as 
occlusion of catheter. The number of connections should 
be kept low. PICCs may require flushing and if there is a 
sign of inflammation or bleeding then the dressing needs 
to be changed. Care should be taken that the insertion site 
does not get wet [19]. Closed medication system is pre-
ferred due to lower rate of bloodstream infection [8].

Recommendations
The PICCs should not be replaced routinely to prevent 
catheter-related infections. This is substantiated by the evi-
dence that routine catheter replacement did not result in 
lower infection rates. The PICC should not be removed on 
the basis of fever alone. Instead, the cause of fever needs 
to be determined if it is related or not to PICCs [24]. Strict 
aseptic precautions should be maintained while inserting 
the catheters.

Peripheral artery catheterization

Peripheral artery catheterization is a common procedure 
used in the neonatal intensive care unit. PAC helps in sam-
pling of arterial blood for the analysis where insertion of 
UAC is not possible, invasive arterial BP monitoring, and 
during exchange transfusion to remove the blood.

The contraindications to PAC usage are if there is an 
insufficient blood circulation to the extremities, localized 
skin infection at the insertion site, malformation of limbs, 
and uncontrolled coagulopathy.

The preferred arteries for insertion of PAC are radial 
artery, posterior tibial artery, and dorsalis pedis artery. Most 
common primary sites are radial artery and posterior tibial 
artery as dorsalis pedis artery is absent in some neonates. 
Brachial artery should not be used for peripheral cannula-
tion as the collateral circulation is absent [25].

Procedure

Allen’s test

The first step in peripheral artery catheterization is to check 
for collateral circulation. This can be performed by the Allen’s 
test (Fig. 37A.7). This test is used to determine the patency of 

Fig. 37A.7 Modified Allen Test for Neonates. (A) Occlusion of both radial and ulnar arteries results in blanching of the hand. 
(B) Releasing pressure over the ulnar artery results in reperfusion of the hand suggesting collateral flow. (C) Persistent blanching of 
the hand after releasing pressure over the ulnar artery indicates poor collateral perfusion. Copyright: Satyan Lakshminrusimha.
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radial or ulnar arteries. The arm of the neonate is elevated and 
the radial and ulnar arteries at the wrist are simultaneously 
compressed for 30 s; the palm of the infant is rubbed in order 
to cause blanching (transient ischemia in the hand). Then, the 
ulnar artery is released and the hand of the neonate is relaxed. 
The time taken to see the normal color that is, sufficient per-
fusion of blood to tips of thumb and fingers of the hand is 
noted. If the time taken is less than 5 s, then test is said to be 
positive. If the time taken is between 6 and 10 s, it is equivocal. 
If time taken is more than 10 s, then the test failed. The artery 
can be cannulated if the time taken is less than 10 s, as it indi-
cates adequate collateral circulation [25].

Technique
Transillumination can be tried to locate the artery. The 
entire procedure of peripheral arterial cannulation must 
be done under strictly aseptic conditions. The wrist of the 
neonate is hyperextended in order to expose it. Accord-
ing to Mitchell and Welsby (2004), appropriate position 
of the arm is the most important part as it helps in sur-
facing the radial artery to more superficial position which 
thereby improves the success of peripheral arterial cannu-
lation [26]. Chlorhexidine is used to wash the skin and a 
sterile drape is applied over a larger area of the skin. Then 
the radial artery is palpated using the first and second fin-
gers. A 24-gauge angiocath is used at an angle of 30–45 

degrees, and when the blood flow is noted the catheter 
should be placed slowly into the artery with the needle 
in a still position. Cannulate the vessel percutaneously 
and secure the catheter with a tape. A subcutaneous tun-
nel made with a wider gauge needle prior to the arterial 
cannulation will facilitate procedure in larger babies; how-
ever, it is not routinely done in NICU. According to CDC 
guidelines, the catheter should not be sutured and should 
be continuously infused with heparinized normal saline 
(1 unit/mL).

Complications
The most common complications of PAC are occlusion 
of the radial artery, catheter-related infections, bleeding, 
ischemic injury, hematoma, and rarely pseudoaneurysm. 
Even if the catheterization is for a shorter duration, local 
injury and scarring have been noted. Radial artery occlu-
sion may not always appear immediately; it can occur sev-
eral days after the cannulation or even after the removal of 
the catheter [25].

Very rare complications of PAC include median nerve 
paralysis and presence of catheter remnants intravascularly 
[27]. The ischemic complications of PAC can be attributed 
to some risk factors, such as presence of vasospasm, smaller 
vessel diameter in female neonates, and larger diameter of 
the catheter. Technical risk factors including more number 
of attempts in insertion and hematoma formation due to 
more number of arterial pricks may increase the complica-
tions. For ischemic injury, apply warm towel or cloth on 
opposite unaffected leg to induce reflex vasodilatation of 
the affected leg and maintain neutral thermal environ-
ment for the affected extremity [25]. However, if there is no 
improvement after 20 min of warming, the catheter should 
be removed; while UAC needs to be removed immediately 
if the limb becomes pale. (Please see chapter Neonatal 
Limb Ischemia Due to Arterial Catheters for further man-
agement.)

Care and surveillance
Heparinized solution should be used to prevent the occlu-
sion of catheter. After the catheter is inserted, asepsis must 
be maintained. PAC must be removed when it is no lon-
ger needed or if any signs of cyanosis are seen. Slight dis-
coloration of fingers should be watched carefully; if there 
is no improvement after 20 min, remove the catheter. If 
complications arise due to heparin solution, then the treat-
ment with topical nitroglycerin ointment is required. Cases 
of cerebral embolization were noted because of vigorous 
flushing of PAC, hence flushing should be avoided. To 
achieve hemostasis after catheter removal, simple compres-
sion of insertion site with gauze is enough instead of using 
compression devices [28].

Fig. 37A.7 (cont.)
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Recommendations
Strict asepsis should be maintained while inserting the 
catheters. According to CDC guidelines, the catheter should 
not be sutured and should be continuously infused with 
heparinized normal saline. The heparin infusion should 
be stopped before removing the catheter. The removal site 
should be pressed for 3–5 min and checked for adequate 
limb perfusion and bleeding. PAC must be removed when it 
is no longer needed or if any signs of cyanosis are seen [29].

Thoracocentesis and intercostal 
chest drain placement

The most common indications of ICD in neonates are 
pneumothorax, pleural effusions, hemothorax, chylotho-
rax, empyema, and postoperative drainage after the tho-
racic procedures.

Pneumothorax
Pneumothorax can be an emergency life-threatening con-
dition, if the air collection is under pressure. This is com-
monly called tension pneumothorax. The diagnosis of 
pneumothorax can be suspected if there are reduced chest 
movements, diminished air entry, compromised circula-
tion, and desaturation. The arterial blood gas analysis 
reveals hypoxia or respiratory acidosis and signs of respi-
ratory distress are seen in the neonates. The clinical signs 
which can be seen in the presence of pneumothorax are 
asymmetrical chest movements, sudden deterioration of 
blood pressure in invasive monitoring, and tachycardia.

If the pneumothorax is smaller in size, it may resolve 
spontaneously without any treatment. However, larger 
pneumothorax results in severe complications as it starts 
pushing other organs (e.g., heart) in the chest to the other 
side. This is called tension pneumothorax. If blood starts 
accumulating in the pleural space instead of air, it is known 
as hemopneumothorax. Both these conditions require 
chest drainage [30]. In such cases, transillumination test 
will be usually positive in preterm infants. However, the 
results of transillumination may occasionally be false posi-
tive due to subcutaneous air and false negative due to small 
pneumothorax or thick folds of skin in the neonate [31].

Pneumopericardium
Pneumopericardium is a life-threatening condition in 
which there is a collection of air in the pericardial cavity. 
This condition in neonates mostly occurs due to respiratory 
distress syndrome or mechanical ventilation. Even though 
this is a rare condition, it can result in fatal outcomes in 

the neonates. It can occur in association with other related 
conditions, such as pneumothorax, pneumomediastinum, 
pneumoperitoneum, and emphysema [32].

The diagnosis can be made based on both clinical signs 
and diagnostic examination. Heart sounds with metal-
lic tinkling sometimes called as “the mill wheel murmur” 
can be heard. Excessive air or gas in the pericardial cavity 
can cause pericardial tamponade, which may be serious. A 
high index of suspicion should be maintained especially 
with dampening of arterial waveform to the possibility of 
pericardial tamponade. Accurate diagnosis is made through 
chest X-ray, ultrasound, and CT scan. Immediate treatment 
includes needle aspiration and pericardial drainage [33].

Procedure (Fig. 37A.8)
ICD insertion is an emergency lifesaving procedure. In 
cases of severe emergency of tension pneumothorax, inser-
tion of a simple needle can be lifesaving. However, needle 
aspiration is an emergency procedure only. Avoiding lac-
eration of lung or puncturing of blood vessels should be 
taken care of while using needle aspiration. The neonate 
should be placed in a supine position and the area should 
be prepared with alcohol wipes. Insert needle into the 
pleural space (directly over the top of the rib in the 2nd or 
3rd intercostal space in the midclavicular line) until air is 
aspirated into the syringe, then expel air through the three-
way stop cock. After this procedure, further management is 
done by insertion of an intercostal catheter.

Fig. 37A.8 Placement of an Intercostal Drain for a Left 
Pneumothorax. Copyright: Satyan Lakshminrusimha.



814

Section Ancillary Services| VII |

Even though clinical signs of pneumothorax are seen, it 
must be confirmed with a chest X-ray. ICDs are commonly 
inserted between 3rd and 4th intercostal space in the 
midaxillary line. The tube is inserted in midaxillary line 
between 1st and 3rd intercostal space and directed anteri-
orly for anterior pneumothorax. It is placed in midaxillary 
line between 4th and 5th intercostal space for effusion 
and directed posteriorly. The drain is placed above the rib 
to avoid injury to the intercostal vessels located under the 
ribs. In smaller neonates, the ribs can be counted with the 
help of transillumination.

ICD can be of following types: a polyvinyl chloride chest 
tube with or without trocar, in various sizes like 8, 10, and 
12 F or pigtail catheter (Table 37A.2).

ICD insertion is usually carried out under the local 
anesthesia as this can be a painful procedure. If the proce-
dure is preplanned, then pre-insertion pain relief agents 
need to be administered in the neonates; intravenous 
pain relief with fentanyl or morphine can be provided, if 
baby is on respiratory support. Sterilize the insertion area 
to avoid any infectious complications. At the midclavicu-
lar line, insert a scalp vein and drain through a three-way 
tap. Before insertion of ICD in mid-axillary line, lido-
caine (Local anesthesia) to be infiltrated. Make an inci-
sion of 3–4 mm with the sterile surgical blade and the 
tissues need to be spread using a hemostat. Insert the ICD 
between the spaces of rib, placing it above the rib and 
directing it to opposite shoulder for tension pneumotho-
rax. Remove the stilette and connect it to the assembly 
arranged. ICD should be inserted for about 2–3 cm in a 
preterm neonate whereas; in a term neonate it can be up 
to 3–4 cm. Connect to closed drainage system at vacuum 
of 5 cm H2O and increase to 10 cm H2O, if necessary 
[34]. For the drainage of air and fluid, the column move-
ment needs to be observed. This fluid can be collected 
simultaneously for investigation. Appropriate negative 
suction pressure must be used from the beginning. Then, 
suture ICD to the skin and secure it with a tape. A positive 
improvement in oxygen saturation can be seen if the ICD 
insertion is successful [31].

Complications
The most common complications associated with ICD are 
bleeding, intercostal nerve damage, formation of fistula, 
malpositioning of the tube, occlusion of the drain tube, 
subcutaneous emphysema, chylothorax, heart tampon-
ade, and perforation. A multicentric case series identified 
thoracic organ injury due to chest tubes, the common sites 
being mediastinum and pericardium [35].

Care and surveillance
Care must be taken that the height of ICD should always be 
lower than the patient’s position to avoid backflow of fluid 
into neonate’s chest wall. After the ICD insertion, regular 
monitoring of breath sounds and chest movements need to 
be performed. Large amounts of dressing material should 
not be placed at the ICD insertion site as this can inhibit 
proper chest movements. Transilluminate periodically for 
re-accumulation that could be silent. Water column must 
move with respiratory movement [36].

Recommendations
ICD insertion must be carried out under the local anesthe-
sia as this can be a painful procedure. If the procedure is 
preplanned, then pre-insertion pain relief agents need to 
be administered in the neonates. Sterilize the insertion area 
to avoid any infectious complications. When the air or the 
fluid is completely drained, it is confirmed with chest X-ray 
showing clearing of pneumothorax or pleural effusion. 
Then, a trial must be conducted for about 24 h without 
suction to observe for collection of any fluid. If no fluid 
or air is seen, then ICD can be removed immediately, and 
the insertion site must be dressed immediately to avoid any 
air entering the chest. Further monitoring for tachypnea 
and arterial blood gases must be carried out. ICD must be 
removed in spontaneously breathed baby [37].

Pericardiocentesis (Fig. 37A.9)
The primary indication for pericardiocentesis is cardiac 
tamponade. This is not indicated when the effusion is self-
resolving or if the effusion can be diagnosed and treated 
with a less invasive procedure, the underlying pathology 
can be determined through another noninvasive test, in 
case of viral pericarditis which can be treated with anti-
inflammatory agents, and when there is more risk with less 
diagnostic benefit [38,39].

Complications

The contraindications for this procedure are myocar-
dial rupture, aortic dissection, uncorrected coagulopathy, 

Table 37A.2  Intercostal chest drains

ICD Infant weight (g) Catheter size

PVC chest 
tube

>1500 10 or 12 F

<1500 8 or 10 F

<1000 8 F

Pigtail 
catheter

>1501 6.0 F/15 cm

<1500 5.0 F/15 cm
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thrombocytopenia, and traumatic effusion with hemody-
namic instability [40].

Procedure

There are three approaches for performing pericardiocente-
sis as explained in following sections.

Apical. The needle is inserted 1–2 cm lateral to the apex 
beat within the 5th, 6th, or 7th intercostal space. The needle 
must be advanced over the superior border of the rib to 
avoid intercostal nerves and vessels. Risks with this approach 
include ventricular puncture and pneumothorax [41].

Parasternal. The needle is inserted in the 5th left intercos-
tal space, close to the sternal margin. The needle must be 
directed perpendicularly to the skin at the level of the cardiac 
notch of the left lung. The risks with this approach are pneu-
mothorax and puncture of internal thoracic vessels [41].

Subxiphoid. The needle must be inserted between the 
xiphisternum and left costal margin. Once it is beneath 
the cartilage cage, the needle should be lowered to a 15- to 
30-degree angle with the abdominal wall directed toward 
the left shoulder. ECG monitoring must be maintained 
throughout the procedure. Ultrasound guidance is help-
ful; however, the procedure may be performed without it 
in emergency situations. The major risk involved with this 
approach is right atrial puncture. This approach has a lower 

risk of pneumothorax compared to the other approaches 
[41]. Thus, this is the recommended approach for pericar-
diocentesis.

Care and surveillance

Once the drainage has reduced to less than 30 mL in 24 h, 
the catheter can be removed, and aspiration must be pro-
vided every 6 h. Pericardial catheter care is the same as 
central venous catheter care. To exclude the presence of 
pneumothorax, chest radiography has to be performed 
after the procedure [41].

Endotracheal intubation

Endotracheal intubation is an obligatory procedure in the 
newborn to provide an efficient airway in order to deliver 
positive pressure ventilation. It is important for the admin-
istration of surfactant, medications such as tolazoline, 
aerosols with antibiotics, inhaled nitric oxide, and for clear-
ing the trachea of meconium.

ET intubation is a lifesaving procedure in the micro pree-
mie. Micro preemie is an infant born before 26 weeks of 
gestation or weighing less than 1 lb. There are two main 
types of intubation namely orotracheal intubation and 
nasotracheal intubation. Orotracheal intubation is most 
commonly performed than nasotracheal intubation as it 
is easier and quicker. Nasotracheal intubation is a difficult 
procedure to be performed electively.

Premedication
ET intubation is a painful procedure. Premedication 
reduces the pain and discomfort experienced during intuba-
tion. All the neonates undergoing intubation must receive 
premedication. Exceptional cases are neonates undergoing 
emergency intubation [42].

The standard protocol for premedication in neonates 
undergoing nonemergent intubation is as follows:
•	 Oxygen may be required before and during the 

procedure to maintain target saturation and prevent 
hypoxic episodes. In term neonates FiO2 of 21% may 
be sufficient. For preterm neonates start FiO2 between 
21% and 30% and adjust to maintain target saturation

•	 Administration of a vagolytic agent, atropine (0.01–
0.03 mg/kg IV) in order to prevent bradycardia

•	 A rapid acting analgesic/sedative/hypnotic, fentanyl 
(2–3 mcg/kg/dose)

•	 Muscle relaxant like vecuronium (0.1 mg/kg/dose) 
or succinylcholine (2 mg/kg) may be needed only in 
selective cases, as they may cause higher mortality in 
neonates

Fig. 37A.9 Emergency Pericardiocentesis for Cardiac 
Tamponade Due to Pneumopericardium. Ultrasound 
guidance, if available, is recommended. Copyright: Satyan 
Lakshminrusimha.
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Administering the premedication is ethically impor-
tant in neonates as intubation is a painful procedure. Even 
though, there is a risk of complications associated with the 
premedication, no conclusive evidence is present [42].

Procedure
Prepare the neonate and place in the sniffing position. 
Hyperextension should not be done as it can collapse the 
trachea. Suction the oropharynx and nasopharynx. If not 
an emergency, ventilate and oxygenate for 60 s to prevent 
hypoxia to less than 20 s. The blade attached to laryngo-
scope must be held in left hand and the mouth should be 
opened with the fingers. Now, introduce the blade into the 
right side of the mouth and move it to center. Lift the epi-
glottis until larynx is seen. Press the thyroid cartilage gently 
to properly visualize the glottis. When the glottis is visible, 
insert the appropriate size of endotracheal intubation tube 
(ETT) in the opening. Initially insert 1–2 cm of the tube 
while maintaining direct vision. Then, insert 2–2.5 cm into 
the trachea; the depth of insertion is determined according 
to infant size. Hold the ETT and withdraw the laryngoscope 
gently. After confirming the air entry, fix the ETT and secure 
with a tape. The position of ETT must be confirmed with 
chest X-ray and it should be 1 cm above carina. In micro 
preemie, it should be in between carina and clavicle [43]. 
The ETT insertion length must be 6 + weight in kg for orotra-
cheal tube and 6 + weight in kg + 1 for nasotracheal tube 
(Table 37A.3).

Complications
The common complications associated with intubation 
are accidental extubations, hypoxia, bradycardia or apnea, 
pneumothorax, bronchial intubation, esophageal intuba-
tion, tracheal and esophageal perforation, ETT occlusion, 
infections associated with the inserted tube, bleeding, local 
injury, and subglottic stenosis on prolonged intubation. 
Hypoxia can result from multiple prolonged attempts of 
intubation, which can be reduced by providing ventilation 
through bag mask. Bronchial and esophageal complica-
tions arise due to malpositioning of the ETT [44].

Care and surveillance
Care and surveillance is required to minimize the complica-
tions arising due to endotracheal intubation as it is a difficult 
procedure in neonates. Pre-oxygenation should be provided 
when required to maintain target oxygen saturation and 
prevent hypoxic episodes. Number of attempts of ETT inser-
tion should be reduced. ETT must be placed appropriately 
by trained staff and should be confirmed by the detection of 
exhaled carbon dioxide. Strict hand hygiene must be main-
tained while placing the endotracheal tube to minimize the 
infections associated with the procedure. Watch for humidi-
fied air column coming from endotracheal tube. It must be 
checked through CO2 detectors [39].

Recommendations
Trained staff should insert the ETT in neonates to avoid the 
malposition-related complications. The neonate should be 
regularly monitored with the help of pulse oximetry. All  
the neonates undergoing intubation must receive appro-
priate premedication, such as vagolytic agent, rapidly act-
ing analgesic, or hypnotic and fentanyl. The ETT must be 
removed as soon as possible at an appropriate time when 
they are no longer required [45].

Laryngeal mask airway (Fig. 37A.10)

Laryngeal mask airway (LMA) can be used in emergencies 
where ventilation and intubations are not feasible. The 
most common indications of LMA include as a rescue in 
providing emergency airway when intubation fails. For 
short-term resuscitation in the delivery, these can be used. 
LMA is less invasive to the respiratory tract and results in 
lesser hemodynamic stress response when compared with 
an endotracheal tube [46]. Conditions, such as cerebral 
hemorrhage and tracheal edema can be avoided with LMA, 
which generally are seen with endotracheal intubation. In 
the neonates with respiratory tract malformations, LMA can 
be lifesaving where endotracheal intubation fails. Regarding 

Table 37A.3  Endotracheal tube size, suction catheter size, laryngoscope blade, and distance for orotracheal 
insertion

Weight 
(kg)

Gestational 
age (weeks)

Laryngoscope 
blade

Endotracheal tube size 
(inner diameter mm)

Suction catheter 
size (F)

Insertion depth 
at lips (cm)

Below 1 <28 00 or 0 2.5 5 or 6 5.5–6.5

1–2 28–34 0 3.0 6 or 8 7–8

>2 >34 1 or 0 3.5 8 8–9
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Fig. 37A.10 Laryngeal Mask Airway. Insertion and inflation of 
the cuff to secure position. Copyright: Satyan Lakshminrusimha.

the insertion technique, endotracheal tube requires multi-
ple attempts for successful intubation, whereas LMA can be 
easily inserted by non-anesthetist personnel. LMA insertion 
does not require the use of neuromuscular blocking agents, 
further diminishing pharmacological risk in neonates [47].

The most common complications associated with LMA 
are laryngospasm, bronchospasm, abdominal distension, 
aspiration, and tongue edema. LMA can be removed when 
ETT can be inserted successfully and in cases where sponta-
neous respiration can be seen.

Conclusions

Catheters and tubes remain indispensable in the neonatal 
intensive care units. However, many complications are asso-
ciated with the use of these invasive catheters and tubes. 
Being vigilant about the complications and handling by 
well-trained staff are the important prerequisites for the suc-
cess of these procedures, which may be lifesaving procedures 
in critically ill neonates. Guidelines have been presented in 
this review based on the currently available evidence.
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Neonatal Limb Ischemia Due to Arterial 
Catheters
Catherine C. Beaullieu, MD, Suzanne M. Lopez, MD, P. Syamasundar Rao, MD, FAAP, FACC, FASCAI

limb to facilitate reflex vasodilatation in the affected 
limb, 2. Medical management with drug therapy with 
a nitroglycerin patch, a combination of nitroglycerin 
patch with papaverine infusion, thrombolytic therapy 
with heparin and tissue plasminogen activator (tPA), 
in that order, and 3. When medical management fails 
to improve limb perfusion, surgical thrombectomy 
along with reconstructive vascular surgery may have 
to be undertaken.

Introduction

The use of arterial catheters is common in the neona-
tal population given the need for invasive hemodynamic 
monitoring in addition to easy access for blood sampling 
in critically ill infants. However, neonates are at a higher 
risk for developing thrombosis and catheter-induced isch-
emia due to the small size of the arterial diameter relative 
to size of the catheters likely to be used and owing to their 
immature anticoagulation system [1].

There are multiple abnormalities of the coagulation fac-
tors in the neonates and premature infants. At birth, the 
plasma concentrations of vitamin-K-dependent factors, 
contact factors, and direct inhibitors of thrombin are only 
50% of adult values. In addition, α2-macroglobulin; fac-
tors V, VIII, and XIII; and von Willebrand factor are ele-
vated. In the premature infant, the aforementioned factors 
attain adult values by the age of 6 months. In addition, any 
illness that may arise further disrupts normal hemostasis.

Postnatal limb ischemia is most commonly iatrogenic 
in origin and is often due to the presence of umbilical 
or peripheral arterial catheters. The catheters cause an 
additive damage of the vascular endothelium, triggering 
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CHAPTER POINTS

•	 Umbilical (UACs) or peripheral arterial catheters are 
often used in the neonates and premature infants 
for hemodynamic monitoring and access for frequent 
blood sampling.

•	 Neonates are at a risk for development of blood 
vessel occlusion and limb ischemia, secondary to small 
size of the arteries relative to size of the catheters and 
immature anti-coagulation system.

•	 Pallor of the affected extremity with discoloration and 
mottling along with diminished or absent pulse may 
be seen with limb ischemia which, if untreated, may 
evolve into irreversible necrosis.

•	 Strategies to prevent limb ischemia include: 
1. Development of guidelines standardizing the use 
of umbilical and peripheral arterial catheters at each 
institution and 2. Removal the UACs and peripheral 
arterial lines as soon as the need for close monitoring 
is reduced or if less invasive monitoring methods 
become available.

•	 Steps in the management of limb ischemia: 
1. Conservative management including removal of the 
catheter and warm compresses to the contralateral 
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inflammatory cascade, which increases adhesion and 
aggregation of platelets. This results in local stasis, reduced 
blood flow, and consequent thrombosis [2].

The objective of this chapter is to discuss the diagnosis 
and management of limb ischemia related to arterial cath-
eters in neonates. Discussion of prenatal limb ischemia will 
not be included in this review.

Umbilical arterial catheterization

Umbilical arterial catheters (UACs) are commonly used 
in the neonate to monitor blood pressure and for ease of 
blood sampling. Because of availability of pulse oximeters, 
UACs are no longer used just for monitoring oxygenation. 
The earlier the catheters are inserted, the better is the prob-
ability of successful catheterization. Indwelling UACs have 
been shown to be an independent risk factor for limb isch-
emia in the neonate [3]. Thrombus formation with resulting 
ischemia is the second most common complication associ-
ated with UACs; the first being hemorrhage [4]. Nearly 20% 
of babies with UACs may have thrombus formation [5]; 
however, the complications rates vary markedly, between 
1.5% and 95%, depending upon the method (clinical, 
sonography, angiography, or autopsy) used for detection of 
thrombi [4]. The mechanism of ischemia is from vasospasm, 
thrombus formation, or emboli arising from the distal aorta 
and its branches [4]. Complications occur less often when 
UACs are positioned high (tip in the descending aorta above 
the level of the diaphragm and below the left subclavian 
artery—usually corresponding to thoracic vertebral level 
T6–T9) [6]. Continuous heparin infusion at 0.25–1 unit/
mL is recommended by Centers for Disease Control (CDC) 
and is thought to lengthen catheter patency rates, but may 
not reduce the risk for thrombosis [7]. It would appear that 
longer a UAC is left in place, the higher the chance of throm-
bus formation (80% prevalence if the catheter is in place for 
>21 days) [8]. The CDC recommends <5 days as optimal 
duration of use for UAC and <14 days for UVC.

Peripheral arterial catheterization

When umbilical arterial catheterization is not feasible, can-
nulation of radial, dorsalis pedis, posterior tibial arteries, and 
less commonly, ulnar and temporal arteries are undertaken 
[9]. In order to minimize risk associated with occlusion, it is 
recommended that peripheral arterial catheters are placed in 
locations with potential collateral circulation. The adequacy 
of collateral circulation may be tested by Allen’s test [10]. 
The neonate’s arm is elevated, the radial and ulnar arter-
ies are occluded simultaneously by digital pressure, and 

the arm rubbed to produce blanching of the palm. Releas-
ing the digital pressure on the ulnar artery should result in 
return of normal color to the palm in less than 10 s if there 
is adequate collateral circulation from the ulnar artery. Con-
versely, release of digital pressure on the radial artery would 
verify adequacy of the ulnar artery (refer to procedures chap-
ter for a figure and more details on Allen’s test).

At the present time, brachial and femoral arteries are 
rarely used in the neonatal intensive care units (NICUs) 
because of significant complications associated with use of 
these sites in both the term and preterm infants. However, 
femoral arteries are used for cardiac catheterization, but 
the catheters are removed after the study. Sometimes, the 
femoral arterial lines may be used for monitoring blood 
pressures in postoperative cardiac patients, especially when 
umbilical arterial access is not feasible (Fig. 37B.1).

Complications associated with peripheral arterial catheter-
ization include vasospasm, thrombus formation, embolism, 
ischemia, and tissue necrosis. Hematoma, infection, periph-
eral nerve damage, and other complications may also occur. 
Incidence of complications with the use of peripheral arterial 
catheterization appears to be low, although nearly 50% of 
the catheters had to be removed because of the lack of blood 
return, ischemia, thrombosis, or a combination of these 
adverse consequences [9,11–13].

Clinical presentation of limb ischemia 
associated with arterial catheters

Neonates affected by limb ischemia often present with 
pallor of the affected extremity followed by discoloration 
and mottling with diminished or absent pulse which may 
evolve to irreversible necrosis, if untreated. Upon detection 
of limb perfusion abnormality, detailed clinical evalua-
tion along with ankle/brachial blood pressure index and 
Doppler assessment should be undertaken. Audible Dop-
pler signals at a location distal to the site of presumed 
obstruction are absent (portable Doppler probes are likely 
to be available at most nursing stations—SonoSite X-Porte 
point-of-care ultrasound system is one such machine). 
Formal duplex and color Doppler studies from Radiology/
Ultrasound Department are useful in confirming the site 
of obstruction and for detecting the presence of collateral 
flow. If there is a clinical evidence for ischemia as stated 
in the first sentence of this paragraph, the management, as 
discussed in the next section, should begin immediately 
without waiting for confirmation by formal Doppler study.

It is frequently difficult to distinguish between thrombus 
formation, embolus from a remote site, or vascular spasm 
as a cause of limb perfusion deficiency. Improved perfu-
sion following warming of contalateral extremity, causing 
vasodilatation, may indicate vasospasm. Development of 
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perfusion deficit in close proximity to the indwelling cath-
eter is likely to be due to thrombus formation. Limb isch-
emia remote from the location of the catheter (for example, 
compromised circulation in the femoral or popliteal artery 
distribution in the presence of an umbilical artery catheter) 
is probably an embolus. Irrespective of the possible etiol-
ogy, the approach to the management and the algorithm 
used, as detailed later, are similar.

Prevention

If the UACs and peripheral arterial lines are not inserted, 
the limb ischemia complications are unlikely to occur. It 
was shown that adopting guidelines standardizing the use 
of umbilical catheters in the preterm infants resulted in 
reduction of UAC use from 42.3% to 23.6% (P < 0.001) 
without increase in the use of peripheral arterial lines [14]. 
In addition, inappropriate use of UACs was reduced from 
8% to 1% (P = 0.01) concurrently. Consequently, we would 
suggest that strict guidelines for UAC usage should be 
developed in all NICUs. Similar guidelines for insertion of 
peripheral arterial lines should also be developed.

Additionally, the UACs and peripheral arterial lines 
should be removed as soon as the need for close monitor-
ing has decreased or if less invasive monitoring methods 
become available.

Management

If ischemia, thrombosis, or any other limb perfusion 
abnormalities are detected, catheter removal is indi-
cated along with conservative measures, anticoagulants, 
thrombolytic agents, and/or surgery as deemed appropri-
ate. However, unfortunately, there are no randomized, 
controlled, clinical trials to demonstrate efficacy of one 
method over the other [13,15,16]; therefore, the decision 
to use a given treatment modality is largely based on local 
institution experience. We will review each of these treat-
ment options.

Conservative management
Once an infant develops symptoms of limb ischemia 
associated with an arterial catheter, the catheter should be 
removed. The only exception to this recommendation is 
the need for immediate volume expansion in babies with 
shock and/or hypovolemia. Imaging with Doppler ultra-
sound should be performed before catheter removal and 
consideration should be given to whether local thromboly-
sis via catheter is indicated [17]. The affected limb should 
be elevated and warm compresses should be applied to the 
contralateral limb, a technique that facilitates reflex vasodi-
latation in the affected limb.

Fig. 37B.1 Factors Contributing to Limb Ischemia in Neonates Undergoing Intensive Care. The presence of an arterial 
catheter, small arterial lumen compared to the catheter size, endothelial damage, and imbalance between procoagulant and 
anticoagulant factors predispose to limb ischemia. Copyright: Satyan Lakshminrusimha.
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Medical management 
(drug therapy)
If limb ischemia is unresponsive to catheter removal and 
other conservative measures, the next step is medical man-
agement with drugs. Options for management are a nitro-
glycerin patch, a combination of nitroglycerin patch with 
papaverine infusion, or thrombolytic therapy with either 
heparin, streptokinase/urokinase, or tissue plasminogen 
activator (tPA).

Nitroglycerin patch

Nitroglycerin is known to be a vascular smooth muscle 
relaxant that is readily absorbed through intact skin. It is 
indicated in the setting of acute vasospasm related to both 
umbilical and peripheral arterial catheters for symptoms 
unresponsive to conservative measures. The amount of 
absorbed nitroglycerin and systemic levels (of the drug) 
attained are likely related directly to the amount of oint-
ment and dimension of the area of application [18]. The 
initial dose of 2% nitroglycerin ointment is 4 mm/kg 
(1.22 mg/kg) [19]. It is typically applied 1–2 cm proxi-
mal to the line of pallor, and the vasodilator effect usu-
ally manifests within 15–30 min of application. Dose 
frequency has varied; it is most frequently applied every 
6–8 h. The duration of application of nitroglycerin patch 
also varied, ranging from 1—27 days, which was typically 
dependent upon improvement on clinical examination 
[20]. In considering the use of topical application, pre-
term babies have an undeveloped epidermal permeability 
barrier, which may increase absorption of the drug [21]. 
Infants should be monitored for hemodynamic instability 
during drug application especially within the first 6 h of 
administration when the drug reaches its peak plasma con-
centration [18]. Systemic complications that may occur 
in neonates include: hypotension, tachycardia, flushing, 
and rarely methemoglobinemia, which warrants close 
monitoring of heart rate and blood pressure in addition 
to daily methemoglobin levels while the drug is being 
administered [20].

Nitroglycerin patch and Papaverine

Papaverine is an opium alkaloid with vasodilator and 
spasmolytic action due to its inhibition of oxidative phos-
phorylation and calcium flux during muscle contraction. 
It has been used to prolong the patency of arterial cath-
eters of preterm neonates without evidence of associated 
hypotension or intraventricular hemorrhage (IVH) [22]. 
Some studies have shown that administration of intraar-
terial papaverine before removal of the arterial line com-
bined with subsequent placement of a nitroglycerin patch 
can also be effective in preventing residual damage in 
arterial catheter-induced ischemia secondary to vascular 
spasm [23].

Thrombolytic therapy
If there is no discernible clinical improvement following 
institution of conservative therapy and nitroglycerin patch 
with or without papaverine, a consideration for throm-
bolysis should be given. Prior to initiation of thrombolytic 
therapy, it is generally recommended that pediatric hema-
tology consultation is sought to obtain their input in the 
management of thromboembolism [17].

Heparin

Low-molecular-weight heparin, specifically enoxaparin, is 
the most commonly used anticoagulant in the pediatric 
patient given demonstration of fewer bleeding complica-
tions in clinical trials, the longer half-life and most con-
sistent pharmacokinetics and pharmacodynamics [24–30]. 
But, it should be noted that there are higher rates of hepa-
rin clearance and lower levels of antithrombin in neonates 
when compared with those of adults; therefore, neonates 
often require higher doses of anticoagulants to achieve 
therapeutic levels [31,32].

Anticoagulation with heparin is indicated in the setting 
of definite occlusive nonlimb-threatening asymptomatic or 
symptomatic thrombosis [33]. Dosing of both unfraction-
ated and low molecular weight heparin is based on ges-
tational age (Tables 37B.1 and 37B.2, respectively) [34]. 

Table 37B.1  Unfractionated Heparin (UFH) Dosing*

Gestational Age Doses

<28 weeks of gestational age 25 u/kg IV bolus, 15 u/kg/h IV infusion

28–37 weeks of gestational age 50 u/kg IV bolus, 15 u/kg/h IV infusion

>37 weeks of gestational age 100 u/kg IV bolus, 28 u/kg/h IV infusion

*Goal anti-Xa levels of 0.3–0.7.
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Babies receiving heparin should have their anti-Xa activity 
monitored. The recommended target value anti-Xa activity 
for unfractionated heparin use is 0.35–0.7 units/mL and 
for low molecular-weight heparin use, the target values is 
0.5–1.0 units/mL. For further details regarding monitoring, 
the reader referred to the recommendations proposed by 
9th edition of the American College of Chest Physicians’ 
guidelines [17].

Streptokinase (SK) and urokinase (UK)

Streptokinase (SK) and urokinase (UK) have been used in 
the past to dissolve thrombotic arterial occlusions [35]. 
A study of 182 infants (analysis of reports from the lit-
erature) comparing SK and UK with tissue tPA revealed 
no significant difference (P > 0.05) in the efficacy rates of 
the three agents. Effective thrombolysis varied from 39% 
to 86% in different studies evaluated in this paper. Bleed-
ing complications including IVH were low. The authors 
recommended controlled prospective multicenter studies 
to evaluate patency and adverse event rates with the use of 
these thrombolytic agents [35]. While SK and UK were used 
extensively in the past, they are largely replaced by tPA at 
the present [17].

Tissue plasminogen activator

Thrombolysis with tPA is reserved for limb- or life-threat-
ening thrombosis. Dosing of tPA is determined by gesta-
tional age (Table 37B.3) [34]. Senior author’s (PSR) prior 

experience is suggestive of favorable outcome of throm-
bolytic therapy (with tPA) of thrombus/embolus at other 
locations in the cardiovascular system [36].

Imaging with Doppler ultrasound is indicated prior to 
treatment and every 12–24 h during treatment. Cranial 
ultrasound is also indicated prior to initiation of therapy 
to detect IVH. Recommended laboratory studies to follow 
include fibrinogen, platelets, coagulation factors, and plas-
minogen prior to treatment and every 12–24 h during treat-
ment [14,16]. Because of the concern for associated adverse 
events with tPA use in the neonate, the tPA should be used 
only when thrombosis is life-threatening or is likely to 
result in limb loss.

Surgical management
When medical management fails to improve limb perfu-
sion, surgical thrombectomy or embolectomy should be 
considered. Additional surgical indications include: total 
limb ischemia, evidence of compartment syndrome, pre-
gangrenous tissue evolution, documented absence of arte-
rial blood flow by Doppler ultrasound or angiography for 
longer than 24 h, and extremely high bleeding risk for 
thrombolysis (recent cardiovascular surgery or cerebral 
hemorrhage) [37]. One study reported good outcomes fol-
lowing embolectomy and reconstructive vascular surgery in 
a group of 11 children including premature infants [38].

Amputation should be delayed for as long as possible 
given that eventual demarcation may lie distal to the origi-
nal line of ischemia. Consideration must also be given for 

Table 37B.2  Low Molecular Weight Heparin Dosing*

Gestational Age Doses

<28 weeks of gestational age 1.25 mg/kg SQ q12

28–37 weeks of gestational age 1.5 mg/kg SQ q12

>37 weeks of gestational age 1.625 mg/kg SQ q12

*Goal anti-Xa levels of 0.5–1 U/mL (blood sample obtained 4–6 h after last dose).

Table 37B.3  Tissue Plasminogen Activator (tPA) Dosing

Gestational Age Doses

<28 weeks of gestational age 0.03 or 0.06 mg/kg/h
(Infuse UFH at 10 u/kg/h)

>28 weeks gestationl age 0.1–0.5 mg/kg/h for 6–12 h, repeat daily for up 
to 3 days (infuse UFH at 10 u/kg/h)

UFH, Unfractionated heparin.
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future prosthetic limb application and prevention of joint 
contracture [39].

We would recommend the below proposed algo-
rithm for management of babies with limb ischemia 
(Algorithm 37B.1).

Ultimately, successful outcome of management of limb 
ischemia secondary to arterial catheterization is dependent 
upon early recognition, diagnosis of etiology, and prompt 
treatment.
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Neonatal Developmental Follow-Up Program
Nagamani Beligere, MD, MPH

Introduction

During the last 3 decades, neonatal and perinatal technolo-
gies have improved the survival of preterm as well as term 
infants. Although the neonatal intensive care improves the 
survival, there has been increased morbidity among these 
surviving very low birth weight infants. With transfer of 

technology to middle-income countries, the survival has 
improved with similar results, but morbidity is reported 
to be higher. This suggests that neonatal follow-up care 
is not uniform due to variation in perinatal and neonatal 
care practices. There is a need for uniform data collection 
and long-term follow-up of the survivors is essential. The 
Eunice Kennedy Shriver National Institute of Child Health 
and Human Development (NICHD) and AAP have well-
established protocols for follow-up care [1]. This chapter 
describes the organization and the follow-up of these high-
risk graduates of neonatal intensive care units.

Programs, criteria, its objectives, 
and benefits

Objectives of the follow-up program:
1. To define the type of high-risk infants who are prone to 

develop neurodevelopmental disabilities.
2. To define the ages at which the children need 

appropriate evaluations and develop plans for 
interventions to minimize the long-term untoward 
effects on growth and development of motor, cognitive, 
language, vision, hearing, and behavior.

3. To develop standard method of assessment for optimal 
ages.

4. To provide proper information to parents and families, 
to care for their infants.

5. To facilitate early therapeutic intervention to those 
affected children and minimize the disabilities.

6. To further advance the research and uniform data 
collection system and to define the long-term 
outcomes.

7. To influence the health care policies of the country 
from information on long-term outcomes of the high-
risk infants.
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CHAPTER POINTS

•	 As the survival of premature infants are increasing, 
the morbidity is replacing the mortality.

•	 The need for establishing the Developmental follow 
up programs, at centers providing ventilatory care.

•	 The importance of required multidisciplinary 
approach, correction of age for prematurity, 
recommended schedule for standard evaluation and 
tools used at different ages for follow up care.

•	 The chapter emphasizes the importance of on going 
research, and quality improvement.
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Primary responsibilities of the follow-up programs:
•	 Infant Surveillance: Surveillance establishes the 

pattern of systematic monitoring of all the high-risk 
infants [2].

•	 Intervention programs: Intervention programs help to 
prevent further developmental delay and improve the 
habilitation programs in each community.

•	 Family counseling and guidance: follow-up 
information facilitates counseling of parents and 
families with regard to prognosis of the infant and also 
teaching the parents to care for the child.

•	 It is necessary for each neonatal center to establish 
appropriate data collection system, get involved in the 
collaborative research, and publish results of outcomes. 
Such information can be useful in establishing proper 
therapeutic interventions and can influence the public 
policy of the nation.
Specialists in the follow-up programs:
It is essential to have multidisciplinary approach.
The disciplines required for a standard follow-up pro-

gram are as follows:
•	 Developmental and behavioral pediatrician
•	 Physical therapist

•	 Occupational therapist
•	 Developmental specialist with special educational 

teacher
•	 Speech pathologist
•	 Clinic nurse and intake coordinator
•	 Family counselor or a social worker

AAP recommends few conditions to be followed up as 
high-risk infants.

Table 38.1 summarizes the type of infants that need to 
be followed up.
1. Respiratory distress at birth (5 min Apgar score <4)
2. Birth weight <1500 g with GA 23–32 weeks and late 

premature neonates (GA 34–37 weeks)
3. Small for gestational age infants (SGA)
4. Infants with intraventricular hemorrhage (all grades)
5. Abnormal head ultrasound (PVL, infarcts, 

hydrocephalus)
6. Recurrent and severe hypoglycemia–infants of 

diabetic mothers
7. Premature infants with hydrocephalus and seizure 

disorder
8. Neonatal hyperbilirubinemia and infants who 

required exchange transfusions

Table 38.1  AAP recommended criteria for follow-up of high-risk infants.

Risk factors Preterm infants Term infants

Biologic risk 
factors

VLBW < 1500 g birth weight, ELBW < 1000 g birth 
weight infants, RDS, IVH, BPD, ROP, PVL, NEC, sepsis, 
seizures, higher order multiple twins, triplet infants 
of assisted reproductive technology; infants who are 
treated with postnatal corticosteroids; prolonged 
ventilated infants; abnormal ultrasound exam in the 
nursery; male gender
Small for gestation, failure to thrive in nursery, restricted 
growth (IUGR), abnormal neurologic exam at discharge

Full term infants with encephalopathy, HIE, 
meningitis, complex medical problems, 
congenital malformations (CNS, cardiac), any 
surgical interventions for NEC, gastroschisis, 
TEF, poor feeding, and GT-tubes
Infants with cleft lip and palate

Interventions Resuscitation at birth for those who required ventilation 
at birth with Apgar score <4; use of postnatal steroids, 
prolonged ventilation, ECMO in infants; high-frequency 
ventilated infants; prolonged O2-dependent infants, 
CLD; recurrent apnea, infants with hypoglycemia, IDM, 
treated with ACTH; infants with hyperbilirubinemia and 
exchange transfusions; surgically treated infants with 
PDA ligation, NEC, shunt, etc.; and nutritional support

Resuscitated infants with Apgar score <4; 
infants were ventilated where interventions 
are used postnatal steroids, prolonged 
ventilation, ECMO, recurrent apnea, O2-
dependent infants, IDM, treated with ACTH, 
exchange transfusion in hyperbilirubinemia, 
and nutritional support; infants requiring 
surgical treatment

Social and 
environmental

Low socioeconomic status, minority status, single or 
teen age mothers; prenatally exposed to drugs, alcohol, 
and no prenatal care; environmental influence on life 
and stress (poor accommodation and need for food 
and shelter)

Low socioeconomic status, minority status, 
single/teen mother; low income mothers 
and with low maternal education; infants 
prenatally exposed to drugs, alcohol, and 
poor prenatal care; environmental influence 
on life and stress (poor accommodation and 
need for food and shelter)

Source: Modified from Follow up care of high risk infants. Pediatric 2004;114(5) [1].
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9. Chronic illness, such as concurrent cardiac and renal 
or GI conditions

10. Abnormal neurologic evaluation at the time of 
discharge

11. Infant with poor nutrition with feeding difficulties 
and not gaining weight

12. Any infant who is showing developmental delay with 
no apparent neonatal complications

13. Maternal factors, such as postpartum depression, 
substance abuse including alcohol dependency

14. Poverty and poor maternal education
15. All infants who received invasive mechanical 

ventilation

Recommended follow-up schedule

•	 Ideally the infant should be examined at 2, 4, 6, 8, and 
12 months of corrected age (CA) during the 1st year, at 
15, 18, and 24 months of CA during 2nd year, and at 
30 and 36 months of chronological age during the 3rd 
year; also can be followed up to chronologic ages of 
3–8 years.

•	 Beyond this age, school system evaluates children.
•	 Correction of age for prematurity before administering 

any tool from 0–2 years of age. Correction of age is 
not recommended beyond 2 years of age. Evaluation 
continues at chronological age after 2 years [3].

•	 Most children are evaluated for learning disability in 
the school system for behavior and learning disorder. 
Intervention at school age focuses on occupational 
therapy and day-to-day function and behavior, reading 
math social behavior. Some of the evaluations are 
described in Table 38.2. Based on the results of the test, 
school system places the children in the classroom for 
individualized educational plan (IEP).

Calculation of the corrected age

•	 Mother’s EDD was 3/16/2015. The infant’s birth date is 
1/13/2015. Child is evaluated on 12/15/2015.

•	 The chronologic age of the child on the day of 
evaluation is 11 months and 2 days.

•	 For correcting the age, one has to adjust for the 
prematurity of 2 months or 8 weeks (considering 
40 weeks GA as full term). Now correction is 
performed by subtracting the number of months from 
chronological age.

•	 Subtraction can be done as 11 months and 
2 days − 2 months = 9 months and 2 days.

•	 Child is evaluated as 9 months and 2 days CA.

When Bayley-III is used, the evaluation can be started at 
point H which is appropriate for the infant between 9 and 
10 months of age.

The tools used in newborn  
to 12 months

1. Amiel-Tison neurologic evaluation of the newborn and 
infant [4]

2. Brazelton neurobehavior screening [5]
3. Bayley-III infant motor assessment scale [6]
4. Test of infant motor performance [7]
1. Amiel-Tison scale can be used even in the nursery 

before discharge for continuity of care:
a. Growth parameter of the head, motor function, 

vision and hearing
b. Axis: if infant’s central axis is deviated from the 

central axis of spine, it determines the case of 
monoplegia, diplegia, or quadriplegia

c. Motor tone: for hypertonicity or hypotonicity
d. Angle: determines the limitation of movement of 

muscle and joint, the flexor and extensor angles of 
the extremities, and neck

e. Primitive reflexes: persistence of reflexes even at 
later age

f. Head circumference for head growth: microcephaly/
macrocephaly

g. Visual fields: esotropia, exotropia, visual following
h. Hearing: basic response to sound
i. Final impression of diagnosis

2. Brazelton neurobehavioral screening is done at birth 
and at 72 h to evaluate the alertness of the infant [5]. 
This test is used in the term infant for maturity as 
well as behavior response.

3. Bayley-III infant and toddler motor assessment: 
evaluates in ages from 16 days to 42 months at 
intervals of 15 days. Bayley scale evaluates the status 
of gross motor, fine motor, cognitive, receptive, and 
behavior performance.

 What does Bayley test determine?
a. Gross motor: large muscle movement
b. Fine motor: small muscle movements
c. Cognitive: looks at how the child thinks, 

reacts, understands, and learns the environment 
around him/her by accommodation and 
assimilation

d. Receptive language: how the child recognizes 
the sound of environment, such as toys, people, 
mother’s, etc., and understands the words and 
directions

e. Expressive: how well the child responds and 
communicates using gestures, sounds, or words
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Table 38.2  The recommended assessment tools and appropriate ages [1]

Areas of 
assessment

2, 4, 6, 9, and 
12 months, CA

12–14 months, 
CA

18–24 months, 
CA

36–60 months  
(5 years),  
chronological 
age

6–8 years, 
chronological 
age

Growth and 
nutrition

Ht, WT, HC, BMI*, 
caloric intake, 
nutrition

Ht, WT, HC, 
nutrition

Ht, WT, HC, BMI, 
caloric intake, 
nutrition

Ht, WT, HC, BMI, 
caloric intake, 
nutrition, skin fold

Ht, WT, nutrition, 
counseling

Neurologic 
assessment

Amiel-Tison*, 
EEG*, or MRI when 
indicated, such as 
seizures, CP*, etc. 
Metabolic studies 
when unknown 
neurologic 
diagnosis, such 
as SMA, PKU, or 
cretinism, etc.

Amiel-Tison, EEG, 
or MRI when 
necessary

Amiel-Tison, EEG, 
or MRI when 
necessary

Amiel-Tison, EEG, or 
MRI when necessary; 
for 4 years and older, 
MRI or functional 
MRI when indicated, 
CT*, IQ test 
Wechsler intelligence 
(WPPSI, WISC)

Neurologic 
assessment, 
metabolic screen, 
genetic screen; 
Gait, coordination; 
balance, EEG, MRI

Gross motor, fine 
motor, cognitive, 
language and 
behavior

Bayley-III 
infant motor 
development; 
NIDCAP* 
neonatal infant, 
developmental 
care program 
in the nursery; 
Brazelton behavior 
screening within 
first 72 h; may go 
up to 2 months

Bayley-III 
infant motor 
development; 
establish cognitive, 
motor, language 
and adaptive and 
social, emotional 
composite scores, 
and functional 
status

Bayley-III 
infant motor 
development

Bayley-III infant 
motor development; 
GMFCS for CP; 
Peabody gross 
motor; IQ visual 
motor skills; PPVT*, 
TEGI* for speech 
impairment; 
functional 
independence 
measure for CP in 
children (Wee-FIM)*

GMFCS, Wee-
FIM; language, 
pediatric behavior 
symptom checklist, 
CBCL; Vanderbilt 
Checklist for ADHD, 
executive function; 
high functional 
autism screen 
for pragmatic 
speech, speech and 
language testing; 
WPPSI and WISC 
for IQ test for 
childhood

Vision Vision by 
ophthalmologist

Vision by 
ophthalmologist, 
fundoscopic 
evaluation and 
charts

Vision charts by 
ophthalmologist 
Beery-Buketencia, 
developmental 
test for VMI* 
skills inventory: 
Oregon Project for 
Visually Impaired 
and Blind  pre 
school and primary 
school children. 
(6th) edition

Tumble-E chart, and 
VMI, skills inventory, 
Oregon Project for 
visually blind and 
impaired children

Vision screening, 
EYE chart, 
Snellen’s chart, 
ophthalmologist 
fundal examination

Hearing OAE* at birth, and 
up to 3 months; 
ABR* when OAE 
is abnormal even 
at birth

Behavior hearing 
by audiometry, and 
ABR*

Audiometry, ABR Sound booth 
audiometry, auditory 
CPT, and verbal IQ

Sound booth, 
audiometry, verbal 
IQ; temporal 
bone CT and 
cochlear functional 
evaluation, hearing 
aid requirement
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f. Emotional and social development: how the child 
responds to getting along with people, skills to use 
manners recognizing emotions at age, appropriately 
at different ages

g. General adaptive behavior (GAC), such as 
self-care, learning, eating, toileting, bathing, 
locomotion, dressing self, following the rules and 
directions, home living, taking care of the personal 
possessions, such as his toys, school books, pencils, 
etc; able to communicate with his parents, siblings, 
and the community, etc.; and again making simple 
decisions, such as to play, or to go outside, or to 
help others if needed

 The standardized scores are compared to the child’s 
performance.

 Bayley-III scores are presented in composite  
scores.

 Interpretation of composite score determines whether 
the child requires early intervention or further 

evaluation. This will enable the physician to counsel 
parents with regard to developmental function. Scores 
are explained as follows:
•	 130 and above is very superior
•	 120–129, superior
•	 110–119, high average
•	 90–109, normal
•	 70–89, mild moderate delay
•	 <69, severe delay

 Based on the scores and information, the need for 
therapy is determined. Therapy depends on that 
particular parameter the child is scoring at 25%–
30% less than the optimum score. Intervention is 
provided in that particular area. The percentile delay 
is important to determine whether the child requires 
early intervention or further investigations. The results 
of the score help to counsel the parents, with regard to 
child’s functional ability and developmental age, and 
plan for therapy.

Areas of 
assessment

2, 4, 6, 9, and 
12 months, CA

12–14 months, 
CA

18–24 months, 
CA

36–60 months  
(5 years),  
chronological 
age

6–8 years, 
chronological 
age

Functional 
behavior

Brazelton newborn 
behavior screening 
test, newborn up 
to 2 months

CBCL*, Ages and 
Stages social and 
emotional checklist 
(ASQ-SE), Wee-
FIM, Vineland 
Social Maturity 
scale

Parent behavior 
checklist, CHAT, 
and MCHAT-R, 
CBCL, ASQ-SE*, 
Wee-FIM*, 
Vineland Social 
Maturity scale

Parent behavior 
checklist, ASQ-SE, 
CBCL

GMFCS, Wee-
FIM, Wechsler IQ, 
behavior checklist, 
CDI* screen, 
learning disability, 
ADHD, autistic 
observation

Language Young children’s 
parent checklist

Parent checklist Parent checklist PPVT, TEGI Speech and 
language test for 
early grammar 
impairment, IQ 
test for learning 
disability

QOL and 
research

HRQL*, QOL, and 
health status

HRQL, QOL, and 
health status

HRQL, QOL, and 
health status

HRQL, QOL, and 
health status

ABR*, Auditory Brain wave Response; Amiel-Tison*, Neurologic Evaluation of the Newborn and the Infant; ASQ*, Ages and Stages Questionnaires; 
ASQ-SE*, Ages and Stages social and Emotional Questionnaire; BIND*, Bayley-lll scale of Infant and toddler development; BMI*, Body Mass Index; CA*, 
corrected age; CBCL*, Child Behavior Check List; CDI*, Child Depression Inventory, CT*, Cerebral Tomography; CHAT*, Checklist for Autism in Toddlers; 
EEG*, Electro Encephalogram; GMFCS*, Gross motor Functional Classification; HC*, Head circumference; HRQL*, Health Related Quality of Life; HT*, 
Height; MCHAT_R*, Modified checklist for Autism in toddlers; NIDCAP*, Newborn and infant Developmental care program; OAE, Acoustics auditory 
emission; OPSI*, Oregon Project for Visual acuity; PPVT*, Peabody Picture Vocabulary Test; QOL*, Quality of life; SMA*, Spinal Muscular Atrophy; TEGI*, 
Test of Early Grammatical Impairment; MI*, Visual Motor Integration Test; Wee-FIM*, Functional Independence Measure for Children; WPPSI*, Wechsler 
Preschool Premature Independence scale; WISC*, Wechsler Intelligence scale for Children; WT*, Weight.

Table 38.2  The recommended assessment tools and appropriate ages [1] (cont.)
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4. Test of infant motor performance: is a standardized 
test. It can evaluate infants from 34 weeks of GA to 
16–17 months post-term. It evaluates motor functions 
of the infant in the nursery as well as after discharge 
from the nursery. It is well correlated with BSID–II up 
to 4 months of age [7,8].

 If gross motor function is delayed or suspected, 
Peabody gross motor evaluation is indicated [9].  
It is a standardized test that can evaluate infants  
from 34 weeks of GA to 16–17 months post-term  
and up to 8 years.

 When motor function is compromised severely, 
cerebral palsy is suspected. Gross motor functional 
classification (GMFCS) for CP is indicated when the 
children [10–12] need mobility for attending school 
and community events.
GMFC is available for age-adjusted variations in five lev-

els. Here the description is referred to toddlers and older 
group of 4–8 years. This classification is based on the func-
tional limitation and quality of movement with supportive 
devices.

GMFC classification:
•	 For toddlers (palisano)

•	 Level-1: child can walk without any assistance for 
about 10 steps. With symmetrical gait, child sits, 
creeps, and crawls

•	 Level-2: uses hands for support in sitting posture
•	 Level-3: sits with external assistance
•	 Level-4: has good head control but needs assistance 

for mobility
•	 Level-5: poor head control, no truncal balance, and 

no voluntary movement.
•	 Levels in older age group of cerebral palsy are described 

as:
•	 Level-1: walks without any restrictions with tip-toe
•	 Level-2: walks without any support, but limits 

walking in the community
•	 Level-3: walks with assistive device like indoor 

walker, crutches, etc. but limited mobility outside in 
the community

•	 Level-4: mobility is more limited; need powered 
assistive devices for transportation in the 
community

•	 Level-5 self-mobility is severely affected even with 
the use of assistive technology

Speech and language evaluation

Infant/toddler checklist can be evaluated by parent ques-
tionnaire for speech and language evaluation. Bayley-III  
evaluates speech and language in children less than 

42 months. Communication and Symbolic Behavior 
Scales-Developmental Profile (CSBS-DP) developed by 
Weatherby and Prizant (2001) [13] can be used as first step 
in routine developmental behavior testing for children 
between 6 and 24 months, which identifies following lan-
guage predictors:
1. Emotion and use of eye gaze
2. Use of communication
3. Use of gestures
4. Use of sounds
5. Use of words
6. Understanding of words
7. Use of objects

This is scored and standardized for older children.
Test of Early Grammatical Impairment (TEGI*) can be 

used for speech impairment. It is used in children who have 
speech impairment after 6 years [14].

Peabody Picture Vocabulary Test (PPVT) can be used for 
children with language impairment [15].

Emotional and social behavior and 
adaptation

Social and emotional behavior screening for autism is 
recommended for all toddlers at 18–24 months. Recom-
mended tools are modified checklist for autism in toddlers, 
revised (M-CHAT) [16] screening by AAP, or checklist for 
autism in toddlers [17] (CHAT) (UK).

Bayley-III evaluates social and emotional behavior from 
42 months.

Childhood Behavior Checklist (CBCL) by Achenbach 
for children 2–4 years evaluates for functional assessment 
[18,19].

Pediatric behavior checklist by Michael Jellinek: is a 
behavior checklist for children 4 years and older and con-
sists of 35 questions [20].

Ages and Stages Questionnaire-Social Emotional Ques-
tionnaire (ASQ-SE) [21] is another evaluation tool.

Hearing evaluation [22,23]: Universal screening test 
for hearing of the newborn is recommended. Otoacous-
tic emission (OAE) is used in newborn period and up to 
2 months and it evaluates tympanic membrane and middle 
ear. It does not give the status of auditory nerve response. 
OAE response is only pass or fail unequivocal or failed 
response.

Audiometry [brainstem-evoked response audiometry 
(BERA)] is recommended. BERA is a gold standard measure 
for auditory nerve evaluation.

Vision evaluation by ophthalmologist for ROP [24]: 
Visual acuity is evaluated in infants using teller acuity cards 



835

ChapterNeonatal Developmental Follow-Up Program | 38 |

under 3 years of age. If the child is able to match pictures, 
Lee symbols chart is used. If the children are uncoopera-
tive or suspected with amblyopia, electrophysiologic test-
ing known as visually evoked potential (VEP) is used. It 
involves invasive test by placing the electrodes closer to the 
eye. Electrical impulses, as they are transmitted from eye to 
the visual part of the brain, are recorded.

Binocular vision is tested by covering one eye with coop-
erative children. Ocular motility testing is done by observ-
ing the child’s ability to fixate on the moving objects. 
Refractive error is evaluated by retinoscopy. Fundoscopic 
examination of the retina is performed by ophthalmoscope 
or retinoscopy (specifically for ROP). Intraocular pressure 
is measured after dilatation of the eyes.

Other evaluation tools 
recommended for research purposes

1. Vineland Social Maturity Scale Test
2. Visual motor integration (VMI) test (K. Beery, N Beery): 

For children with visual impairment, to assess the 
visual perception and motor coordination

3. Oregon Project: for visually impaired and blind 
preschool and primary school children for skill 
inventory

4. QOL: Quality of life assessment
5. HRQOL: health-related quality of life
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Management of Ethical Challenges in 
Neonatal Intensive Care
Gautham Suresh, MD, DM, MS, FAAP

Ethical dilemmas are common in neonatal intensive care. 
Since respiratory support is one of the cornerstones of 
intensive care, these ethical dilemmas often involve the 
provision, escalation, or withdrawal of respiratory support 
(Fig. 39.1). In the neonatal intensive care unit (NICU), many  
deaths follow withdrawal or limitation of life-sustaining 
treatments (LSTs). Therefore, clinicians working in neona-
tal intensive care should have a clear understanding of the 
principles and frameworks of ethics and apply them to the 
challenging cases they encounter.

The foundational principles of ethics in the NICU are 
as follows:
1. Clinicians providing neonatal intensive care should 

always act in the best interests of the infant. They have 
an individual as well as a collective obligation to act 
in the neonate’s best interests. While the term “best 
interests” is admittedly subjective and hard to define 
objectively, clinicians should keep the interests of the 
patient central to all decisions.

2. The parents or legal guardians are the default surrogate 
decision-makers for the child.

3. Parental decisions and preferences should be respected 
and accommodated in most situations, but if they are 
not in the best interest of the child, they should be 
challenged and occasionally overturned.

4. For certain diagnoses and categories of patients that are 
considered to have poor outcomes, interventions that 
may extend life and decrease morbidity may not be 
provided by clinicians in one era but may be offered in 
a subsequent era due to a change in social and medical 
attitudes.

5. Ethically and morally there is no difference between 
withholding and withdrawing life-sustaining therapy 
but in reality, withdrawing such therapy is often more 
difficult.
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CHAPTER POINTS

•	 Ventilator support is one of the main life-sustaining 
therapies used in neonatal care. In selected situations, 
it is appropriate to withdraw, withhold, or not 
escalate such therapy.

•	 Conflicts between the family and health professionals 
about such decisions are common, can be ethically 
challenging, and lead to moral distress.

•	 Physicians should consider anticipated outcome of 
individual patients, and clarify whether the family’s 
request is obligatory, impermissible, or permissible 
prior to making decisions about withdrawal or 
continuation of life-sustaining therapy.

•	 Options for the provider when there is disagreement 
with the family include communication and 
persuasion, agreeing to provide intensive care, 
request a second opinion, transfer care, or seek legal 
advice from a court or child protective services.
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6. In settings where resources are generally not 
constrained, concerns about appropriate use of health 
care resources and about excessive health care costs 
should not influence decisions about individual 
patients, but should be a factor in institutional or 
regional policies and guidelines.

7. Physicians are not obligated to provide care that is 
not expected to benefit the patient.

8. While making decisions about withholding, 
withdrawing, or limiting life-sustaining therapy, 
clinicians should adhere to (and not violate) 
local institutional policies, and to local, state, and 
national laws.

9. Physicians should help the family make decisions 
about the best choices of care for their infant and 
should not hesitate to provide recommendations, but 
should not be too directive and should not impose 
their own values and opinions about treatment 
choices for the infant. They should also not function 
as mere technicians who provide any intervention 
that the family requests.

10. All decisions about withholding or withdrawing 
LST should be made after a careful review of all 
the medical facts, and after discussions have been 
completed within the health care team and with the 
parents or surrogate decision-makers. If a clinician 
is suddenly and unexpectedly faced with a decision 
about initiating LST (e.g., in the delivery room), he 
or she should initiate the LST and attempt to preserve 
life, and reassess the situation after the infant is 
stabilized. A decision about withholding LST should 
not be made “in the moment”–snap judgments 
should be avoided.

11. Potential or emerging ethical challenges in the NICU 
should be identified early and preventive or early 
actions should be taken to prevent the situation from 
becoming severe. Plans of care should be put in place 
well before any acute clinical deterioration occurs.

12. A decision about withholding, withdrawal, or 
non-escalation of LST is not permanent and can 
be rescinded or modified if the patient’s clinical 
condition or course changes, or if the parents change 
their opinions or perspective.

Common ethically challenging 
questions in the NICU

1. In which patients, should life-sustaining therapy 
be offered, not offered, or considered optional? For 
example, infants who were born at very early gestation, 
who have major birth defects, such as trisomy 13 or 
trisomy 18.

2. How should disagreement between the parents 
and the clinicians about initiation or continuation 
of life-sustaining therapy be handled? In such 
situations, parents may request or insist upon life-
sustaining therapy while clinicians feel that this is 
not in the child’s best interest; or parents may request 
withholding or discontinuation of life-sustaining 
therapy, while clinicians feel that such therapy is in the 
child’s best interest.

3. How should decisions about life-sustaining therapy be 
made when resources are limited?

Fig. 39.1 Management of Ethical Challenges in Neonatal Intensive Care.
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In which patients, should life-
sustaining therapy not offered or 
considered optional?
Over the past few decades, advances in technology, devel-
opment of new medications, and increasing refinements in 
the delivery of neonatal intensive care have led to increas-
ing survival and improved clinical outcomes for neonatal 
patients. Over this period, there has been a trend for neo-
natologists to provide interventions and intensive care sup-
port to categories of infants for whom such interventions 
were previously not offered, such as extremely preterm 
neonates and neonates with birth defects. These treatments 
can sustain life in circumstances where this was previously 
impossible, but carry a risk of causing pain, suffering, and 
a poor quality of life in the long term. Therefore in mod-
ern neonatal intensive care, it is common for clinicians to 
encounter ethical dilemmas and moral distress about the 
management of infants with a low likelihood of a good 
clinical outcome, and about whether an intervention 
should be provided just because it is technically feasible to 
provide it. While many of the situations described next can 
be handled by the NICU health professionals themselves, 
in some situations an Ethics Committee consultation may 
have to be obtained.

Intensive care is usually provided with the default pre-
sumption of treating to sustain life. Questions about the 
appropriateness of life-sustaining therapy might arise 
about several medical or surgical interventions that are 
components of such therapy. These include chest com-
pressions, medications to stimulate the heart, vasoactive 
infusions, mechanical ventilation, thoracentesis, thoracos-
tomy, vascular access, antibiotics for infection, transfusion 
of blood or blood products, supplemental oxygen, renal 
replacement therapy, extracorporeal membrane oxygen-
ation, implanted medical devices, and surgery. Any of these 
may be withheld or withdrawn if it is in the infant’s best 
interests to do so. Rarely, medically provided nutrition and 
hydration may be withheld as well.

The first step in making any decision about LST is to con-
firm the diagnosis and prognosis of the infant. Until these 
are confirmed, LST should be continued. Ultimately, deci-
sions to withhold or withdraw certain treatments are based 
on probabilities rather than certainties, and a decision to 
forgo LST should be considered only when the probability 
of a poor outcome is high enough (i.e., it exceeds a cer-
tain threshold of likelihood). Before considering forgoing 
LST, all remediable causes for the child’s condition must 
be excluded, for example, drugs and metabolic encepha-
lopathy.

There are two sets of circumstances when treatment 
(LST) limitation can be considered based on the rationale 
that LST is unlikely to provide overall benefit, and is there-
fore not in the infant’s best interest:

When the anticipated life in spite of maximal treatment 
is limited in quantity: Imminent death, where 
physiological deterioration is occurring irrespective of 
treatment; and inevitable death, where death is not 
immediately imminent but will follow and where 
prolongation of life by LST confers no overall benefit.
When the anticipated life in spite of maximal treatment 
is limited in quality: This includes situations where 
treatment may be able to prolong life significantly 
but will not alleviate the burdens associated with 
illness or treatment itself. These comprise: burdens 
of treatments, where the treatments themselves (e.g., 
surgery or invasive procedures) produce sufficient pain 
and suffering so as to outweigh any potential or actual 
benefits (i.e., there is net harm rather than net benefit); 
burdens of the infant’s underlying condition, where the 
severity and impact of the child’s underlying condition 
is in itself sufficient to produce such pain and distress 
in spite of maximal palliative care as to overcome 
any potential or actual benefits in sustaining life; and 
inability to benefit, where the infant’s underlying 
condition (e.g., severe cognitive impairment) makes it 
extremely unlikely that she will enjoy the benefits of a 
continued life.
A useful framework for classifying LST, described by 

Mercurio, is for clinicians to themselves first clarify, before 
communicating with the infant’s family, whether the treat-
ment being considered or requested is: (1) obligatory to 
provide; (2) impermissible; or (3) permissible. Permissible 
interventions can further be categorized as advisable or 
inadvisable (Fig. 39.1).

Decisions to limit treatments—or what treatments 
should be given—should be made by clinical teams in 
partnership with, and with the agreement of the parents. 
They should be based on shared knowledge and mutual 
respect, using the principles of shared decision-making. It 
is preferable for both parents to be fully involved in deci-
sion-making as far as possible, whether or not the father 
has parental responsibility. Although the infant’s family is 
granted a key role in making decisions about the neonate’s 
treatment, they may not always want to make those deci-
sions themselves. They may be unable or unwilling to make 
decisions or prefer to abdicate this responsibility to health 
care professionals. However, the presumption should be 
that parents will always want to take part in discussion 
about limiting LST and that they should always be invited 
to do so. Parental interests may overlap with the interests 
of the child and are difficult to separate. An approach that 
considers family welfare rather than purely best interests of 
an individual child is a model that is used by the majority 
of neonatologists.

Wherever possible, discussions between the clinical team 
and the family should occur early in the patient’s course, 
and all decisions about withholding or withdrawing LST 
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should be made in advance of acute events in the form of 
care plans, and should be available for all relevant parties.

How should disagreement between 
the parents and the clinicians 
about initiation, continuation, or 
escalation of life-sustaining therapy 
be handled?
In the context of life-limiting illness, it is often possible 
for health care teams, parents, and children to reach agree-
ment as to whether LST should be provided, withheld, or 
withdrawn. In these situations the interests of the child and 
family are likely to coincide.

Due to the sensitive nature of the discussions to limit 
treatment, differences of opinion, often based on sin-
cerely held beliefs and values, may occur between the 
parents or legal guardians of the neonate and the health 
care team. A family’s view of their child’s best interests is 
influenced by their own system of values and their degree 
of trust in the health care system and in the health pro-
fessionals. A family’s collective value system is influenced 
by religious beliefs, political and cultural attitudes, and 
life experiences. These parental values may not coincide 
with those of professionals. The parents may feel a certain 
therapy is obligatory or impermissible while the clinicians 
may feel that it is not, or vice versa. Disagreements may 
be aggravated by the power gradient that exists inherently 
in the health care professional/family relationship. Ulti-
mately all decisions about withholding or withdrawing 
LST are based on probabilities, and there is often uncer-
tainty about the anticipated poor outcomes. Most such 
decisions have to be made in a context where absolute 
certainty over outcomes does not exist. This uncertainty 
may aggravate clinician–parent differences. In addition, 
there may be legal uncertainty about what is permissible 
and impermissible. Finally there are often differences 
of opinion and beliefs among different members of the 
clinical team, or among the family members. Therefore, 
decisions about forgoing LST often entail conflicts over 
what constitutes a child’s best interests, and who decides 
them. In such conflicts, an independent Ethics Committee 
review may be helpful.

Conflicts about LST between health professionals and 
families may be of two types (Fig. 39.2):
1. Parents may request or insist upon life-sustaining 

therapy (i.e., they feel it is obligatory or permissible 
and advisable) while clinicians feel that forgoing LST 
is in the child’s best interest (i.e., it is, or has become 
impermissible). This is the more common situation. 
Parental wishes and interests are important but not 
necessarily determinative; parents’ wishes may be 
allowed to drive decisions about LST if its burdens 

to the infant are sufficiently small, or uncertain. 
Nevertheless, the interests of the infant should remain 
the primary guiding factor in treatment decisions. 
Referral to social work and legal intervention should 
be considered when there is justifiable concern that 
parental decisions would pose a significant risk of 
serious harm to the child.

2. Parents may request withholding, limitation, or 
discontinuation of LST (i.e., they feel it is or has become 
impermissible) while clinicians feel that such therapy 
is in the child’s best interest, that is, obligatory, or 
permissible and advisable. This situation is rare, but if 
it arises, the parents’ understanding of the relevant facts 
and the reason for their judgment should be explored. If 
the benefits of continuing treatment are sufficiently small 
or uncertain, the parents’ views about the best interests of 
the child should be given serious consideration. Where 
the benefit to the child is clear, the presumption should 
be to provide treatment to the child.
When there is disagreement or conflict, four options are 

available to arrive at a decision about LST (Fig. 39.3):
1. Communication and persuasion: Good clinical 

practice at the end of life entails some way of resolving 
potential conflicts over what constitutes a child’s best 
interests and who decides them. Potential conflicts 
between clinicians and family members can be avoided 
by frank, open, and considerate dialogue, by involving 
supportive personnel from the hospital, such as social 
workers, patient advocates, chaplains, and clinical 
ethics consultants and by involving the extended 
family and members of the community. The goals of 
care and the likelihood of these goals being achieved 
with various treatment options should be explicitly 
discussed and clarified.

2. Provisional intensive care: A time-limited trial of LST 
can be initiated and withdrawn after a pre-specified 

Fig. 39.2 Types of Conflicts Between Health 
Care Professionals and Families. Copyright: Satyan 
Lakshminrusimha.
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period if the patient does not improve or if the burden 
outweighs the benefit.

3. Second opinion or transfer to another institution.
4. Seeking a decision from a court of law or from child 

protective services or both: It may be necessary to refer 
the case to the court for an independent judgment to 
resolve matters. In cases where differences cannot be 
resolved by the previously mentioned means, legal 
intervention may be necessary with courts as the 
ultimate arbiter of best interests.
When there is disagreement or conflict between the fam-

ily and the clinicians about the best management option 
for the infant, the institutional Risk Management Depart-
ment should be informed.

How should decisions about life-
sustaining therapy be made when 
resources are limited?
In settings where resources are generally not constrained, 
such as high-income countries, particularly those with sin-
gle-payer systems that offer universal health care, decisions 
about LST are driven primarily by the child’s best interests. 
However, in certain settings in the world, LST resources, 
such as mechanical ventilation might not be available to 
all patients who require such therapy, and even if available, 
might not be affordable to families of neonates who have 
to pay out of pocket for such care. In such situations, clini-
cians are often forced to offer LST only to those patients 
whose families can afford to pay for care, or to those 
patients who are anticipated to have a good outcome (to 
make best use of scarce resources), or to those infants who 
need LST only at times when such LST is available.

Clinicians may be justified in withholding treatments 
that are highly expensive or of limited availability and that 
appear to offer little benefit to the child. Such decisions 
should be based on clear and consistently applied poli-
cies developed at institutional, local, or national levels. 
Even in countries and institutions with plentiful resources, 
such triaging decisions about which patients receive LST 
may have to be made during times of natural disaster, acci-
dents, epidemics, or an unexpected surge in the volume of 
patients that exceeds the institution’s capacity to provide 
LST.

A framework for ethical analysis

The best safeguard for the vulnerable patient is 
always a combination of a virtuous physician 
dedicated to the patient’s welfare and an explicit and 
orderly system of ethical analysis.

—E. Pellegrino

1. Collect all the relevant medical facts and the opinions, 
attitudes, and emotions of the key stakeholders 
(including parents, extended family, NICU staff, and 
sub-specialists involved in the baby’s care).

2. Identify the sources of the ethical dilemma or conflict 
or distress.

3. Clarify the goals of care.
4. Use team discussions to arrive at a consensus about the 

best management options.
5. Communicate clearly and repeatedly with the family to 

discuss the infant’s condition, the anticipate prognosis, 
and the options for further care.

6. Be clear about the legal, social, and media ramifications 
about the decisions and actions proposed.

Preventive ethics and advance 
planning

Many clinical situations that result in ethical dilem-
mas, conflict, and moral distress can be identified early 
in the course of the patient before they escalate. Every 
NICU should have a system of surveillance where exist-
ing patients are reviewed periodically to identify such 
emerging situations early and to intervene before they 
develop into major problems. These patients should be 
proactively discussed by the leaders of the NICU and 
by the team members caring for the patients to identify 
actions that can be taken to prevent an ethical dilemma, 
to avoid conflict between the family and the health care 

Fig. 39.3 Options Available When There are 
Disagreements and Conflicts. Copyright: Satyan 
Lakshminrusimha.
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team, and to avoid any moral distress that team mem-
bers may experience. Such advance planning is particu-
larly important in the context of chronic life-limiting or 
life-shortening conditions, before acute episodes occur or 
they become life-threatening conditions and before acute 
situations arise. Such advance planning should include an 
assessment of all matters related to ethical decision-mak-
ing, including determination of best interests. Advance 
planning allows clinicians to discuss potential adverse 
outcomes in a sensitive manner, ascertain the views of 
the family, develop appropriate care plans, and ultimately 
ensure that professional guidance is communicated and 
implemented well.

Brain death

A process that is very similar to forgoing LST, involves 
similar discussions, and is prone to similar conflicts is that 
of managing neonatal patients with brain death. Neonates 
are infrequently diagnosed with brain death. However cli-
nicians in neonatology should be familiar with the cur-
rent criteria to diagnose death by neurologic criteria and 
be prepared to explain to families in such cases that their 
child meets the legal criteria for death. Clinicians should 
educate themselves about the institutional policies and 
regional laws about brain death and exemptions to the 
determination of brain death. Such infants are often can-
didates for organ donation and neonatology clinicians 
should work in coordination with the organ donation pro-
fessionals to sustain organ function until organ harvesting 
is performed.

Palliative care

All critically ill neonates and those with life-limiting or 
life-threatening conditions should receive palliative care, 
provided either by the NICU staff or by palliative care spe-
cialists. Palliative care is an active and total approach to care 
that continues from the point of diagnosis or recognition 
throughout the infant’s life, death, and beyond. It includes 
physical, emotional, social, and spiritual elements and 
focuses on relief of symptoms so as to maximize the quality 
of life that remains; the provision of psychological, social, 
and spiritual support for families; provision of respite 
care for siblings and families; and care through death and 
bereavement. Palliative care can be given alongside active 
interventions; it is not confined to situations where a deci-
sion to withhold or withdraw active treatment has been 
made.

Care after LST has been withheld, 
withdrawn, or limited

Whatever the outcome of the decision-making process, 
neonatal patients and their families should always receive 
high-quality expertly delivered care that provides them 
with comfort and support. Decisions to limit LST do not 
constitute “withdrawal of care.” Decisions to withhold, 
withdraw, or limit LST involve a change in the goal of care 
from cure to symptom relief. Treatments that are intended 
to relieve suffering of the infant and the family, produced 
by illnesses and their treatments or by disability, are ethi-
cally justified. They should be offered early in the course of 
life-limiting or life-threatening illness. In situations where 
treatment is withheld or withdrawn, the health care team 
should be flexible to face the changing circumstances, as 
the primary intention of limiting treatment is not the death 
of the child. Sometimes children, in whom LST is withheld 
or withdrawn, may survive. In these circumstances continu-
ing support and palliative care should be provided.

Communication skills and language 
in ethically challenging situations

Communication, within health care teams and with parents 
and children, is important and should also include those in 
the community who also have a duty of care to the child. 
Communication of information should be in a form and 
given at a pace that is appropriate for children and fami-
lies and takes account of any special needs they have. All 
clinical staff should have access to continuing professional 
training and education in communication skills, ethics, 
and the issues raised by decisions to limit treatments. The 
process should be audited to ensure that the physical and 
emotional needs of children and their families facing such 
decisions are met. Parental decision-making should be 
properly informed by providing the best information avail-
able and by presenting it in a format and at a pace that they 
can comprehend. Parents whose understanding is limited 
by cognitive or communication difficulties should receive 
appropriate services to ameliorate or overcome these diffi-
culties. Clinicians should communicate with families with 
limited English proficiency using a qualified interpreter. 
An advocate, for example, from Patient Advocacy or Social 
Work may help the family to present their views and wishes 
to the clinical team.

The following terms and phrases should be avoided. 
Instead, the preferred alternate terminology described next 
should be used.
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•	 “Withdrawal of care.” Care is always provided, 
although the type of care provided might change, 
based on the goals of care. Use “withdrawal of LST” 
or “redirection of care” or “comfort measures only.”

•	 “Nothing more can be done.” As mentioned earlier, 
comfort care, pain relief, and emotional support 
can always be provided even if the infant is likely 
to die soon. Instead, in an infant who is anticipated 
to die in spite of maximal intensive care, emphasize 
that continued intensive care or further escalation 
is unlikely to prolong life or ensure survival, 
and that further care should consist of comfort 
measures only.

•	 “Futile” and “futility.” These are poorly defined 
and subjective terms. Instead, phrases, such as “the 
proposed treatment is unlikely to achieve the goals of 
care,” or “potentially inappropriate treatment.”

•	 “The parents want everything done.” “Everything” 
is poorly defined, and this phrase is subject to 
misinterpretation. Instead use phrases, such as “a 
trial of intensive care” and describe whether the 
interventions being proposed are likely to achieve the 
goals of care.

•	 “Heroic measures” or “full court-press.” These terms 
are poorly defined and subjective. Instead, use 
terms, such as “life-sustaining therapy” or specify 

interventions, such as intubation, chest compressions, 
ECMO, or dialysis.

•	 “Lethal anomaly.” Such terminology can cause 
clinicians to become negatively biased and become 
overly pessimistic about the outcome of the baby. If 
they then withhold LST and the baby dies, lethality 
then becomes a self-fulfilling prophecy. Instead, 
use specific language based on probability, such 
as “survival unlikely in spite of maximal intensive 
care.”

Care after death

Professional duties and responsibilities do not cease 
when a child dies and the provision of bereavement 
support services for families and support for staff are 
increasingly recognized as necessary parts of the griev-
ing process for all involved. Clinicians should routinely 
offer to meet with the families of NICU infants who 
pass away a few months after the death, to provide 
bereavement support, discuss the grieving process, dis-
cuss the findings of an autopsy if one was conducted, 
and answer any lingering medical questions the family 
might have.
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CHAPTER POINTS

•	 Normal reference values help to interpret results of 
laboratory tests. It is always advisable to use reference 
ranges from one’s own laboratory. If it is not available 
the following may be helpful which are compiled 
from various sources.

Hematological parameters

Hemoglobin

Fig. 40.1 Blood Hemoglobin Concentration on the Day of Birth, According to Gestational Age. Henry E, Christensen RD. 
Reference intervals in neonatal hematology. Clin Perinatol 2015; 42(3):483–497.
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Hematocrit

Fig. 40.2 Blood Hemoglobin Concentrations Over the First 28 days of Life for Neonates Born at 35–42 weeks of 
Gestation. Henry E, Christensen RD. Reference intervals in neonatal hematology. Clin Perinatol 2015; 42(3):483–497.

Fig. 40.3 Hematocrit on the Day of Birth, According to Gestational Age. Henry E, Christensen RD. Reference intervals in 
neonatal hematology. Clin Perinatol 2015; 42(3):483–497.
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Fig. 40.4 Hematocrit over the First 28 days of Life for Neonates Born at 35–42 weeks of Gestation. Henry E, Christensen 
RD. Reference intervals in neonatal hematology. Clin Perinatol 2015; 42(3):483–497.

Fig. 40.5 Hematocrit Over the First 28 days of Life for Neonates Born at 29–34 weeks of Gestation.
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Nucleated red blood cell (nRBC)

Fig. 40.6 Nucleated Red Blood Cell (nrbc) Levels on the Day of Birth, According to Gestational Age. Henry E, Christensen 
RD. Reference intervals in neonatal hematology. Clin Perinatol 2015; 42(3):483–497.

Table 40.1 Mean haematocrit by postnatal age in hours and gestational age

Gestational age (weeks)

Age (h) 35–42 29–34 22–28

0 51 50 45

1 52 50 44

2 54 50 42

3 53 50 41

4 53 48 39

Source: Fanaroff AA, Fanaroff MJ. Klaus and Fanaroff’s care of the high risk neonate. 6th ed. Philadelphia, PA: Elsevier; 2013. p. 573.
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Total count and differential count

Fig. 40.7 Platelet Counts on the Day of Birth, According to Gestational Age. Henry E, Christensen RD. Reference intervals in 
neonatal hematology. Clin Perinatol 2015; 42(3):483–497.

Table 40.2 Total count and differential count in premature infants

White cell and differential counts in premature infants

Birth weight <1500 g Birth weight 1500–2500 g

Age in weeks Age in weeks

1 2 4 1 2 4

Total count (×103/mm3)

Mean 16.8 15.4 12.1 13.0 10.0 8.4

Range 6.1–32.8 10.4–21.3 8.7–17.2 6.7–14.7 7.0–14.1 5.8–12.4

Percentage of total polymorphs

Segmented 54 45 40 55 43 41

Unsegmented 7 6 5 8 8 6

Eosinophils 2 3 3 2 3 3

Basophils 1 1 1 1 1 1

Monocytes 6 10 10 5 9 11

Lymphocytes 30 35 41 9 36 38

Source: Fanaroff AA, Fanaroff MJ. Klaus and Fanaroff’s care of the high risk neonate. 6th ed. Philadelphia, PA: Elsevier; 2013. p. 574.

Platelet counts
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Fig. 40.8 Platelet Counts During First 90 Days of Life. Henry E, Christensen RD. Reference intervals in neonatal hematology. 
Clin Perinatol 2015; 42(3):483–497.
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Biochemistry values

Table 40.3 Values during 1st week in preterms

Blood chemistry values in premature infants during the 1st week of life

Age: 1 week

Constituent Mean ± SD Range

Na (mEq/L) 139.6 ± 3.2 133–146

K (mEq/L) 5.6 ± 0.5 4.6–6.7

Cl (mEq/L) 108.2 ± 3.7 100–117

CO2 (mmol/L) 20.3 ± 2.8 13.8–27.1

Ca (mg/dL) 9.2 ± 1.1 6.1–11.6

P (mg/dL) 7.6 ± 1.1 5.4–10.9

BUN (mg/dL) 9.3 ± 5.2 3.1–25.5

Total protein (g/dL) 5.49 ± 0.42 4.40–6.26

Albumin (g/dL) 3.85 ± 0.30 3.28–4.50

Globulin (g/dL) 1.58 ± 0.33 0.88–2.20

Hb (g/dL) 17.8 ± 2.7 11.4–24.8

Source: Fanaroff AA, Fanaroff MJ. Klaus and Fanaroff’s care of the high risk neonate. 6th ed. Philadelphia, PA: Elsevier; 2013. p. 566.

Table 40.4 Electrolytes—preterm by postnatal day

Electrolytes—preterm infants (<37 weeks) (by postnatal day)

Value Day 1 Day 3 Day 7 Day 21 Day 35 Day 49

Na (mEq/L) 140 (133–146) 140 (133–146) 140 (133–146) 136 (129–142) 137 (133–148) 137(133–142)

K (mEq/L) 5.6 (4.6–6.7) 5.6 (4.6–6.7) 5.6 (4.6–6.7) 5.8 (4.5–7.1) 5.5 (4.5–6.6) 5.7 (4.6–7.1)

Cl (mEq/L) 108 (100–117) 108 (100–117) 108 (100–117) 108 (102–116) 107 (100–115) 107 (101–115)

Ca (mm/L) 2.3 (1.5–2.9) 2.3 (1.5–2.9) 2.3 (1.5–2.9) 2.4 (2.0–2.8) 2.4 (2.2–2.6) 2.4 (2.2–2.7)

Ca (I) (mm/L) 0.81–1.41 0.72–1.44 1.04–1.52 (d5) 1.04–1.52 1.04–1.52 1.04–1.52

PO4 (mm/L) 2.5 (1.7–3.5) 2.5 (1.7–3.5) 2.5 (1.7–3.5) 2.4 (2.0–2.8) 2.3 (1.8–2.6) 2.2 (1.4–2.7)

Mg (mm/L) 0.62–1.02 0.66–1.10 0.75–1.00 0.75–1.00 0.75–1.00 0.75–1.00

Urea (mm/L) 3.3 (1.1–9.1) 3.3 (1.1–9.1) 3.3 (1.1–9.1) 4.8 (0.8–11.2) 4.8 (0.7–9.5) 4.8 (0.9–10.9)

Source: Renni JM, Roberton NRC, editors. Textbook of neonatology. 3rd ed. Edinburgh: Churchill Livingstone; 1999.
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Table 40.5 Biochemistry by gestational age

Other biochemistry—preterm infants (by gestation)

Value 27 weeks 29 weeks 31 weeks 33 weeks 35 weeks

Alb (g/L) 21–33 23–34 22–35 22–35 22–36

ALP 35–604 119–465 112–450 110–398 113–360

Creat (mm/L) day 2 0.08–0.16 0.07–0.14 0.07–0.14 0.05–0.13 0.05–0.13

Creat (mm/L) day 7 0.05–0.11 0.04–0.12 0.04–0.12 0.02–0.11 0.02–0.11

Creat (mm/L) day 14 0.04–0.10 0.04–0.10 0.04–0.10 0.02–0.09 0.02–0.09

Creat (mm/L) day 21 0.03–0.09 0.03–0.09 0.03–0.09 0.02–0.09 0.02–0.09

Creat (mm/L) day 28 0.03–0.08 0.02–0.09 0.02–0.09 0.01–0.06 0.01–0.06

Source: Renni JM, Roberton NRC, editors. Textbook of neonatology. 3rd ed. Edinburgh: Churchill Livingstone; 1999.

Table 40.6 Biochemistry values term babies

Term Infants (postnatal age)

Value Cord 1–12 h 12–24 h 24–48 h 48–72 h 3–10 day

Na (mEq/L) 147 (126–166) 143 (124–156) 145 (132–159) 148 (134–160) 149(139–162)

K (mEq/L) 7.8 (5.6–12) 6.4 (5.3–7.3) 6.3 (5.3–8.9) 6.0 (5.2–7.3) 5.9 (5.0–7.7)

Cl (mEq/L) 103(98–110) 101(80–111) 103(87–114) 102(92–114) 103(93–112)

Ca (mm/L) 2.33(2.1–2.8) 2.1(1.8–2.3) 1.95(1.7–2.4) 2.0(1.5–2.5) 1.98(1.5–2.4)

Ca (I) (mm/L) 1.05–1.37 1.05–1.37 1.05–1.37 1.10–1.44 1.20–1.48

PO4 (mm/L) 1.8(1.2–2.6) 1.97(1.1–2.8) 1.84(0.9–2.6) 1.91(1.0–2.8) 1.87(0.9–2.5)

Mg (mm/L) 0.72–1.00 0.81–1.05 0.78–1.02

Urea (mm/L) 10.4(7.5–14.3) 9.6(2.9–12.1) 11.8(3.2–22.5) 11.4(4.6–27.5) 11.1(5.4–24.3)

Creat (mm/L) 0.04–0.11 0.01–0.09

CRP (mg/L) <7 <7 <7 <7 <7 <7

Lactate (mm/L) 1.5–4.5 0.9–2.7 0.8–1.2 0.5–1.4

Albumin (g/L) 28–43 28–43 28–43 28–43 28–43 30–43

ALP (IU/L) 28–300 28–300 28–300 28–300 28–300 28–300

T4 (microgram/dL) 8.2 (±1.8) 8.2 (±1.8) 19.0 (±2.1) 19.0 (±2.1) 19.0 (±2.1) 15.9 (±3.0)

TSH (U/mL) 3.0–120 3.0–30 0.3–10

Cortisol (nm/L) 200–700 200–700 200–700 200–700 200–700

17-OHP (nm/L) 0.7–12.4 0.7–12.4

Source: Renni JM, Roberton NRC, editors. Textbook of neonatology. 3rd ed. Edinburgh: Churchill Livingstone; 1999.
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Coagulation parameters

Table 40.7 Normal values for coagulation

Normal values for coagulation tests in healthy full-term and premature infants

Coagulation test Full-term infant Premature infant Older child

Platelet (per µL) 150,000–400,000 150,000–400,000 150,000–400,000

Prothrombin time (s) 10.1–15.9 10.6–16.2 10.6–11.4

Partial thromboplastin time (s) 31.3–54.5 27.5–79.4 24–36

Thrombin clotting time (s) 19–28.3 19.2–30.4 19.8–31.2

Fibrinogen (mg/dL) 167–399 150–373 170–405

Fibrin degradation products (µg/mL) <10 <10 <10

Factor VIII (U/mL) 0.50–1.78 0.50–2.13 0.59–1.42

Factor IX (U/mL) 0.15–0.91 0.19–0.65 0.47–1.04

Von Willebrand factor (U/mL) 0.50–2.87 0.78–2.10 0.60–1.20

Source: Fanaroff AA, Fanaroff MJ. Klaus and Fanaroff’s care of the high risk neonate. 6th ed. Philadelphia, PA: Elsevier; 2013. p. 464.

Table 40.8 Acid base values by postnatal age

Acid base values—term and preterm infants (by postnatal age)*

Value Cord 1–12 h 12–24 h 24–48 h Range**

pH 7.33 (UV) 7.30 (art) 7.30 (art) 7.39 7.25–7.45

PCO2 (mmHg) 43 (UV) 39 33 34 35–50

HCO3 (mEq/L) 21.6(UV) 18.8 19.5 20 17–28

PO2 (mmHg) ±28 (UV) 62 (±13.8) 68 63–87 60–80

Anion gap <20 <20 <20 <20 8–16

*Capillary ranges similar except PO2.
**Very difficult to define, wide variation within/between level III units.
Source: Renni JM, Roberton NRC, editors. Textbook of neonatology. 3rd ed. Edinburgh: Churchill Livingstone; 1999.

Blood gas
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CSF values

Urine

Table 40.10 Urine—term and preterms

Value Term < 7 days Term > 7 days Preterm < 7 days Preterm > 7 days

WBC (per HPF) <5 <5 <5 <5

RBC (per HPF) 0–2 0–2 0–2 0–2

Squames (per HPF) <5 <5 <5 <5

Organisms Nil Nil Nil Nil

HPF, High power field; RBC, red blood cells; WBC, white blood cells.
Source: Appedix 2: Illustrative forms and Normal values: Blood, CSF, Urine. Avery’s Disease of the newborn 8th ed.

Table 40.9 Normal CSF values

Type of baby White cell count (count/mm3) Protein (g/L) Glucose (mmol/L)

Preterm (<28 days) 9 (0–30) 1 (0.5–2.5) 3 (1.5–5.5)

Term (<28 days) 6 (0–21) 0.6 (0.3–2.0) 3 (1.5–5.5)

Source: Renni JM. Normal cerebrospinal fluid values. In: Rennie and Roberton’s textbook of neonatology. 5th ed. Edinburgh: Churchill Livingstone 
Elsevier; 2012. p. 1321–22.
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Blood pressure

Table 40.11 Mean arterial BP (mmHg) by birth weight

Mean MAP + SD

Birth weight (g) Day 3 Day 17 Day 31

501–750 38 + 8 44 + 8 46 + 11

751–1000 43 + 9 45 + 7 47 + 9

1001–1250 43 + 8 46 + 9 48 + 8

1251–1500 45 + 8 47 + 8 47 + 9

Source: Fanaroff AA, Fanaroff MJ. Klaus and Fanaroff’s care of the high risk neonate. 6th ed. Philadelphia, PA: Elsevier; 2013. p. 585.

Fig. 40.9 Systolic Blood Pressure and Diastolic Blood Pressure in the First 5 days of Life, With Each Day Subdivided 
Into 8 h Periods. Fanaroff AA, Fanaroff MJ. Klaus and Fanaroff’s care of the high risk neonate. 6th ed. Philadelphia, PA: Elsevier; 
2013. p. 587.
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Growth charts (Fenton for girls and boys)

Fig. 40.10 Preterm Growth Chart for Girls.
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Fig. 40.11 Preterm Growth Chart for Boys. Fenton TR, Kim JH. A systematic review and meta-analysis to revise the Fenton 
growth chart for preterm infants. BMC Pediatr 2013;13:59.
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ratio, 94
oxygenation index, 94
oxygen saturation index, 94
PaO2/FiO2 ratio, 94
respiratory severity score, 94
SpO2/FiO2 (S/F) ratios, 95

Silverman-Anderson scoring 
system, 87

chest X-ray 
findings, 88
meconium aspiration syndrome 

(MAS), 88
newborn with 

bronchopulmonary dysplasia 
(BPD), 91

CCAM, 90
hydrops fetalis, 91
left CDH, 90
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pulmonary mechanics of, 294
respiratory management of infants 

with respiratory distress due 
to, 426

risk factors for, 415
role of CPAP in, 294
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remedial measures, 164

airway pressure optimization, 164

P
Packed red blood cells (PRBCs), 353
Pancreatic enzymes, 413
Parallel circulation, 622

Parasympathetic system, 680
Parenteral nutrition (PN), 793

complications, 797
risk associated, with, 797

composition, 795
carbohydrates, 795
carnitine, 796
cysteine hydrochloride, and 

glutamine, 795
electrolytes, 796
heparin, 796
lipids, 796
proteins, 795
trace elements, 796
vitamins, 796

fluids, and energy, 794
indications, 794
monitoring, 797
risk associated, with, 797
routes, 794
weaning, 798

Patent ductus arteriosus (PDA), 81, 193, 
478, 529

biomarkers, 603, 604
cardiac catheterization, 603
classification, 603
clinical features, 590
diagnosis and work-up, 591

descending aortic flow pattern, 601
ductal aneurysm, 602
echocardiography, 591
electrocardiogram (ECG), 591
left atrium, 592
left ventricle, 592

function, 592–594
PDA diameter, 595, 599–600
pulmonary artery pressure, 593

patent ductus arteriosus jet, 595
pulmonary insufficiency jet, 

595–598
tricuspid insufficiency jet, 

595, 596
radiology, 591

echocardiographic characterization, 
in premature infants, 602

echo-Doppler findings, 601–602
hemodynamic changes associated 

with, 589
premature infant, 589
term infant, 589

impact 
on lung function, 589
on systemic hemodynamics, 590

influence on neonatal respiratory 
care, and management, 590

management, 604
conservative/expectant, 604–605
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conventional surgical closure, 607
devices available for closure 

in premature infants, 608–609
in term infants, 608

percutaneous closure, 608
indications and selection, in 

premature infants, 609
method in premature infant, 610
reported experience, 611–612

pharmacological, 605
approach to, 607
cyclooxygenase inhibitors, 

606–607
dosages for, 606
for symptomatic, 606

prophylactic use of 
ibuprofen, 605
indomethacin, 605

respiratory management of 
hsPDA, 605

video-assisted thoracoscopic 
surgical closure, 608

severity of, 603
Patient-triggered ventilation (PTV), 

209, 371
assist control (SIPPV), 209
pressure support ventilation, 209, 210
synchronized intermittent mandatory 

ventilation, 209
Patient ventilator dyssynchrony, 134

autotriggering on pressure 
waveform, 135

double triggering on pressure 
waveform, 135

ineffective triggering in flow 
waveform, 135

trigger asynchrony, 134
PAV. See Proportional assist ventilation 

(PAV) 
PDA. See Patent ductus arteriosus (PDA) 
PDE-5 inhibitors, 332, 339
PE. See Preeclampsia (PE) 
Peak-end expiratory pressure (PEEP), 144
Peak inspiratory pressure (PIP), 228, 

229, 296, 367
PEEP. See Peak-end expiratory pressure 

(PEEP); See also Positive end-
expiratory pressure (PEEP)

Pendelluft, 316
Pentoxifylline, 670
Perfusion, 689

blood flow parameters, 692
blood pressure measurements, 690

diastolic pressure, 691
estimated lowest percentiles, in 

newborn infants, 692
systolic pressure, 690

cardiovascular support therapies, 692
agents, mechanism of action, and 

physiological targets, 693
stepwise approach, 693

after significant perinatal 
hypoxia, 694

with pulmonary hypertension, 
694

sepsis with cardiovascular 
compromise, 694

transitional hypotension, 693
clinical examination, 690
“ideal” tool for assessment of, 690
index, 712

Perinatal medicine, historical 
perspective, 5

Peripheral artery catheterization (PAC), 
811, 820

care, and surveillance, 812
complications, 812
procedure, 811

Allen’s test, 811
for neonates, 811

recommendations, 813
technique, 812

Peripheral AW (PAW), 114. See also 
Airways (AW)

changes during low and high heat 
and humidity of inspired 
gases, 116

Peripherally inserted central catheters 
(PICC), 809

care and surveillance, 811
complications, 810
procedure, 809

lines, insertion/location, 810
recommendations, 811

Periventricular leukomalacia (PVL), 162
Permanent junctional reciprocating 

tachycardia (PJRT), 634
Permissive hypercapnia, 518
Persistent pulmonary hypertension, 

349, 444
Persistent pulmonary hypertension 

in newborn (PPHN), 81, 
330, 349

associated with pneumonia or 
sepsis, 451

asymptomatic cases of, 451
benefits of inhaled vasodilators in 

neonates with, 342
clinical features, 448

and assessment of severity, 449
etiology of, 445, 447
hemodynamic changes, 446
high frequency ventilation (HFV), 334
idiopathic PPHN, 448

inhaled nitric oxide therapy, 
334–337, 452

labile oxygenation in, 446
long-term outcome, 457
management, 333, 450, 456

iNO-resistant, 454
mechanical ventilation, 451
pH-stat technique, 457
α-stat technique, 457

mechanism of, 447
metabolic acidosis, 451
prostaglandins in, 339–343
secondary, 446
severity of, 449, 451
surfactant therapy, 334
vasodilators in management, 340

Phosphatidylcholine (PC), 376
Phosphatidylglycerol, 376
Phosphodiesterase inhibitors, 332, 455
Phospholipase A2, 413
Phospholipids, 33, 376
PICC. See Peripherally inserted central 

catheters (PICC) 
PIE. See Pulmonary interstitial 

emphysema (PIE) 
PIH. See Pregnancy-induced 

hypertension (PIH) 
PIP. See Peak inspiratory pressure (PIP) 
Plasmalogens, 376
Platelet-derived growth factor, 23
Plethysmographic variability index 

(PVI), 712, 713
PN. See Parenteral nutrition (PN) 
Pneumomediastinum, 171, 182–187
Pneumonia, 445

radiograph, newborn, 89
Pneumopericardium, 170, 171, 182, 

183, 813
chest radiograph, 182

Pneumoperitonium, 184, 186
high-intensity fiber optic light, 184, 186
lung injury, on different routes, 184

Pneumothorax, 47, 153, 170, 171, 176, 
177, 179, 184, 187–189, 371, 
438, 813

asymmetrical breath sounds, 153
chest radiograph, 438
chest-size asymmetry, 153
clinical presentations, 175
desaturation, 153
diagnosis, 174

chest X-ray, 172, 175
anteroposterior, 175, 176

lungs ultrasound, 175
transillumination, 175

high-intensity fiber optic probe, 
175, 176
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etiology, 170
neonates, occurrence in, 170

hypotension, 153
management, 177

expectant management, with 
careful monitoring, 177

intercostal chest tube drainage, 177
chest drains, sizes of, 177
tube insertion, site of, 177

needle thoracocentesis, 177
prevention, 173

ANS, 173
surfactant use, 173
ventilation, 173

patient-triggered ventilation 
(PTV), 174

pulmonary graphics, 153
risk factors, 170

in newborn, 173
Polycythemia, 194
Positive end-expiratory pressure (PEEP), 

45, 56, 57, 162, 164, 166, 296, 
325, 367

alveolar inflation and oxygen 
transport, relationship, 367

Positive pressure ventilation (PPV), 
366, 515

conventional, basics of, 366
dead space, effect of, 369
flow rate, 368
inspiratory-expiratory ratio, 368
inspiratory fractional oxygen 

concentration, 368
peak inspiratory pressure, 367
positive end-expiratory 

pressure, 367
to alveolar inflation and oxygen 

transport, 367
relationship of mechanical 

ventilation parameters to 
oxygenation, 366

ventilator rate, 368
Postextubation, noninvasive respiratory 

support, 158
high-flow nasal cannula (HFNC), 158

Postmenstrual age (PMA), 21
Postnatal adaptation, consequences of 

preterm birth on, 34
Postnatal ductal closure, 587

factors influencing, 587
Prebiotic, 792
Precision, 103, 105
Preeclampsia (PE), 72
Pregnancy-induced hypertension 

(PIH), 72
Premature atrial contractions (PAC), 634

Premature baby care, 7
Premature birth, 28
Premature care center, 7, 8
Prenatal ductal patency, 587

factors influencing, 587
Pressure-controlled (PC) 

ventilation, 238
with decelerating flow pattern, 207
volume-controlled ventilation 

vs., 239
Pressure support (PS), 371
Pressure-support ventilation (PSV), 

207, 217, 221
contraindications, 221
indications, 221
mode, 145
protocol, 221

Pressure-volume curve 
at different levels of FRC, 60
dynamic, 57
static, 60

Pressure-volume loop, 128
air hunger on, 132
with change in compliance, 131
circuit leak on, 131
compliance changes, 130
effect of PEEP on, 138
increased resistance, 128, 130
patient-triggered, 128, 130
secondary to alveolar overdistension, 

beaking of, 131
in spontaneously breathing 

patient, 129
in ventilated patient, 129
zones of barotrauma and 

atelectotrauma on, 131
Pressure waveform, 125, 136

in adults, 127
in newborn, 127

Preterm delivery, 34
Preterm infants, 45, 46, 47, 60, 64, 849

aberrant tissue repair, 77
barotrauma, 69
bronchopulmonary dysplasia, 74

prevention, 77
chronic lung disease, 69, 73
hemodynamic monitoring. See 

Hemodynamic monitoring, in 
preterm infants 

intraventricular hemorrhage, 47
intubation, 74
physiological impairments, 46
pneumothorax, 47
respiratory failure, 47
respiratory support, 785

nutrition, goals, 785, 788
standard of care, 76

Preterm neonate, respiratory support 
nutrition, 785

goals, 785
Primacor, 343
Primary pulmonary hypertension, in 

newborn, 90
Primitive foregut endoderm, 19
Principal ventilation techniques, 209

patient triggered ventilation (PIV) 
assist control (SIPPV), 209
patient triggered ventilation 

(PIV), 209
pressure support ventilation, 

209, 210
synchronized intermittent 

mandatory ventilation, 209
Probiotics, 792
Proinflammatory cytokines, 72
Proportional assist ventilation (PAV), 

217, 218
Prostacyclin (PGI2), 331, 339, 437, 

455, 503
Prostacyclin synthase, 331
Prostaglandin, 504, 623

Prostaglandin E1 (PGE1), 454
Prostaglandin E1 (PGE1), 342

Pseudoglandular stage, 21
PSV. See Pressure-support 

ventilation (PSV) 
PTV. See Patient-triggered ventilation (PTV) 
Pulmonary artery (PA), 585
Pulmonary artery pressure (PAP), 

445, 593
Pulmonary blood flow, 31
Pulmonary edema, 193

capillary permeability, increase in, 193
clinical features, 193
diagnosis, 193

chest X-ray, 193
remedial measures, 193

diuretics, 193
inotropic support, 193
oxygen supplementation, 193
pressure-volume (p-v) loop, 194

transpulmonary pressure, increase 
in, 193

Pulmonary gas exchanges, 45
Pulmonary graphics, 143, 144

in bedside ventilator management 
optimizing 

airflow, 137
inspiratory time, 138
PEEP, 137
PIP, 137
synchrony, 138
tidal volume, 138

resistance, 137

Pneumothorax (Cont.)
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Pulmonary hemorrhage, 147, 194, 195
clinical features, 194
diagnosis, 194

arterial blood gas, 194
chest X-ray, 194
pulmonary graphics, 194

intrauterine growth restriction, 194
management, 195

algorithm, 195
confirm, 195
etiology evaluation, 195
prevention, 195
steps of, 195

adjuvant therapy, 195
early ventilation, 195
rescue HFO, 195
specific therapies, 195
supportive care, 195

mechanical ventilation, 194
polycythemia, 194
prematurity, 194
remedial measures, 194

endotracheal suction, 194
Pulmonary hypertension, 332, 372, 

464. See also Hypertension
of the newborn (PPHN), 292
in premature infants, 448

Pulmonary hypoplasia, 21, 22, 147, 
149, 153, 173, 337

chest X-ray, newborn with, 89
Pulmonary interstitial emphysema 

(PIE), 163, 170, 179–182,  
325

chest X-ray, of newborn, 89
diagnosis, 180

chest radiograph (CXR), 180
high-frequency jet ventilation, 

strategy for, 181
high-frequency oscillation 

ventilation, strategy for, 181
preterm infants, incidence of, 179

extremely low birth weight 
(ELBW), 170

very low birth weight (VLBW), 170
prognosis, 182
treatment, 181

independent lung ventilation 
(ILV), 182

selective bronchial intubation 
(SBI), 182

ventilation, 181
Pulmonary mechanics 

and graphics, 128, 136
different gestational ages, variation 

in, 137
compliance, 136, 137
resistance, 137

and loops, 128
monitors, 103

Pulmonary parenchymal disease, 198
Pulmonary surfactant system, 

maturation of, 23
Pulmonary vascular development, 21–23

angiogenesis, 22
vasculogenesis, 22

Pulmonary vascular resistance (PVR), 
330, 444

Pulmonary vascular system, 22
pulmonary arterial, and venous 

systems, 22
pulmonary lymphatics, 22

Pulmonary vasculature, 445
Pulmonary vasoconstriction, 330
Pulmonary vasodilators, 436, 437, 

455, 502
Pulsatility index (PI), 713
Pulse oximetry, 708

calibration algorithm, 708
CHD screening, 711
delivery room, 711
hemoglobin variants, 712
hypoperfusion, 711
hypothermia, 711
indications, 710
limitations, 709
movement artifact, 711
perfusion index, 712
plethysmographic variability index, 712
principles, 708

infographic presentation, 709
signal averaging time, 711
transcutaneous oxygen saturation 

monitoring, 712
variables that influence oxygen 

delivery, 710
Pulse oximetry (SpO2), 34, 37, 92

preductal oxygen saturation 
measured by, 37

Pulsus paradoxus, 175
PVL. See Periventricular 

leukomalacia (PVL) 
PVR. See Pulmonary vascular 

resistance (PVR) 

R
RAC. See Radial alveolar count (RAC) 
Radial alveolar count (RAC), 23
RDS. See Respiratory distress 

syndrome (RDS) 
Reactive oxygen species (ROS), 32, 74
Recurrent air leaks, 158

respiratory function, 158
respiratory stability, 158

Relative adrenal insufficiency, 680

Remodulin, 342
Respiratory acidosis, 89, 703
Respiratory alkalosis, 89, 704
Respiratory care, of newborn, 5
Respiratory cycle, 53
Respiratory deterioration, acute 

episodes, 464
Respiratory distress in infants, 10, 11, 212
Respiratory distress in newborn. 

See also Respiratory distress 
syndrome (RDS)

airway patency and suction, 736
endotracheal suction, 736–740
noninvasive nasal and 

nasopharyngeal suction, 736
assessment of neonate, 723

auscultation, 725
chest, 723–724
chest palpation/percussion, 725
color, 723
general observation, 723
mouth and nose, 723
N-PASS scale, 724
pain, 724
RD score, 725

birth history, 723
bubble CPAP, 728

circuit using INCA nasal 
cannula, 729

major components, 728
setup and nursing care, 728
setup using hudson nasal 

prongs, 729
chest physiotherapy (CPT), 740–741
continuous positive airway pressure, 

727–728
endotracheal intubation, 731

depth of tube insertion, 731
ETT, 731, 732
gestational age, 731
intubation equipment, 731
tube complications, 732
tube fixation, 731
tube placement, 731
tube suctioning, 732
unplanned extubation, 732

FiO2 levels delivered to, 727
general supportive care, 742–744
high-frequency oscillatory 

ventilation, 730
infant flow SiPAP, 729
maternal history, 723
monitoring for complications, 741

mechanical ventilation, 741
nasal high-flow therapy, 730
noninvasive mechanical ventilation 

(NIMV/NIPPV), 730
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perinatal history, 723
positive-pressure ventilation, 730
selection and set up of equipment, 

for respiratory support, 725
essential equipment, 726
oxygen-delivery devices, 727
supplemental oxygen, 726

ventilator-associated pneumonia, 732
Respiratory distress syndrome (RDS), 

64, 143, 173, 205, 229, 298, 
306, 366, 376, 445

case studies, 403–406
clinical features, 378
complications of, 397, 398

endotracheal tube, 397
pulmonary air leak, 398

delivery room management, 381
blended air and oxygen, 382
CPAP and NIV, 382
sustained inflation, 382

differential diagnosis, 380
epidemiology, 378
FiO2 threshold for CPAP failure, 370
incidence, 379
indications for mechanical 

ventilation, 370
clinical criteria/blood gas 

criteria, 370
laboratory findings 

chest radiograph, 380
and diagnosis, 379

management, 380
caffeine therapy, 395
cardiovascular, 397
European Consensus 

Guidelines, 387
fluid management, 396
inhaled nitric oxide, 396
oxygen supplementation beyond 

stabilization during, 393–395
retinopathy, 394–395
SUPPORT, BOOST II, and 

Canadian oxygen (COT) 
trials, 394

parenteral nutrition, 396
permissive hypercapnia, 396
postnatal steroids, 396
supportive, 396
temperature control, 396
use of antibiotics, 397

pathophysiology, 377, 378
prenatal diagnosis, 378
prenatal management, 381

prenatal tests for fetal lung 
maturity, 380

surfactant therapy, 382
for acute RDS (ARDS), 393
beyond the first week of age, 388
collaborative paired trial 

investigating MIST 
(OPTIMIST), 391

combination therapies with, 392
early vs. delayed rescue/selective 

surfactant Rx, 388
indications of administration, 387
INSURE vs. modified  

INSURE, 389
modified insure technique 

(mINSURE), 389
minimally or less invasive 

therapy, 390
with nitric oxide, 392
noninvasive treatment, 391

aerosolized surfactant, 391
prophylaxis vs. rescue, 387
recombinant club cell protein 

(rhCC-10), 392
synthetic surfactants, 382

vs. animal-derived, 383
as vehicle, 392

intratracheal budesonide, 392
tidal volume for infants with, 370
treatment with, 69

barotrauma, 69
high oxygen, 69
volutrauma, 69

ventilator management, 398
for complications of, 401–403
high-frequency jet ventilator 

settings for, 402
mechanical ventilation strategies, 

399–401
invasive positive pressure 

settings, 400
noninvasive respiratory support, 

398–399
continuous positive airway 

pressure and high-flow nasal 
cannula settings, 399

nonsynchronized noninvasive 
positive pressure settings, 400

Respiratory mechanics, 63. See also 
Respiratory pump, mechanics

bronchopulmonary dysplasia, 65
clinical scenario, 64, 66
meconium aspiration syndrome, 64
physical principles, 54

clinical scenario, 56
overview, 53

respiratory distress syndrome, 64
transient tachypnea of the 

newborn, 63
Respiratory muscles, 53
Respiratory pump, mechanics, 53, 

55–57
chest wall, 59
clinical scenario, 59
muscles of 

expiration, 59
inspiration, 57

Respiratory severity score (RSS), 94
Respiratory support, 424

recruitment phase, 424–433
stable phase, 433
weaning phase, 433

Respiratory system 
development of, 24
elastic properties, 60

airways, 60
alveoli, 60
chest wall, 60
clinical scenario, 62

overview, 53
primary function, 19, 53

oxygenation, 19
removal of carbon dioxide, from 

blood, 19
resistive properties, 62
resting state, 54
single-compartment model, 55

Respiratory transition, 45
after birth, 45
physiology of, 45

Resuscitation withdrawal, 42
Retinopathy of prematurity (ROP), 10, 

168, 528
Return of spontaneous circulation 

(ROSC), 40
Rheotrauma, 206
Rhythm disturbances. See also Neonatal 

arrhythmias
characteristics, conditions and 

treatments, 639
electrocardiogram (ECG) 

approach to tachyarrhythmias, 645
approach to wide QRS 

tachycardia, 646
atrial ectopic beats, 649
atrial flutter with 2:1 

conduction, 640
bradyarrhythmia, 647

heart block, 651
broad, uniform QRS complexes 

within each lead and AV 
dissociation, 644

Respiratory distress in newborn. 
See also Respiratory distress 
syndrome (RDS) (Cont.)
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bundle branch block, 652
with congenital JET, 642
differences in ECG pattern 

preterm and term neonates, 634
features of various tachycardias, 646
long QT syndrome, 652
method of measuring RP 

interval, 636
narrow complex tachycardia with 

flutter waves, 640
normal values for waves and 

intervals, 635
postoperative, of neonate 

with junctional ectopic 
tachycardia, 642

premature beats and pauses, 647
QRS complexes, 638

with varying amplitude, axis, 
and, 645

rhythm strip showing SVT, 636
steps to consider in 

interpretation, 634
supraventricular tachycardia 

(SVT), 641
tachycardia, 643
typical pattern of frequent 

premature atrial 
contractions, 648

ventricular ectopics with 
bigeminy, 649

premature/ectopic beats, 647
types, 634
WPW syndrome, 638

Right ventricular hypertrophy 
(RVH), 23

Riociguat, 332
ROP. See Retinopathy of prematurity 

(ROP) 
ROS. See Reactive oxygen species (ROS) 
ROSC. See Return of spontaneous 

circulation (ROSC) 
RVH. See Right ventricular 

hypertrophy (RVH) 

S
Saline lavage, 436
SBT. See Spontaneous breathing test 

(SBT) 
Sepsis, 445, 529
sGC activators, 332
Shock, 679
SI. See Sustained inflation (SI) 
Sildenafil, 332, 437, 455, 503
Silverman-Anderson scoring system, 87
SIMV. See Synchronized intermittent 

mandatory ventilation (SIMV) 

Si-PAP/ Bi-PAP/DuoPAP, 253
Si-PAP/CPAP 

results of largest randomized control 
trial, 254

suggested guidelines, 254
suggested settings for use of, 255

SIPPV. See Synchronized intermittent 
positive pressure ventilation 
(SIPPV) 

SK. See Streptokinase (SK) 
Skeletal dysplasia, in newborn, 91
Smoking, 24

maternal, 24
toxic exposures to, 24

SNIPPV. See Synchronized noninvasive 
positive pressure ventilation 
(SNIPPV) 

SOD. See Superoxide dismutases (SOD) 
Sonic hedgehog (Shh), 23
Sophie ventilator, 122

respiratory circuit, 122
SP-A and SP-D hydrophilic proteins, 376
SpO2. See Pulse oximetry (SpO2) 
Spontaneous breathing test (SBT), 155
Spontaneous flow waveforms, 128
Stephanie ventilator, 122

respiratory circuit, 122
Sterility, 376
Steroids, 344, 456, 513
Streptokinase (SK), 822, 823
Subglottic stenosis, 756–757
Subtle pneumothorax, 163. See also 

Pneumothorax
Sudden death, 149
Superoxide dismutases (SOD), 32
Supplemental oxygen therapy, 461
Supraglottoplasty, 762
Surface tension forces, 61
Surfactant, 173, 322, 350, 370, 376, 

430, 451. See also under 
Bronchopulmonary dysplasia 
(BPD); Respiratory distress 
syndrome (RDS)

administration, 516
animal-derived, 383

bovine surfactants, 383
bovine vs. porcine surfactant, 

384–386
clinical studies with, 383
porcine surfactant, 384
preclinical studies, 383
third-generation synthetic 

surfactant, 387
associated proteins, 376
composition, 376
functions, 377

intratracheal dosing, 430
lavage, 436
metabolism, 376, 377
protein B deficiency, 330
replacement therapy, 69
secretion, control of, 25
synthesis, 32, 33
therapy, 334

in HMD/RDS, 12
Sustained inflation (SI), 46, 516

definition and rationale, 46
efficacy monitoring, 48
experimental animal studies, 46
human studies, 46
issues, unresolved, 48
peak pressure, 48
randomized clinical trials, 47

Cochrane review, 47
Italian SLI trial, 47
systematic reviews, 47

recommendations, current, 48
unresolved issues, 48

Sustained lung inflation (SLI). See 
Sustained inflation (SI) 

SVR. See Systemic vascular 
resistance (SVR) 

Symbiotic, 792
Synchronized IMV (SIMV). See 

Synchronized intermittent 
mandatory ventilation (SIMV) 

Synchronized intermittent mandatory 
ventilation (SIMV), 207, 217, 
221, 371

indications, and contraindications, 221
protocol, usage, 221
weaning strategies, 222

Synchronized intermittent positive 
pressure ventilation 
(SIPPV), 207

Synchronized intermittent ventilation 
(SIMV), 106

Synchronized noninvasive positive 
pressure ventilation 
(SNIPPV), 371

Synchronized ventilation, 215–225
adjustment of backup rate during 

A/C, 222
adjustment of trigger threshold, 221
applied physiology, in newborn, 216
case studies, 223
challenges and benefits, 216
Cochrane review, 223
complications, 222

autocycling, 222
PSV, 223
trigger failure, 223
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cycling (trigger) techniques, 218, 219
detection of autocycling and trigger 

failure, 219–220
different types, effects of, 216, 223
failure of technology, 222. See also 

Trigger failure
indications/contraindications, 221
modes of, 217

assist-control (A/C), 217, 218
pressure support ventilation 

(PSV), 217
proportional assist ventilation 

(PAV), 217, 218
synchronized intermittent 

mandatory ventilation 
(SIMV), 217

neonates, 216
applied physiology, of, 216

overview, 215
physiological effects, of, 216
protocol of use, 221
specific diseases, strategies, 223
strategies in specific diseases and 

effects, 223
trigger techniques for, 219
weaning strategies, 222

Systemic hypotension, 455
Systemic vascular resistance (SVR), 444

T
Tachyarrhythmia, 634, 645

approach and management of, 654
Tadalafil, 332
Taylor dispersion, 316
Temperature 

and humidity 
change during inspiration/

expiration in adult, 114
offset settings, 117

Tetrahydrobiopterin (BH4), 331
TGFβ. See Transforming growth factor 

beta (TGFβ) 
Therapeutic hypothermia. See 

Hypothermia 
Thoracoabdominal wall, 53
Thoracocentesis, and intercostal chest 

drain placement, 813
Thrombolytic therapy, 822

heparin, 822
anticoagulation, 822
dosing 

low-molecular-weight, 822, 823
unfractionated, 822

streptokinase (SK), 822, 823
thromboembolism, 822

tissue plasminogen activator, 
dosing, 823

urokinase (UK), 822, 823
Thromboxane A2 (TxA2), 331
Thromboxane synthase, 331
Thyroid transcription factor (TTF1), 23
Tissue plasminogen activator (tPA), 

822–824
TNFα. See Tumor necrosis factor alpha 

(TNFα) 
Tolazoline, 437
tPA. See Tissue plasminogen activator (tPA) 
T-piece resuscitator, 39
TR. See Tricuspid regurgitation (TR) 
Tracheal stenosis, 758
Tracheobronchomalacia, 757–758
Tracheoesophageal fistula, 758
Tracheostomy, 11, 761–762
Transcription factors, 23
Transcutaneous CO2 (TcCO2) 

advantages/disadvantages, 717
monitoring, 716

Transepithelial pressure, 46
Transforming growth factor beta 

(TGFβ), 71, 74
Transient tachypnea of newborn (TTN), 

63, 445
Transpulmonary pressure, 45
Treprostinil, 342, 504
Tricuspid regurgitation (TR), 445
Trigger failure, 223

complications, 222
detection of, 219, 220, 223

TTF1. See Thyroid transcription 
factor (TTF1) 

Tumor necrosis factor alpha (TNFα), 74
Turbulence, 133

on flow-volume loop, effect of, 133
Type II pneumocytes, 376
Tyvaso, 342

U
UAC. See Umbilical arterial 

catheters (UAC) 
UCM. See Umbilical cord milking 

(UCM) 
UK. See Urokinase (UK) 
Ulterior moderate body hypothermia, 40
Umbilical arterial catheters (UAC), 

804, 820
care, and surveillance, 804
catheter size, 808
complications, 804
optimal position, 805
procedure, 804, 806
recommendations, 805

Umbilical cord milking (UCM), 35
Umbilical venous catheters (UVC), 806

care, and surveillance, 809
complications, 808
line insertion, of, 808
optimal path, 806
optimal position 

inferior vena cava in, 808
procedure, 806

line insertion, of, 808
recommendations, 809
umbilical venous line, insertion 

of, 808
Unfractionated heparin (UNFH), 357
Upper airways (UAW), 36

changes during low and high heat 
and humidity of inspired 
gases, 116

heat and moisture changes, 114
mucociliary transport escalator 

in, 118
types of damage to, 121

Urine, 852
term, and preterms, 852

Urokinase (UK), 822, 823
UVC. See Umbilical venous 

catheters (UVC) 

V
VALI. See Ventilator-associated lung 

injury (VALI) 
VAP. See Ventilator-associated 

pneumonia (VAP) 
Vascular endothelial growth factor 

(VEGF), 331
Vascular resistance, 692
Vascular tone, regulation, 331
Vasculogenesis, 22
Vasoconstriction, 331

during birth-related, 332
Vasoconstrictor, 331
Vasodilation, 331
Vasodilator, 331, 340

in BPD pulmonary hypertension, 338
Vasopressin, 435, 504, 668–669
Vasopressor, 435, 527, 664
Vasorelaxation, 331
Veletri, 341
Ventavis, 341
Ventilated flow waveforms, 128
Ventilation, 38, 120. See also entries 

starting as Ventilator; 
Mechanical ventilation (MV); 
Noninvasive ventilation (NIV); 
Synchronized ventilation

assisted, 5, 10–13

Synchronized ventilation (Cont.)
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commonly used, 106, 107
continuous positive airway pressure, 

38–40
discrepancy between values set on 

and measured ones, 103
factors affecting discrepancies, 103

intermittent positive pressure 
ventilation (IPPV), 38

mode, 105
assist-control (AC), 145
classification, 106
neurally adjusted ventilatory assist 

(NAVA), 145
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