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Foreword

“If you would achieve extraordinary results, you must 
live an uncommon life.”

~ R. L. Chatburn

The textbook you are now holding is extraordinary 
for several reasons. It is a first edition, meaning that 

it represents a monumental amount of skill and effort 
to birth. Revising a book that has seen multiple editions 
is hard enough, but creating a first edition is a difficult 
task and a huge responsibility because it must present 
new information in creative ways to advance the com-
mon knowledge of the intended audience. Most text-
books are written by educators, but the editors of this 
book are much more than that. Just as academic hospi-
tals frequently express their mission statements in terms 
of serving the tripartite goals of clinical care, education, 
and research, these editors have served as leaders in all 
three areas.

Teresa Volsko has had extensive experience as a 
neonatal and pediatric respiratory therapist, pediatric 
disease manager, director of a 4-year respiratory care 
program at a state university, and technical director 
of both respiratory care and research departments in 
a major children’s hospital. She is also a fellow of the 
American Association for Respiratory Care. Beyond 
that, she is one of the most prolific researchers in the 
field of respiratory care, with over three dozen publica-
tions in peer-reviewed medical journals. In addition to 
this book, Terry is  coeditor of a popular respiratory care 
equipment book, along with multiple chapters in many 
other academic textbooks.

Sherry Barnhart has extensive clinical experience as a 
neonatal and pediatric respiratory therapist, home care 
therapist, supervisor, instructor, education coordinator, 
asthma educator, and discharge planner. She has served 
on committees of the American Association for Res-
piratory care for over 30 years. Her writing experience 
includes being the editor of a previous book on perina-
tal and pediatric respiratory care as well as chapters in 
subsequent editions of that book and other textbooks 
concerning pediatric respiratory care. Sherry’s research 
experience includes being study coordinator at the 

Arkansas Allergy & Asthma Clinic. Sherry has earned 
multiple professional awards and is a fellow of the 
American Association for Respiratory Care.

These editors have participated in the evolu-
tion of the field from the early days, when neonatal/
pediatric mechanical ventilation was in its infancy, 
and long before surfactant, ECMO, high-flow oxy-
gen, care paths, and countless other technologic 
developments. They both continue to teach at the 
university level and to hospital staff. To say that they 
have lived uncommon professional lives would be an 
understatement.

The planning of the book was also extraordinary. 
Using their extensive network of colleagues, these edi-
tors elicited feedback from educators on opportunities 
to improve the teaching resources that they currently 
use for their neonatal and pediatric classes. They used 
that feedback to map out the book’s content (taking ad-
vantage of the gaps the educators identified in current 
resources) as well as the layout of the book (the chapters 
progress in a logical manner that mirror the way the 
course is taught). As a result, there are many innova-
tions and unique illustrations that demonstrate how 
to properly provide care and to use equipment in this 
specialty area.

Another important feature of this book is that all 
the contributors are clinicians who are actively practic-
ing in this specialty area. Many of them are national 
experts. They not only provide the most relevant evi-
dence-based material from the literature but also pro-
vide content that has relevant practical application to 
current practice. This can be seen by the extensive use 
of figures and illustrations that display graphics (mon-
itoring screen shots and ventilator graphic screenshots), 
photos of equipment use and setup, and photos of pro-
cedures. Patient education materials are provided in the 
chapters as well.

This book is intended for any clinician involved 
in neonatal or pediatric health care, as students or 
as practitioners. This includes respiratory therapists, 
nurses, physician assistants, nurse practitioners, and 
physicians. In addition, this book also serves as an 
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exceptional reference for credentialed practitioners 
who are interested in taking the Neonatal Pediatric 
Special credentialing exam of the NBRC. Many chap-
ters address the key components of neonatal and pe-
diatric care, including all the elements of the content 
outline for the exam.
“The wise work without attachment, for the welfare of  
the society.”

~ Bhagavad Gita

Robert L. Chatburn, MHHS, RRT-NPS, FAARC
Professor of Medicine
Lerner College of Medicine of Case Western 

Reserve University
Clinical Research Manager, Respiratory Institute
Director of Medical Simulation Fellowship, 

Education Institute
Cleveland Clinic
Cleveland, Ohio
April 2018
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Preface

Children are precious and represent our hopes and 
dreams for tomorrow. Neonatal and pediatric 

care have evolved significantly throughout the years. 
Advances in respiratory care have made a significant 
impact on the health and well-being of infants, children, 
and their families. Technologic advances resulted in im-
proved survival for children of all ages. The care a child 
and family require to support the best outcomes is more 
than a passion for this specialized area of respiratory 
care. In this inaugural edition, the authors recognize 
the importance of sharing the essential elements of care 
that are unique to children as they grow and develop 
and provide the clinician with the knowledge needed to 
effectively communicate recommendations for thera-
peutic intervention or changes to the plan of care. The 
authors embraced this work as an opportunity to build a 
learning community that supports a culture of interdis-
ciplinary professionalism.

The approach or layout of each chapter is standard-
ized, much like the format for scientific papers pub-
lished in medical journals. Each chapter provides the 
reader with a the thorough review of the literature on 
the subject. The chapters addressing specialized equip-
ment provide practical relevance of the equipment, 
including technologic specifications, indications for use, 
processes required for application to the patient, limit-
ations, and troubleshooting techniques. These chapters 
guide the reader through the theoretical constructs to 
better enable the healthcare professional to distinguish 
between equipment malfunction and patient intoler-
ance. Understanding this important difference is an 
essential critical thinking component and helps the 
clinician to clearly articulate recommendations for the 
respiratory plan of care with the interdisciplinary team.

Similarly, chapters dedicated to congenital or ac-
quired illnesses are standardized as well. These chapters 
provide theoretical constructs in addition to summariz-
ing best practices for medical management, and they 
provide the essential tenants of family-centered care. 
The outlines for these chapters include etiology, patho-
physiology, diagnosis, clinical presentation, medical 
management, potential complications, and outcomes. 
Cumulatively, these sections provide the reader with the 
necessary information to clearly articulate the need to 
initiate therapy or modify the plan of care.

Section-by-Section Overview
The sections of this text are written progressively, com-
mencing with the basic tenants essential to the care 
of children of all ages; continuing as a child grows and 
develops to prenatal, antenatal, neonatal, and pediatric 
care; and culminating in the specialized care required 
for diagnosing and managing pediatric disorders.

The text is written in a clear and concise manner.  
Illustrations, tables, and figures are provided to enhance 
the learning experience. The supplemental web-based 
materials provide relevant, evidence-based materials to 
enhance the reader’s current practice.

Caring for Infants, Children, and their Families: 
Chapters 1 & 2
These chapters address the important elements ger-
mane to the care of children of all ages. It begins with a 
chapter addressing the developmental milestones and 
the changing needs children and their families have 
during each period of growth from infancy through 
adulthood. This section also includes a chapter on 
family-centered care. This expanded view of how to 
work with children and families includes information 
on how to deliver comprehensive care that incorporates 
the values and attitudes of the child, family, and health-
care team to address the special needs of the infant, 
child, and family.

Perinatal and Neonatal Care: Chapters 3--11
These chapters begin with an in-depth narrative of the 
natural history of pulmonary and cardiac development, 
adaptive developmental characteristics of maternal– 
fetal circulation, and transitional pulmonary and circu-
latory events that occur after a child is born. Key factors 
integral to assessing maternal needs to either provide 
the best outcomes or prepare for specialized care of 
the pre- or full-term infant after birth are detailed. The 
components of a general physical and cardiopulmo-
nary assessment, as well as a laboratory and radiologic 
testing, are reviewed. Tables complement the text and 
provide the learner with age-specific normal values 
for vital signs, blood gases, and analytes. Color illus-
trations provide the learner with visual examples of 
common abnormal findings. Acquired and congenital 
disorders are reviewed, and best practices for managing 
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the cardiopulmonary needs with respect to the spe-
cific disorder(s) are shared. This section also addresses 
the fundamentals of neonatal and infant resuscitation, 
which includes airway management, vascular access, 
medication administration, and maintaining adequate 
circulation as well as techniques used for stabilization in 
the postresuscitative phase.

Pediatric Care: Chapters 12--18
These five chapters provide a comprehensive review 
of the history, physical, and diagnostic assessment and 
care of the pediatric patient. This section begins with 
the indications for and techniques used to obtain an ac-
curate history, including history of present illness, past 
medical and surgical history, and family history.

A detailed description of the initial physical exami-
nation and assessment of changes in patient status are 
also provided. The components of a general physical 
and cardiopulmonary assessment are reviewed, as are 
laboratory and radiologic testing. Recommendations 
and procedures required to resuscitate and stabilize the 
pediatric patient are presented, including cardiopulmo-
nary resuscitation, airway management, and pharmaco-
logic support.

This section details the etiology, diagnosis, and 
treatment of common acute and chronic pediatric re-
spiratory disorders. A practical approach to evaluating 
clinical, laboratory, and radiologic imaging information 
used in the diagnosis and medical management of acute 
and chronic disorders of the cardiorespiratory system is 
provided. Acute and neurodegenerative disorders that 
affect the cardiorespiratory function are also discussed. 
The learner will gain an appreciation of how respiratory 
function is compromised and the therapeutic options 
available to stabilize and improve respiratory function.

Diagnosis, Monitoring, and Management:  
Chapters 19--32
These chapters focus on the specialized invasive and 
noninvasive equipment used to assess and monitor car-
diopulmonary function and to treat cardiorespiratory 
disorders in infants and children. The learner will be 
presented with the theory and operational characteris-
tics for diagnostic, monitoring, and therapeutic equip-
ment commonly used for patients of all ages in a context 
that addresses the unique use and considerations spe-
cific to infants and children.

The chapters within this section will also familiarize 
the learner with the indications, proper use, and limita-
tions of equipment used for elective and emergent care. 
Included are the systems and devices used to deliver 
oxygen, medicated aerosol, specialty gas, and airway 
clearance therapy as well as the devices used to secure 
and maintain a patent airway and to provide ventilatory 

support to infants and children. Evidence-based proto-
cols for the initiation and management of specialty gas 
mixtures, ECMO, pharmacologic intervention, and 
mechanical ventilation include algorithms for care to 
facilitate critical thinking skills and application of best 
practices.

Transitional Care of Infants, Children, and Their 
Families: Chapters 33--35
The final chapters in this text address the needs of 
children and their families as they continue along the 
continuum of care from acute to subacute and extended 
care in the home or a long-term care facility. This sec-
tion provides a comprehensive approach to the critical 
elements necessary for the safe transition from the 
acute care or hospital environment. The learner will be 
presented with the components essential to discharge 
planning, patient/family education, equipment selection 
and maintenance, home requirements, and outpatient 
care. The role of the respiratory therapist in supporting 
the family and facilitating the transition from acute to 
home or long-term care is discussed.

This section also addresses the sensitive issues 
 patients and families face when making end-of-life deci-
sions. Information distinguishing palliative care from 
hospice offers the learner information to assist with 
providing medical, emotional, and spiritual support to 
the family, patient, and medical care team.

What’s Unique
■■ This text follows the NBRC matrix and can 

be used to prepare for the specialty credential 
examination.

■■ Case studies conclude every chapter, allowing 
readers to apply what they have learned.

■■ Each chapter provides the reader with a thorough 
review of the literature on the subject.

■■ Discussion of equipment within the chapters 
includes the indication and limitations of use, 
patient application, recommendations for trouble-
shooting, and technologic specifications.

■■ Chapters dedicated to neonatal and pediatric 
respiratory disorders provide not only the best 
practices for diagnosis and medical management 
but also discussion of forward-thinking research 
needs in this patient population.

■■ Information related to family-centered care is 
provided that will help the reader develop the ne-
cessary skills to work with neonatal and pediatric 
patients and their families and to better under-
stand the unique needs and stresses that infants, 
children, and families experience during hospital-
izations and when living with a serious illness.
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How to Use This Book

Chapter Features
Each chapter of the book begins with a list of 
Chapter Objectives in the NBRC testing format to 
help you focus on the most important concepts in that 
chapter.

Each chapter contains Tables that highlight impor-
tant information, such as Table 18-10, Behaviors and 
Responses Evaluated through the Glasgow Coma Scale.

This text is highly illustrated with diagrams 
and photos demonstrating a variety of concepts, 

including Figure 19-10 which shows two methods of 
mixing a capillary blood sample.

Box features such as Box 6-1 Calculation of 
Adequate Mean Blood Pressure Using Gestational 
Age, provide the reader with examples, equations, and 
numbered lists to clarify various techniques.

FIGURE 19-10 Mixing a capillary sample by (A) gently rolling the 
sample between the fingers and the palm or (B) inserting a metal 
filing, or flea, and using a magnet to move the filing within the blood 
sample.

(A)

(B)

BOX 6-1 Calculation of Adequate Mean 
Blood Pressure Using Gestational Age

Gestational age in weeks + 5 = adequate mean 
blood pressure
Example of adequate MBP for a 26 weeks’ gesta-
tion neonate:

26 + 5 = 31 mm Hg

Behavior Response Score

Eye opening Spontaneous 4

Verbal command 3

Open to pain 2

Not opening 1

Verbal Oriented 5

Consolable but confused 4

Inconsistent, inconsolable 3

Inconsolable, agitated 2

No response 1

Motor Obeys commands 6

Localizes pain 5

Withdraws from pain 4

Flexes from pain 3

Extends from pain 2

No motor response 1

Note: A score is assigned to each of the behaviors depending on the child’s 
response.

Data from Kaplan JL, Porter RS. Merck Manual of Diagnosis and Therapy. 
19th ed. Whitehouse Station, NJ: Merck Sharp & Dohme; 2011; and Hess D, 
MacIntyre N, Galvin W, Mishoe S. Respiratory Care Principles and Practice. 
3rd ed. Burlington, MA: Jones & Bartlett Learning; 2016.

TABLE 18-10
Behaviors and Responses Evaluated through the 
Glasgow Coma Scale76,80
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Case Study 
A male premature infant was born by caesarean sec-
tion at 27 weeks’ gestation with a birth weight of 1100 
grams. His Apgar scores were 1 at 1 minute and 6 at 5 
minutes. After transfer to the NICU on CPAP 6 cm H2O 
and an FIO2 of 0.40, the patient’s respiratory status de-
teriorated. He was intubated and received mechanical 
ventilatory respiratory support for 5 weeks for RDS. His 
first opthalmic examination revealed bilateral changes 
consistant with Grade 2 ROP. CryoROP criteria, treat-
ment was performed at a corrected gestational age. 

The infant responded well to the treatment, and both 
eyes showed rapid regression of the abnormal vessels.

1. What are the main risks factors of developing 
ROP?

2. What classification system is used to describe 
the extent of ROP?

3. How many zones are used to define the 
area of retina covered by physiologic retinal 
vascularization?

Instructor and Student Resources
Qualified Instructors will receive a full suite of instruc-
tor resources, including the following:

For the Instructor
■■ A comprehensive chapter-by-chapter PowerPoint 

deck

■■ A test bank containing more than 1000 questions 
on a chapter-by-chapter basis as well as a midterm 
and a final

For the Students
■■ A full suite of flash cards to be used as a study tool
■■ A comprehensive practice exam of 140 new 

items that follow the detailed content outline 
for the NBRC Neonatal and Pediatric Specialty 
Examination

■■ Case studies are available online as writeable PDFs

Each chapter concludes with either a Case Study or Critical Thinking questions to help the reader review and 
put into practice what they have learned.

CRITICAL THINKING QUESTIONS

1. Explain what pulmonary surfactant is and why 
it is important to the developing fetal lung.

2. Describe the role hormones and growth factors 
play in fetal lung development.
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Introduction
Infants and children experience rapid growth and devel-
opment until adulthood. Their bodies and minds grow, 
adapt, and change to meet their ongoing and complex 
physical and mental needs in preparation for the de-
mands of adult life. This constant change includes the 
growth of their body in all dimensions, along with the 
development of cognitive skills in their physical, mental, 
and emotional domains.

A supportive family structure will encourage the child 
to attain optimum growth and development through 
the nurturing of the child in a safe and stable environ-
ment. Family involvement and interest in supporting the 
growth and development of all aspects of life is essential 
to reach maximum potential as an adult. This support 
starts with the bonding between infant and parent at 
birth, where the relationship begins to develop, through 
interactions all through childhood (Figure 1-1). These 
interactions include looking, touching, talking, signing, 
playing, and taking an active interest in development, 
with continued progression throughout the child’s life.

In 1959, Carl Rogers presented his ideas on client-
centered therapy in psychiatric care. He contended that 
family life and society had implications on therapeutic 
relations through the mutual influence of the treatment 
process, family dynamics, and the individual’s func-
tion and participation in social life.1 Throughout the 
1960s, Rogers’s developed these ideas through work 
with pediatric institutions and parent advocacy efforts 
to highlight the importance and empowerment of the 
family in children’s well-being. These concepts were de-
veloped further with the addition of the Bronfenbrenner 
model of developmental ecology, which consists of four 
systems, each operating at different levels but in the 
same space and time, from the most specific, or micro, 
level, through the meso, exo, and macro levels.2 This 
model lent weight to the idea that the individual is not 
alone in their development but is influenced by their 
immediate family, extended family, and larger societal 

environment systems. The idea that a child’s support 
from and interaction with those various levels influ-
ence the child’s development and responses to stimuli 
is a tenet of the family-centered care model. Using the 
concepts of family-centered care when interacting with 
children and their family members helps develop a col-
laborative relationship with the family. The main con-
cepts of family-centered care include the following: (1) 
recognition of the family as central to and providing the 
primary source of strength and support in the child’s 
life, (2) acknowledging parents or adult caregivers as 
bringing expertise about the child, and (3) the concept 
that families are unique and diverse in their makeup.1 
Any assessment of the child’s growth and development 
throughout their life span is dependent on their familial 
relationships.

Periods of Growth and Development
Infants and children experience rapid growth and devel-
opment of their bodies and minds from infancy through 
adulthood. These changes include the growth of their 
body in all dimensions, along with the development of 
cognitive skills in their physical, mental, and emotional 
domains. The milestones associated with this growth 
can be measured physically and through the mastery of 
behaviors and skills.

Infants: Developmental Milestones
Developmental milestones are behaviors and tasks that 
most children can do by a certain age. Like growth, 
developmental milestones are built upon the experi-
ence and mastery of the behaviors before them. As the 
child ages, these developmental milestones can be used 
to gauge the progress of a particular child against the 
achievements of the average child. Just as a change or 
delay in growth can signal a health problem, changes in 
or failure to meet developmental milestones also signals 
a problem. Depending on the milestone, the problem 
can signal a problem in musculoskeletal or neurobio-
logic structure.

Physical Growth
The growth of an infant’s body throughout childhood 
and into adulthood follows a well-documented pat-
tern. There are tools for tracking this growth through 
sequential height, weight, head circumference, and/
or basic metabolic index measurements over time. 
Growth charts are a series of percentile curves in which 
the selected body measurements of a particular child 
are plotted against the known percentile of other chil-
dren. Typically, growth charts are specific to both the 
age and the sex of the child. Some growth charts are ad-
justed to compensate for premature birth, which allows 
for more accurate longitudinal comparisons as the child 
progresses through infancy into the toddler years.  Using 

FIGURE 1-1 An illustration of bonding.
© USGirl/iStock/Getty Images Plus.
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a sex-specific growth chart to plot the child’s growth 
by age over time can determine the child’s pattern of 
growth; compare their growth to other children of the 
same sex and age; and help to identify any unexpected 
lags or changes in their growth pattern, which could sig-
nal health issues for the child. The Centers for Disease 
Control and Prevention (CDC) recommends that the 

World Health Organization’s (WHO) growth standards 
be used to monitor the growth for infants and children 
ages 0 to 2 years, as shown in Figure 1-2, and that the 
CDC growth charts are used for children age 2 years 
and older in the United States.3

The growth and development of infants starts 
before birth, during the gestation period. The health 

FIGURE 1-2 An example of a WHO and CDC growth chart.
Reproduced from the Centers for Disease Control and Prevention.
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and genetic makeup of the mother and father, the 
length of gestation, and the environmental factors 
related to the pregnancy all influence the status of the 
infant at birth. Babies born prematurely can experi-
ence significant  delays in growth and development as 
their bodies strive to overcome the physical stressors 
of early birth.

Infants, categorized as children from birth to age 
1 year, grow rapidly this first year of life when fol-
lowing normal patterns of growth and development. 
Through age 6 months, infants will gain 150 to  
210 grams (5–7 ounces) per week in weight and 
2.54 cm (1 inch) in length per month to double their 
weight from birth. Growth slows slightly over the 
next 6 months to 90 to 150 grams (3–5 ounces) per 
week and half an inch per month. By 12 months of 
age, an infant has tripled in weight and doubled in 
length from birth.4 The infant’s nutritional status has 
a profound effect on growth and development. It is 
essential for infants to receive proper nutrition to 
support their growth needs. Sucking, swallowing, and 
breathing coordination are necessary functions that 
enable the infant to consume the adequate amount of 
calories to support growth and development.

In the first few months of life, an infant’s activity is 
limited to sleeping and eating. Typically, an infant eats 
every 3 to 4 hours. Breast milk from the mother or 
another human milk donor provides the best source 
of nutrition, but if breast milk is not available, forti-
fied formulas are an acceptable substitute. An infant 
who is unable to  manipulate their tongue and lips to 
achieve a seal around the nipple and suck and swallow 
in coordination with breathing will experience growth 
and health problems. Growth will slow and the infant 
may exhibit symptoms of respiratory compromise re-
lated to aspiration. Infants with chronic cough or gag-
ging, especially during feedings, need to be assessed 
for problems with muscle coordination and responses 
during feeds.

Because an infant spends much of their time sleep-
ing, it is important to educate parents and caregivers 
on safe sleep practices. During sleep times, infants 
should be alone in bed, clothed in a safe sleep sack, 
and positioned supine, or on their back. The bed 
should be free from any other items (i.e., pillows or 
toys; see Figure 1-3). A single blanket may be used 
to cover the infant. Safe sleep guidelines were es-
tablished by the American Academy of Pediatrics 
to prevent sudden infant death syndrome (SIDS), 
which usually occurs in previously healthy infants 
between ages 2 and 4 months.5 While the “Back to 
Sleep” guidelines helped to reduce the incidence 
of SIDS, they have increased the incidence of re-
lated physical deformities. Many infants developed 
deformational plagiocephaly, or a physical condition 
whereby the soft bones of the head become flat on the 
back of the head as a result of frequently laying supine 

FIGURE 1-3 An example of a baby in a safe sleep position.
© DVAO/Shutterstock.

FIGURE 1-4 Different degrees or severity of deformational 
plagiocephaly.

Normal Mild plagiocephaly

Moderate plagiocephaly Severe plagiocephaly

for prolonged periods of time (Figure 1-4). In order 
to encourage the formation of correct skull shape as 
the infant ages, frequent position changes of the head 
and body are encouraged. An example is the use of 
tummy time, which is time when the infant, awake 
and supervised, is positioned prone (stomach down) 
on a firm surface and allowed to move independently 
to develop neck and chest muscles to lift their head 
and relieve pressure on the back of their skull. Infants 
can lift their heads with good control by age 3 months 
(Figure 1-5). Helmet therapy is often used to correct 
the malformation and guide the shape of the cranium 
as the child grows and develops (Figure 1-6).
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Cognitive, Sensory, and Language Growth
At age 6 months, teeth begin to erupt in the mouth, 
usually preceded by drooling and gumming behavior 
from age 4 months. Six months of age is considered the 
earliest time to introduce more solid foods by spoon 
to an infant. Language development parallels this de-
velopment of oral skills, with cooing at age 2 months, 
babbling at age 6 months, and sound repetition at 
9 months, such as ma-ma and da-da. By 1 year of age, 
infants can consistently use two to three words and 
begin to use gestures with these words, such as waving, 
shaking head no, and pointing at objects wanted. In-
fants recognize and understand words well before they 
have the ability to speak those words.

Motor Growth
An infant’s gross motor functions, developing throughout 
the first year of life, are categorized in 3-month incre-
ments. As the muscles develop and strengthen, head con-
trol occurs at 3 months of age, sitting independently at 6 
months of age, crawling at 9 months of age, and walking 
by 12 months of age. These skills progress, one after an-
other, and build on the infant’s growth in strength and co-
ordination skills as each milestone is reached. The timing 
of skills to age is a generalization, as some infants achieve 
some skills sooner or later than average, but the sequence 
of skills stays the same (see Table 1-1).4

Social Growth
Social interactions in infancy progress from fixed eye 
movement and responsive smile to the ability to visually 
recognize and respond to caregivers by spontaneously 
smiling. As an infant’s growth advances, the infant is 
awake and alert for longer periods of time. During this 

FIGURE 1-5 A child positioned prone, for tummy time.
© Flashon Studio/Shutterstock.

FIGURE 1-6 Helmet therapy may be used to help reshape the skull 
when a child has a more severe form of deformational plagiocephaly.
© area73/iStock/Getty Images Plus.

TABLE 1-1
Growth and Developmental Milestones for Infants (Birth to 1 Year of Age)

Age Physical Gross Motor Fine Motor Sensory Cognition 

1 month Weekly weight gain 
averages 150–210 
g to double of birth 
weight by 6 months

Monthly length gain of 
2.5 cm

Monthly head 
circumference 
increases by 1.5 cm

Assumes flexed 
position with pelvis 
high but knees not 
under abdomen 
when prone; turns 
head from side to 
side when prone

Strong grasp 
with hands 
predominately 
closed

Able to fixate on 
moving object in range 
of 45° when held at 
a distance of 20–25 
cm; quiets when hears 
a voice

Cries to express 
displeasure and makes 
comfort sounds during 
feeding; watches 
parent’s face intently 
when talking to infant

2 months Posterior fontanel 
closes

Assumes less-flexed 
position when prone; 
lifts head up 45° 
when prone

Crying becomes 
differentiated; 
vocalizes to familiar 
voice; has social smile 
in response to stimuli

(Continues)
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Age Physical Gross Motor Fine Motor Sensory Cognition 

3 months Primitive reflexes 
fading

Holds rattle but 
does not reach 
for it; holds 
hands open

Follows objects to 
periphery (180°); 
locates sound by 
turning head side to 
side and looking in 
same direction

Squeals to show 
pleasure and makes 
sounds to talk when 
spoken to; less 
crying during wakeful 
periods with interest in 
surroundings

4 months Has almost no head 
lag when pulled to a 
sitting position and 
balances head when 
sitting; rolls from 
back to side

Reaches for 
objects but 
overshoots, 
grasps objects 
with both hands, 
plays with hands 
and pulls clothes 
over face in play

Laughs aloud and 
shows excitement with 
whole body

5 months Start of tooth eruptions Turns from abdomen 
to back

Grasps objects 
voluntarily, takes 
objects to mouth 
directly, plays 
with toes

Visually pursues 
dropped objects

6 months Has two lower central 
incisors

Rolls from back to 
abdomen, may chew 
and bite as teeth 
erupt

Holds bottle, 
secures dropped 
objects, will drop 
one item to take 
another

Adjusts posture to see 
object

Begins to imitate 
sounds; babbles one-
syllable utterances like 
ma, da, or di; begins 
to fear strangers, 
holds arms up to be 
picked up

7 months Upper central incisors 
erupt

Weekly weight gain 
averages 90–150 g to 
triple birth weight by 
12 months

Monthly height gain of 
1.25 cm to increase 
height by 50% from 
birth length

Sits, leaning forward 
on both hands

Transfers objects 
from one to other 
hand

Can fixate on small 
objects; responds to 
name 

Produces vowel 
sounds and chained 
syllables like mama, 
dada; has increasing 
fear of strangers and 
fretfulness when parent 
out of sight

8 months Sits steadily 
unsupported

Reaches for toys 
out of reach and 
begins using 
pincer grasp

Responds to the  
word no

9 months Upper lateral incisors 
erupt

Pulls self to stand 
and stands holding 
on to furniture; 
creeps on hands and 
knees

Uses thumb and 
index finger in 
pincer grasp

Localizes sound by 
turning head diagonally 
and directly toward 
sound

10 months While standing, lifts 
foot to take step; 
sits by falling down

Crude release of 
objects begins

  Says dada and mama 
with meaning; develops 
object permanence

TABLE 1-1
Growth and Developmental Milestones for Infants (Birth to 1 Year of Age) (Continued)
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Age Physical Gross Motor Fine Motor Sensory Cognition 

11 months Lower lateral incisors 
erupt

Cruises or walks 
holding on to 
furniture or with both 
hands held

Drops objects 
deliberately to be 
picked up; has 
neat pincer grasp

Plays games up-down, 
so big, peek a boo; 
shakes head for no; 
may develop habit of 
security blanket or 
favorite toy

12 months Walks with one 
hand held; attempts 
to stand alone 
momentarily

Attempts to build 
two-block stack 
but fails; can turn 
pages in book 
but many at a 
time

Discriminates simple 
geometric shapes, can 
follow rapidly moving 
objects

Says 3–5 words 
besides mama/
dada; comprehends 
meaning of several 
words; searches for 
objects even if not 
hidden but only in last 
place seen

Data from Wong’s Nursing Care of Infants and Children, Hockenberry and Wilson, 2015 (pp. 430–433).

period, infants become increasingly able to console and 
comfort themselves, and they begin exploring their en-
vironment and surroundings through their five senses: 
by reaching for objects; placing objects in their mouth; 
attending through sound; responding to simple games, 
such as peek-a-boo; and imitating facial expressions. 
Temperament, or behavioral tendencies, begins to 
present at this young age. Language is developing as a 
means of communication and expression. Older infants 
learn that specific actions lead to specific responses and 
can repeat actions. Play consists of exploring self and 
becoming aware of their environment. Socially, caregiv-
ers are the providers of all the child’s needs and a firm 
attachment bond should be established. During this at-
tachment phase, children develop trust. Once trust has 
been established, children typically begin to experience 
separation/stranger anxiety around 7 months of age.

Toddlers: Developmental Milestones
Toddlers, ages 12 months to 36 months, are keen 
 explorers of their world as their bodies continue to 
grow fast but not as rapidly as their infant phase 
(Figure 1-7). As toddlers grow and develop, they mas-
ter independent movement and thinking.

Physical Growth
A toddler’s growth rate is 1.8 to 2.7 kg (4–6 pounds) 
per year and height growth slows to 7.5 cm (3 inches) 
per year.6 Growth in height is more from leg than trunk 
growth, which occurs in spurts over months; therefore, 
when plotted on a growth chart, a step-like pattern of 
growth can be seen.

During the toddler years, their major gross motor 
development is independent walking and refinement 

FIGURE 1-7 Toddlers explore their environment.
© Tatyana Vyc/Shutterstock.

of this behavior. By age 1 year, toddlers can walk in-
dependently, and at 18 months are attempting to run 
but fall frequently. By 2 years of age, toddlers are 
walking well and mastering going up and down stairs 
one at a time, kicking a ball, and running with fewer 
falls.7 By 2.5 years, toddlers can stand on one foot for 
a few seconds and take a few steps on tiptoe. By age 
3 years, these skills are well developed and smoothly 
completed.7

Cognitive, Sensory, and Language Growth
Toddlers are very curious and learn many things from 
their environment via sight and touch. Vigilant super-
vision of the toddler’s activity is very important for 
the child’s safety. Drowning is the leading cause of in-
jury and death for toddlers, so activities around water, 
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FIGURE 1-8 A child’s natural curiosity poses a risk for drowning, 
especially near pools, ponds, and lakes.
© Edgar9/Shutterstock

including bathtubs, pools, ponds, lakes, whirlpools, or 
the ocean, must be supervised at all times (Figure 1-8). 
Swimming and water safety lessons should be started 
as early as possible. Another frequent developmental 
risk is choking. Toddlers should sit when eating and be 
instructed to chew food thoroughly to prevent choking. 
Toys and small items, including pencils, crayons, or lol-
lipops, should not be allowed in mouths while walking 
or playing.

Motor Growth
Fine motor skills are also developing and refining 
throughout the toddler years. Toddlers develop these 
skills through play and practice, such as throwing over-
hand and retrieving objects when playing catch with 
others, making intentional circles and straight lines 
when drawing, and use of utensils while eating. At this 
age, toddlers can also build towers with four or more 
blocks and will knock it over and retrieve the objects 
over and over as they practice these skills. Table 1-2 
provides a summary of the developmental milestones 
that toddlers experience.

Social Growth
Toddlers move from dependence to independence as 
they master their newly acquired motor, language, and 
intellectual skills. Children learn their body parts at 
this age as well as begin to exhibit control over their 
body functions. Autonomous behavior is being exhib-
ited as they curiously explore their environment with 
these skills while still trusting the relationship and 
bond that has been established with their caregiver(s). 
Developmentally, older toddlers become egocentric—
their world is about them. During which time, they 
enter into a “me,” “I can do it myself ” phase. Toddlers 
can also be possessive. Children in this age group move 
from watching children play to parallel play, which 

is playing alongside other children but not engaging. 
They also begin pretend play at this age. Older toddlers 
may start to exhibit fearful behaviors in response to 
stressors.

Preschoolers: Developmental Milestones
The preschool years span from 3 through 5 years of 
age. A significant period of growth and development 
occurs during this period as children prepare for a 
more independent life, which is usually signaled by 
attending school. During this period, children are 
mastering their fine and gross motor skills, includ-
ing control of their bodily systems. A preschooler’s 
cognitive skills include the development of increased 
attention span and memory. They work more coop-
eratively and play with others, instead of in parallel. 
They also are more tolerant of separation from their 
parents and are able to interact with strangers with-
out much anxiety.

Physical Growth
Physical growth is very similar to toddlers in that the 
growth rate is approximately 2 to 3 kilograms (4.4–6.6 
pounds) per year. Height growth is slower and occurs 
in spurts.6 Growth in the long bones of the legs occurs 
more than in the trunk (Figure 1-9).

Cognitive, Sensory, and Language Growth
Preschoolers become more interested in learning about 
adults and children outside of the family, including gen-
der roles and norms. As they explore their environment 
more widely, their risk for injuries related to accidental 
trauma increases; accidents remain their leading causes 
of injury or death. To prevent injury, it is important to 
teach preschoolers about traffic safety and to reinforce 
the use of traffic safety when they play. It is equally 
important to teach children how to properly use safety 
gear, such as helmets, car seats, and seat belts; adher-
ence to the use of safety gear requires vigilance by par-
ents, caregivers, and adults

Cognitive development continues with more com-
plex language skills and understanding. Parents and 
adults interacting with preschoolers should expose 
them to complete sentences and a wider range of 
 vocabulary words in conversation and reading materi-
als. A preschooler’s vocabulary expands from about 
300 words at age 2 years to more than 2100 words by 
the end of age 5 years.6 Preschoolers, especially 4-year-
olds, are very inquisitive; they ask many questions about 
their observations to increase their understanding. 
Preschoolers need clear and consistent instructions, 
in step-by-step explanations that include the expected 
behaviors for each step. If behavior varies from what is 
expected, the preschooler should receive feedback on 
the expected behavior, including an explanation on how 
to successfully achieve that behavior.7
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Age Physical Gross Motor Fine Motor Sensory Cognition 

2 years 

Average weight gain 
1.8–2.7 kg/year

Runs well; wide stance Builds tower of 6–7 
blocks; aligns 2–4 
blocks into train

Able to differentiate 
geometric shapes and 
colors

Increasing 
independence from 
parents

Average height gain 
10–12.5 cm/year

Kicks ball forward 
without falling

Turns pages of book 
one at a time

Finds things even 
when hidden under 
two or three covers 

Shows defiant 
behavior (doing what 
they have been told 
not to)

Adult height is 
approximately twice 
height at 2 years

Goes up and down 
stairs alone, one step 
at a time

Turns doorknob; 
unscrews lids

Completes sentences 
and rhymes in familiar 
books 

Dresses self in simple 
clothes

Picks up object 
without falling

Might use one hand 
more than the other 

Plays simple make-
believe games 

Has 300-word 
vocabulary and talks in 
2- to 3-word phrases

Follows two-step 
instructions, such as 
“Pick up your shoes 
and put them in the 
closet.” 

Uses verbal self-
reference (mine, me, I)

Developing awareness 
that others have 
different feelings and 
desires 

3 years 

Average height gain 
7.3 cm/year

Climbs well Copies a circle with a 
pencil or crayon 

Shows concern for a 
crying friend 

Copies adults and 
friends 

Average weight gain 
2.5 cm 

Runs easily Can work toys with 
buttons, levers, and 
moving parts

Shows affection 
without prompting 

Separates easily from 
parents 

Pedals a tricycle 
(three-wheel bike)

Does puzzles with 
three or four pieces 

Shows a wide range 
of emotions 

Understands the idea 
of mine and his or 
hers

Walks up and down 
stairs, one foot on 
each step 

Builds tower of 9–10 
blocks; uses blocks to 
build bridge

May get upset with 
major changes in 
routine 

Understands words 
like in, on, and under

Feeds self 
independently

Knows own and 
others’ gender

Follows instructions 
with two or three 
steps 

Play is parallel 

Learning simple 
games but follows 
own rules

Data from Wong’s Nursing Care of Infants and Children, Hockenberry and Wilson, 2015 (pp. 499 and 529) (Wilson D., 2015) and (Centers for Disease Control 
and Prevention, 2016).

TABLE 1-2
Growth and Developmental Milestones for Toddlers (2–3 Years of Age)

The development of children’s understanding of 
others and their own mind has been studied under the 
concepts developed through Wimmer and Perner’s 
‘‘theory of mind’’ work.8 This field of socio-cognitive 

science dates back to the late 1970s and seeks to ex-
plain and predict the development of children’s under-
standing of the mind and how it relates to human 
actions and interactions. At approximately 4 years of 
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FIGURE 1-9 Preschoolers experience growth in the long bones of 
the legs during their growth spurts.
© Natalia Kirsanova/Shutterstock.

age, children begin to understand that there may be 
alternative representations of the same object: the lit-
eral representation and the figurative representation. 
This development is the beginning of understand-
ing metaphors and other idioms of speech used to 
communicate with others.9 To facilitate and enhance 
meaningful communication, it is important to recog-
nize where the child is on this continuum of under-
standing. This development of cognition is similar to 
the intuitive thought phase from age 4 to 7 years, de-
scribed in Piaget’s cognitive theory. Piaget’s cognitive 
theory explains the development of social awareness 
and others’ points of view from the preconceptional 
phase (2–4 years of age), which has more egocentric 
thinking and a self-centered point of view.10

Motor Growth
Playing is an important activity and essential to the de-
velopment of a preschooler’s gross motor function. 
Eye–hand coordination improves during this phase, as 
the child learns to catch and throw a ball, hop, skip, and 
jump (Figure 1-10). During this phase of growth and 
development, the child begins to alternate steps while 
climbing and walking down stairs. Table 1-3 outlines the 
normal developmental milestones preschoolers reach.

Social Growth
Preschool-age children experience mastery of their 
environment and, at this stage, are preoccupied with 
how they can control it. They begin to show the ability 

FIGURE 1-10 A preschooler at play.
© Helen Sushitskaya/Shutterstock.

to separate from caregivers for short periods of time. 
Self-control behaviors are developed at this stage as 
well. Preschoolers also begin to develop empathy. Pre-
schoolers may become more fearful and view illness as 
punishment. Play moves from associative to play that 
is cooperative as they begin to interact with other chil-
dren, learning about taking turns and sharing and be-
coming aware of others’ emotions. Preschoolers engage 
in symbolic play, turning an object into something new 
or different,11 as well as increased imaginative play.

School-Age Children: Developmental 
Milestones
Middle childhood brings many changes in a child’s 
life. By this time, children can dress themselves, 
catch a ball more easily using only their hands, and 
tie their shoes. Having independence from family 
becomes more important to the child during this 
stage of growth and development. Attending school 
allows the child to have regular contact with a larger 
world. Friendships become more and more important. 
Physical, social, and mental skills develop quickly 
during this time, making this stage a critical period 
for a child’s development. School-age children de-
velop confidence in all areas of life, including through 
friends, schoolwork, and sports.

Physical Growth
As the preadolescence period begins, growth rates  
for girls and boys begin to differ. Girls grow more rap-
idly and develop their secondary sexual characteris-
tics from 9 to 13 years of age, while boys lag about  
2 years behind girls’ development.12 For girls, the most 
notable characteristics are the onset of public hair 
and breast development. A recent study addressed 
the effect that age and ethnicity have on the sexual 
maturation of children in the United States. The me-
dian age for onset of pubic hair among girls varies by 
ethnicity, with appearance at approximately 9.4 years 
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Age Physical Gross Motor Fine Motor Socialization Cognition

4 years old

Growth is slower and 
regular

Skips and hops on 
one foot

Able to cut out 
pictures following 
outline

Would rather play with 
other children 

Starts to understand 
time 

Height increases 
6.5–9 cm annually

Catches ball reliably Can lace shoes but 
may not be able to 
tie bow

Is more creative in 
make believe; tries 
role-playing

Remembers parts of 
a story 

Weight gain is 2–3 kg 
annually

Throws ball overhand Can copy more 
complex shapes, like 
diamonds

Tells stories to 
others, sometimes 
dramatically

Understands the idea 
of same and different

Walks down stairs 
using alternating 
steps

Draws a person with 
two to four body 
parts 

Knows simple songs Names some colors 
and some numbers 

Starts to copy some 
capital letters 

Tends to be selfish 
and impatient

Judges others by 
one dimension (e.g., 
height, weight, or 
order)

Able to run simple 
errands outside the 
home

Very aware of rules 
but does not always 
understand what is 
right or wrong

5 years old

Eruption of 
permanent dentation 
may begin

Can do a somersault Uses fork and spoon, 
sometimes table knife

Less rebellious, more 
trustworthy and 
responsible

Counts 10 or more 
things 

Handedness is 
established, with 
about 90% of children 
being right handed

Can use the toilet on 
own 

Can draw a person 
with at least six body 
parts 

Eager to do things 
correctly and follow 
the rules 

Knows about things 
used every day, like 
money and food 

Swings and climbs Can print some 
letters or numbers 

Speaks very clearly

Jumps rope Copies a triangle 
and other geometric 
shapes 

Tells a simple story 
using full sentences 

Walks backward Uses future tense in 
sentences

Data from Wong’s Nursing Care of Infants and Children, Hockenberry and Wilson, 2015 (pp. 529–530) (Wilson D., 2015) and Centers for Disease Control and 
Prevention Important Milestones (Centers for Disease Control and Prevention, 2016).

TABLE 1-3
Growth and Developmental Milestones for Preschoolers (Age 4–5 Years)

for non-Hispanic blacks, 10.6 years for non-Hispanic 
whites, and 10.4 years for Mexican Americans. The 
median age for the onset of female breast develop-
ment was found to be approximately 9.5 years for 
non-Hispanic blacks, 9.8 years for Mexican Amer-
icans, and 10.4 years for non-Hispanic whites.13 Simi-
larly, ethnicity affected the median age for secondary 
sexual characteristics in males. The median age for 
the onset of pubic hair development for boys was 

approximately 11.2 years for non-Hispanic blacks, 
12.0 years for non-Hispanic whites, and 12.3 years for 
Mexican Americans.

During this period, there is growing awareness 
of changes in body shape for both sexes as puberty 
 approaches. Body image and eating problems will typi-
cally surface during this developmental phase. Body 
image stress can also occur as children observe their 
growth pattern differing from others, particularly if the 
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school-age child perceives their growth as earlier than 
their peers, later than their peers, or occurring at a dif-
ferent rate. It is important to reassure children and to 
explain that physical changes follow a pattern and occur 
at a pace that are unique to them.

Cognitive, Sensory, and Language Growth
School-age children are beginning to find their place in 
the world. They play on teams and work together much 
more than younger children; they want to be liked and 
accepted by friends; and they communicate their expe-
riences, thoughts, and feelings much more articulately 
to others, especially their peers. Although they are very 
active and engage with others in play, they also investi-
gate their own interests, including starting collections 
or participating in activities related to a particular topic. 
Children of this age enjoy joining clubs and being a 
member of a cohesive group, but a consequence of this 
engagement with their peers is that children who have 
physical and/or socioeconomic differences from their 
peers may experience social pressure to conform to the 
preferences, activities, and behaviors of the rest of the 
group. Children experiencing social pressures develop 
coping behaviors to mask their differences. For example, 
children with diabetes may find that their diet restric-
tions, blood testing, and insulin injections make them 
feel different from their peers, so they start eating like 
their peers or skipping glucose testing or insulin injec-
tions when around others. If a child has a scar, chronic 
disease, or developmental challenge, for example, there 
is potential for the child to be a victim of bullying, 
where they are subjected to repetitive emotional, verbal, 
or physical abuse by others who want to establish power 
in their group.14

Motor Growth
Independence and increased physical confidence 
 facilitate an exploration of the physical environment 
and physical development. Typically, there is less adult 
supervision and an increased propensity for adven-
ture and risk-taking during this developmental phase. 
Therefore, middle childhood can lead to more adven-
ture injuries. These injuries are typically sports- and/or 
activity-related and include injuries associated with the 
use of bikes, scooters, skateboards, skates, and sleds.15 

Boys are more injury prone at this age than girls, which 
is directly related to the frequency with which risk-
taking behavior occurs.15 Safety guidelines for this age 
are important for children to follow to decrease the 
risk to injury. Table 1-4 provides a summary of growth 
and developmental milestones common to school-age 
children.

Social Growth
School-age children move to an industrious phase, 
wanting to be successful in typical activities, such as 

school, as more processes in their growth and develop-
ment take shape. The development of concrete thought 
process and the ability to begin to reason mean that 
school-age children may exhibit misconceptions and 
fears. Children in this age group are able to separate 
from parents for longer periods of time; be coopera-
tive; be attentive; and more fully understand directions, 
relationships, and morals.11 In this age group, children 
have a sense of self and are relating to and engaging 
with peers, who are becoming increasingly important. 
School-age children will begin to develop same-sex 
friendships. They learn to collaborate and compete.

Adolescents: Developmental Milestones
As children grow toward their teen years, this next 
phase of their development completes the transition to 
adulthood. Adolescence, from approximately 13 to 18 
years, is a time filled with biologic maturation and the 
physical and cognitive changes needed for an indepen-
dent adult life.

Physical Growth
Puberty is a collective term for this period of physical 
maturation. It is a sequence of changes started and con-
trolled by hormonal influences. There is no one trigger 
to the start of puberty. The hypothalamus-pituitary- 
gonadal system, which developed in the fetal stage of 
life, matures and releases increasing levels of gonado-
tropin-releasing hormone, which influences the timing 
and rate of onset of puberty; these hormonal changes 
are affected by environment and the body’s overall 
health, physical fitness, and nutritional level.16

Female response to this change in hormones includes 
the development and release of eggs from the ovaries, 
known as menstruation (the beginning of which is 
called menarche), in a cyclic pattern approximately 
every 28 days. The buildup of estrogen in high enough 
concentrations during puberty causes the growth and 
development of the vagina, uterus, fallopian tubes, and 
breasts as well as the development of pubic and axillary 
hair. Male development is attributed to increased tes-
tosterone secretion. Testosterone and other androgens 
cause growth and development of the male reproductive 
system, penis, scrotum, prostate, and seminal vesicles of 
the testicles to produce and deliver sperm. These hor-
mones also influence muscle mass growth, general body 
and facial hair growth, and the deepening of the voice.17

Cognitive, Social, and Emotional Growth
Adolescents also experience emotional growth. Dur-
ing this phase, their sexual identity is established and 
this manifests in interactions with others. Homosexual, 
bisexual, or transgender orientation is also known to 
the person, and their interactions with others will be 
framed around the positive or negative acceptance they 
perceive from family and friends.
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Age Physical Gross Motor Fine Motor Socialization Cognition

6–7 years

Loses first tooth; jaw 
begins to expand 
to accommodate 
permanent teeth

Able to bathe and 
achieve bedtime 
routines without 
supervision

Likes to draw, paint, 
cut, fold, and print

Starts to form 
stronger, 
more complex 
friendships and 
peer relationships; 
becomes more 
emotionally important 
to have friends, 
especially of the 
same sex

Understands the 
concept of numbers 

Increased dexterity Able to use knife at 
table 

Experiences more 
peer pressure

Begins to understand 
time measurements 
and uses watches 
and clocks

Vision reaches 
maturity

Can be boastful and 
cheat to win

Has difficulty 
acknowledging their 
misdeeds

8–9 years

Continues to gain 
height 5 cm per year

Dresses self 
completely

Reads more, enjoys 
comics

Is more critical of self Interested in boy–girl 
relationships

Moves constantly 
with smooth control 

Makes use of 
common tools 
and is able to be 
responsible for 
household chores 

Knows dates and 
calendar progression

Fears failing, 
especially in school

Explores home and 
community alone and 
with friends

Understands 
concepts of whole 
and parts and 
fractions

Able to run errands Plays mostly with 
the same sex but 
occasionally with the 
opposite sex 

Able to make choices 
in purchases

Takes music and 
sport lessons

10–12 years

Becomes more 
aware of body as 
puberty approaches

Washes and dries 
hair

Writes brief stories Respects parents Is more diplomatic 
in interactions with 
others

Male growth slows, 
weight gain continues

Able to complete 
all grooming needs 
but may need to be 
reminded to do so

Uses telephone for 
contact with friends 
and family

Very invested 
in friends and 
talks about them 
constantly

May have a best 
friend

Remainder of 
permanent teeth 
erupt, except for 
wisdom teeth

Family connections 
are important

Data from Wong’s Nursing Care of Infants and Children, Hockenberry and Wilson, 2015 (pp. 584–585) (Rodgers, 2015) and Centers for Disease Control 
and Prevention Important Milestones (Centers for Disease Control and Prevention, 2016).

TABLE 1-4
Growth and Developmental Milestones for School-Age Children (6–12 Years)
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differentiated from suicide attempts by the intent of the 
action: Self-harm is the result of an act of self-injury or 
self-poisoning that was not intended to result in death.23 
Behavioral health interventions are necessary when 
self-harm is suspected to prevent escalation of these 
 behaviors to more serious health events or death.

Adolescents are most prone to injury or death related 
to preventable activities. The leading causes of death in 
adolescence are unintentional injuries from accidents24 
(see Table 1-5). Motor vehicle accidents accounted for 
almost three-quarters (73%) of all deaths from unin-
tentional injury.24 A significant contributor to morbid-
ity and mortality in teens is substance use, especially 
alcohol use. Fatal accidents occur at greater frequency 
while driving under the influence. Substance use is also 
a main contributor to accidental poisonings and drown-
ings. Adolescents, who have multiple risk behaviors, 
have a significant increase in the likelihood of death 
because of a greater and more frequent exposure to 
dangerous situations.25

Adolescents today have been born into a world with 
widespread use of technology. These digital natives take 
technological changes and advances in stride and use 
these tools easily in their daily lives. They use social me-
dia to develop ties outside their family, and sometimes 
their community, for a more worldly view. Technol-
ogy and digital media outlets help adolescents form a 
personal cultural identity, which may differ from their 
family of origin because their use of technology enables 
them to reach a more global network of people with 
viewpoints that may differ from what they are regularly 
exposed to.26 Developing their own cultural identity can 
strain familial patterns, especially with regard to behav-
ior expectations.

The use of technology can also expose the adolescent 
to other dangers, such as cyberbullying. This behavior 
is similar to bullying previously discussed with school-
age development. Cyberbullying is covert psychological 
bullying conveyed through electronic means and can 
result in physical and psychological harm with emotional 
distress, symptoms of depression, and adverse coping 

Romantic relationships start to develop from age 
14 years.16 However, girls and boys experience sexual 
arousal differently. Boys begin masturbating between 12 
and 15 years of age and, in general, practice regularly.16 
As such, boys are more familiar, during adolescence, 
with their path to pleasure and orgasm prior to inti-
macy with a partner, while girls are less likely to engage 
in masturbation and generally experience their first 
arousal with an intimate partner. Girls’ attitudes toward 
sex, their sexual experience, and the likelihood of ado-
lescent pregnancy are impacted by the focus of their 
sexual health education. If the education focused on 
the context of relationships, adolescent girls tend to be 
more knowledgeable about sex, have less sexual experi-
ence, and experience fewer adolescent pregnancies than 
education that focused on the body.16

According to the 2011 Youth Risk Behavior Survey, 
47% of adolescents in high school report engaging in 
sexual intercourse.18 The 2006–2010 National Survey of 
Family Growth reports only 78% of adolescent females 
and 85% of adolescent males 15 to 19 years of age used 
a contraceptive method for first sexual intercourse.19 
Most pregnancies (88%) among adolescents (15–17 
years of age) in the United States are unintended. The 
birth rate to 15- to 19-year-old females was 39.1 per 
1000 female subjects in 2011; however, birth rate sta-
tistics underestimate actual adolescent pregnancy rates 
because they do not include pregnancies that end either 
through abortion or other fetal loss.

This last phase of childhood adds more freedom of 
choice in activities and lifestyle as the teen navigates to 
adult life. This is a time of experimentation and risk tak-
ing. Family influences continue to be of importance in 
the lives of adolescents, even as they turn their attention 
to friends and partners. Children raised in single-parent 
families, typically headed by females, experience more 
behavioral problems and poorer academic achievement, 
engage in earlier sexual activity, demonstrate poorer 
psychological well-being, and experience greater life 
adversity as compared to the children of two-parent 
families.20 Friend and family relationships also impact 
substance use and abuse. The protective effects of family 
and school connections decrease the risk of substance 
abuse, in the forms of tobacco use, alcohol binge drink-
ing, and use of cannabis.21 Peers remain the strongest 
social factor influencing alcohol, tobacco, and illicit 
drug use, particularly when the teen’s best friend uses 
these substances.21

Risk taking during this period, as with the former 
years, can result in injuries. Injuries from high-risk be-
haviors can mask self-harm tendencies. Repeated pre-
sentations to emergency rooms for injury may signify 
an underlying mental health problem that is not being 
addressed or acknowledged by the teen.22 Patterns of 
self-harm may or may not signal suicidal intent. These 
patterns may also be a means of coping with strong 
feelings or emotional distress. Self-harm is generally 

Cause % of Deaths

Accidents 48

Homicide 13

Suicide 11

Cancer  6

Heart disease  3

TABLE 1-5
Common Causes of Intentional and Unintentional 
Death among Teens
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Adolescents are discerning “who” they are and 
are learning how to achieve and communicate their 
self-identity. Abstract reasoning leads them to more 
complex, competitive activities, both intellectually 
and socially. Adolescents also have an increased need 
for privacy. Achieving independence is the aim in the 
adolescent years. Peer groups and socialization are 
paramount and keeping connected is vital. Table 1-6 
provides an overview of the growth and development 
milestones that adolescents experience.

mechanisms, such as withdrawal and substance abuse.27 

Other symptoms of bullying include stomachaches, 
headaches, nausea, insomnia, and anxiety. Open and 
frank discussions with the adolescent about their inter-
actions with others, in person and electronically, can 
help to determine if bullying, whether virtual or physical, 
is occurring. It is important to consider that adolescents 
may be reluctant to confess to cyberbullying because of 
the fear that limitations may be placed on their access to 
electronic media and interactions with others.

Age Physical Sexuality Identity Sensory Cognition 

12–14 years

Growth accelerates Starts to explore 
intimate self with 
evaluation of 
development

Tries out different 
roles as they explore 
their potential

Increased moodiness Shows more interest 
in and influence by 
peer group

Secondary sexual 
characteristics 
appear

Starts to date, 
usually in groups 

Focus is on 
themselves; going 
back and forth 
between high 
expectations and lack 
of confidence

Feels a lot of sadness 
or depression

Expresses less 
affection toward 
parents; sometimes 
might seem rude or 
short-tempered

Concerned about 
body image, looks, 
and clothes

Spends time 
daydreaming

Feels stress from 
more challenging 
schoolwork

Decline in self-esteem Could develop eating 
problems 

15–17 years

Stature reaches 95% 
of adult height

Identifies sexual 
orientation, at least 
internally, but may 
not be ready to share 
with others if outside 
the perceived norm

Self-centered Tendency to withdraw 
when upset 

Abstract thinking 
developing

Slowing growth in 
girls

Deep capacity for 
caring and sharing

Rich fantasy life Emotional responses 
fluctuate over time

Concern with 
philosophic, political, 
and societal 
problems

Secondary sexual 
characteristics well 
advanced

Developing more 
intimate relationships

Sensitive to feeling 
inadequate and finds 
it hard to ask for 
assistance

18 years and 
older

Physically mature 
with growth almost 
complete

Forms stable 
relationships and 
attachments

Body image mostly 
established

Emotions are more 
constant

Has established 
abstract thought

Comfortable in 
physical growth and 
body

May publicly identify 
as homosexual or 
bisexual

Mature sexual identity Able to better regulate 
external expressions 
of emotion

Able to view 
problems 
systematically

Increase in 
self-esteem

Can develop and 
execute long-term 
plans 

Data from Wong’s Nursing Care of Infants and Children, Hockenberry and Wilson, 2015 (p. 652) (Ethington, 2015) and Centers for Disease Control and Prevention 
Important Milestones (Centers for Disease Control and Prevention, 2016).

TABLE 1-6
Growth and Development Milestones for Adolescents (13–18 Years)
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Children between 9 months and 4 years of age are 
most vulnerable to the negative effects and stressors 
of hospitalization.28 Early hospitalization can affect a 
child’s long-term development and adjustment. Addi-
tionally, repeated hospitalizations early in life have been 
linked to emotional disturbances that may manifest in a 
child’s later years.29

Providing support to the family as a unit is equally 
important. Children will respond to their caregiver’s 
cues. An anxious parent can project anxiety to their 
child, causing their child to respond to care in an 
anxious manner. Psychosocial interventions, such as 
emotional support, preparing the child and family for 
healthcare procedures, involving the parent as a support 
to the child during care or procedures, and promot-
ing play facilitate positive coping skills, adaptation to 
healthcare encounters, and healthy growth and develop-
ment.29 Table 1-7 outlines the fears and concerns chil-
dren face during hospitalization.

Supporting the Child’s and Family’s Needs 
through Family-Centered Care
The first psychosocial intervention and/or provi-
sion of emotional support cannot be provided until a 
trusting, confident relationship between the child and 

Hospitalization and the Effect 
Hospitalizations Have on Growth 
and Developmental Needs
Infants and children are hospitalized for a variety of rea-
sons. Many are hospitalized shortly after birth and re-
quire repeated hospitalizations for conditions or defects 
present at birth, which are attributed to a complex mix 
of genetic, environmental, and maternal factors. Acute 
and chronic illnesses, as well as accidental and nonac-
cidental injuries, commonly require hospitalization. 
Suspicious injuries, failure to grow or weight loss, and 
changes in development should be investigated for the 
cause, including review of the family support structure 
for the infant.

Hospitalization, although at times a necessary com-
ponent of medical care, is a very unfamiliar setting 
for a child. It is essential for the healthcare staff to 
provide a supportive environment in which the child’s 
fears are addressed, comfort is provided, and the child 
is supported in a way that fosters continued growth 
and development. This is especially important to chil-
dren with chronic illnesses, such as congenital heart 
defects, cystic fibrosis, and cancer, where repeated 
extended hospitalizations may be required throughout 
their childhood.

Effects of Hospitalization on Growth 
and Developmental Milestones
Healthy children typically develop on a continuum. 
Children grow and learn very quickly through these 
early years, and each milestone a child achieves is typ-
ically a building block for all future milestones.

Some healthcare encounters, such as frequent out-
patient visits, surgeries, and repeated and/or extended 
hospitalizations, pose special challenges to a child’s 
typical growth and emotional well-being. Children 
may experience lapses or regression in physical, emo-
tional, intellectual, or social development. Pain can 
also influence or impede development. Emma Plank, a 
pioneer in child life development, recognized the nega-
tive impact extended hospitalizations had on children, 
especially when no parent was present or there was a 
need for isolation precautions for infection control.27 
Limited emotional support and decreased oppor-
tunities for socialization impeded the child’s normal 
growth and development experiences.27 As a result, 
programs were established to help children cope and 
develop more holistically in hospital settings. These 
programs were specifically designed to address a child’s 
emotional, social, and cognitive needs, with the intent 
of overcoming the developmental setbacks hospitaliza-
tion can cause.

Age 
Psychosocial Concerns  
in Healthcare Settings 

Birth to 1 year Separation from caregivers; unfamiliar 
environment, routine, and people; lack of 
stimulation

1–3 years Reduced independence; lack of opportunities 
for self-control; separation anxiety

4–5 years Limitations on sense of control and 
independence; magical thinking 
and egocentric thought resulting in 
misunderstanding; fear

6–12 years Separation from normal activities associated 
with home, school, and peers; concrete 
literal thought resulting in misconceptions; 
fear of body mutilation, loss of body function; 
reduced self-esteem

13–17 years Limitations related to privacy, peer 
relationships, independent activity, and 
decision making; concerns with perception of 
others, body image 

Data from (Rollins, 2005) pp. 22–23; (Thompson, 2009) p. 30.

TABLE 1-7
Age-Specific Hospitalization Issues and Concerns 
Based on Erickson’s Psychosocial Stages of 
Development
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or engaging with others in the activity are useful tools 
for many age groups. Preparing parents will also have 
an overall positive effect on the child’s coping. Prepar-
ation can also consist of promoting the use of coping 
strategies, such as teaching children to identify cop-
ing skills or offering a choice of specific coping strat-
egies, allowing the child to choose what may work. 
Examples of offerings can include counting; singing 
ABCs or a favorite song; deep breathing; or the use of 
guided imagery techniques, such as imagining yourself 
in a peaceful, pleasant place.28

Children need numerous opportunities to help main-
tain and promote their typical growth and development. 
Children should have strange environments normal-
ized. This normalization comes through knowledge of 
child development, the skills and training to enter into 
a supportive relationship with families, and the abil-
ity to collaborate with members of the interdisciplin-
ary healthcare team. Age-appropriate toys and books 
should be available to patients, along with adaptations, 
such as Braille, large print, or photo or audio books, 
which accommodate sight and hearing limitations due 
to illness or injury. The benefits of play in healthcare 
settings are numerous. Play can help reduce stress, 
promote expression of feelings, and provide mastery of 
and effective coping with strenuous events.31,32 Play and 
socialization opportunities should be promoted and 
incorporated into the child’s hospital routine. Children 
will also benefit from opportunities for expressing feel-
ings. Doll play, manipulation toys, “loose parts,” med-
ical play, painting, drawing, and journaling may all help 
children express themselves in the healthcare setting 
and allow them to assimilate information they have 
experienced.31

Healthcare professionals can also learn from chil-
dren. Learn the language the individual child uses to 
communicate needs, how they identify body parts, and 
how they innately cope. Children’s cues are very im-
portant, and treatments should capitalize on the child’s 
strengths. Engaging the child by determining what 
works for them and offering realistic choices will help 
elicit the child’s participation and provide for more ef-
fective compliance.

The use of developmentally engaged strategies 
 establishes trust, increases compliance with the plan 
of care, and facilitates mastery of skills, which in 
turn positively impact the child’s hospital experience. 
 Parental presence and engagement in the child’s care 
buffers the effects of separation and other stressors 
that can be a concern across the developmental con-
tinuum. Table 1-8 lists a few age-appropriate thera-
peutic care strategies that can enhance the quality of 
clinical interventions with patients as well as patient/
family satisfaction.

healthcare provider exists. It is important to note that 
professional boundaries must be established and main-
tained. Establishing open and clear communication is 
critical in promoting collaboration with family mem-
bers. Healthcare providers should use developmentally 
 appropriate language with children. Addressing needs 
and treating the child and family as a cohesive unit, or 
providing family-centered care, promotes adherence 
to the plan of care and provides a structure to support 
continued growth and development. Key concepts 
of family-centered care include clear and open lines 
of communication, which keep the child and fam-
ily informed and actively engaged in the plan of care; 
involving the child and family in healthcare decisions, 
which allow care to be tailored to meet the child’s and 
family’s priorities, preferences, and values; and having 
patient needs anticipated and addressed. The afore-
mentioned principles of family-centered care lead to 
better health outcomes, ensure quality, and promote 
safety.28Additional benefits of family-centered care in-
clude the following:

■■ Greater responsiveness to patient- and 
family-identified needs and priorities

■■ Creation of a more supportive workplace 
environment

■■ Creation of more effective learning environments 
for professionals-in-training

■■ Wiser use of scarce resources, with a reduction in 
healthcare costs

■■ A cadre of families able to advocate for quality in 
health care and the resources to support quality 
care

■■ Enhanced competitiveness for the hospital in the 
marketplace 

Overall, family-centered care initiatives will lead to im-
proved medical and developmental outcomes.

The literature reports that children who are pre-
pared for medical procedures experience significantly 
lower levels of fear and anxiety and have better long-
term adjustment to medical challenges.29,30 “The goal 
of psychological preparation is to increase children and 
family members’ sense of predictability and control 
over potentially overwhelming life experiences, allow-
ing them to proceed in these situations with a resulting 
sense of mastery and with the lowest possible level of 
distress.”28 Preparation can take place before, during, 
or after an event and will help the child to better an-
ticipate what they will see, hear, feel, and smell. Allow-
ing children ample opportunities to manipulate, be 
desensitized to, or “practice” with equipment used for 
their care enables the child to cope better. Children will 
benefit from “rehearsing” with equipment on favorite 
play items. Modeling, via watching instructional videos, 
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Developmental Stage Therapeutic Intervention

Neonate 
Cluster care, or provide interventions and hands-on care around the same timeframe, as much as possible
Minimize stimulation and avoid quick movements
Use a soothing tone

Infants/toddlers 

Use simple language
Get on the child’s level
Even though children may not fully understand, use a calm, friendly, confident voice
When appropriate, model equipment or process first on parent or self
Have play medical kits available for children to see equipment that is primary colored and appears 

nonthreatening
Use comfort positioning to provide supportive, therapeutic care, which can lead to a child coping best with their 

experience; when a child lies on their back, vulnerability can increase and they may not cooperate as well
Partake in the routine the healthcare environment has established

Preschoolers 

Use minimal, nonthreatening language
Offer a preschooler realistic choices and allow them to participate in their care
Provide directions and suggestions in positive manner. Say, “You need to stay very still” as opposed to “Don’t move”
Reinforce that treatments are not punishment
Challenge the preschooler by saying colors, counting, or reciting the alphabet, capitalizing on their strengths 

and knowledge
Allow expression of feelings through play and verbalization; correct misconceptions
Allow for manipulation of equipment and use concrete terms, being realistic and truthful

School age

Support concrete thinking/learning, moving toward logical thinking
Give specific information, such as the sequence for procedures, and encourage participation
Promote medical play and socialization activities to help identify misconceptions
Teach coping strategies
Offer age-appropriate activities that encourage mastery

Adolescents 

Provide an opportunity for involvement in their care and decisions related to their experience and health 
promotion

Communicate honestly, with thorough explanations
Promote/allow for independence
Help identify and promote coping techniques
Respect and maintain privacy
Encourage peer interactions

Data from (Rollins, 2005) pp. 56–57; (Thompson, 2009) pp. 189–192; (TenHuisen, 2004); (Victoria State Government, Maternity and Newborn Clinical Network, 
Department of Health and Human Services, 2017).

TABLE 1-8
Examples of General Strengths Used to Provide Developmentally Appropriate Therapeutic Care

Case Study
Alex is a 9-month-old Caucasian baby, born to a grav-
ida 1, para 1 single mother. He was delivered at term 
(40 weeks’ gestation) by normal vaginal delivery. Birth 
weight was 3.5 kg; at 6 months, his weight was 8 kg, 
both of which are at the 50th percentile. His medical 
history was nonsignificant and immunizations are up 
to date. At 9 months of age, he was evaluated by his 
primary care physician with a 2-day history of diarrhea 
and reduced feeding. Upon assessment the following 
data are available:

Temperature: 37ºC
Weight: 7.4 kg (5th percentile)
Normal skin turgor
Heart rate: 110 beats per minute

Respiratory rate: 32 breaths per minute
Blood pressure: 72/37 mm Hg

The mother reports that she feeds him 8 ounces of 
whole milk approximately five times per day. She has 
not started him on solid food.

Upon examination, the infant did not engage. He did 
not smile or laugh, despite efforts to elicit a response, 
and was nonverbal.

1. Based on the data presented, which of the fol-
lowing is the most likely diagnosis for Alex?
a. Cognitively delay
b. Failure to thrive
c. Deformational plagiocephaly
d. Lactose intolerance
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Introduction
The needs of hospitalized children and their families 
are great. Each family is unique, consisting of a variety 
of people: parents, siblings, step-parents, grandparents, 
partners, aunts, uncles, cousins, and sometimes those 
who are not related but live close by or with the family. 
The issues that a family faces during a hospitalization 
are as diverse as the family themselves. These issues 
are likely to occur when a child is hospitalized for an 
extended period, resulting in the need for support and 
stress management.1

Oftentimes, families do not live near the hospital. 
Getting to and from the hospital, all while juggling 
work, school responsibilities, and caring for other chil-
dren and pets, is challenging. Parents may be away from 
work for a significant period of time during the hospi-
talization, which can make paying bills and maintaining 
a home difficult. For siblings, having parents divided 
between the hospital and home or needing to stay with 
friends or relatives can be frightening and a deviation 
from their normal routine. It is important during hospi-
talization to give families the psychosocial support they 
need through the help of social workers, pastoral care 
personnel, child life specialists, psychologists, thera-
pists, nurses, and physicians. Amenities at the hospital, 
such as showers, places to sleep and do laundry, and 
accessibility to meals and other resources, are of great 
assistance to families during this stressful time. Giving 
families options and control in an environment where 
they feel they have very little is an essential aspect of as-
sisting families of hospitalized children.

Family-Centered Care
The concept of family-centered care is based on the 
assumption that the family is the constant in a child’s 
life. A child’s illness can affect the entire family, and so 
family-centered care is a respectful partnership between 
a child’s family, specifically the parents or primary care-
givers, and the clinical practitioners and professionals 
caring for that child.2 According to the National Center 
for Family and Professional Partnerships, the founda-
tion for this care begins with the family and medical 
team partnering to provide care that is in the best 
interests of the child and the family. As children age, 
they, too, assume a role in this partnership. With trust 
acknowledged as being fundamental, it is vital that each 
individual involved in the child’s care have respect for 
the skills and expertise of others—not only those of the 
medical team but also the family as well. Through open 
and objective communication, with a willingness to ne-
gotiate if needed, decisions concerning the child’s care 
are made together.3 Table 2-1 lists essential components 
of family-centered care.4

Every child is a component of a much larger sys-
tem: The child is part of the family, and the family is 
part of the larger community. Children and families 

are members of churches, schools, and extracurricular 
activity networks. With a variety of family and com-
munity structures come many unique values and beliefs 
as well as a mix of understandings and misconceptions 
about diagnoses and hospitalizations. Sometimes, fam-
ily members all agree with the medical plan, but other 
families may have very diverse beliefs, making it dif-
ficult for them, and sometimes their child, to make the 
best decisions regarding medical care. Misconceptions 
that family members may have can be addressed and 
clarified in a face-to-face meeting between the family 
and medical staff.

Communication and coordination are key elements 
to building successful working relationships with pa-
tients and families during their hospitalization.3 Having 
family present to discuss the child’s medical needs and 
recommendations of the healthcare team helps facili-
tate better communication among the family, patient, 
and medical staff. Verbal and nonverbal communication 
is critical when families are in stressful environments, 
such as a hospital or clinic. Healthcare professionals 
must approach children and their families with respect 
and an attitude that demonstrates value for feelings, 
opinions, and individuality.3

Trust is a fundamental element of family-centered 
care. Building rapport and trust is vital for families to 
feel comfortable with the individuals caring for their 
child. For some families, this occurs quickly, while other 
families require more time.

As a result of research surrounding attachment 
theory, which suggests that children who are separated 
from their primary caregiver are very likely to experi-
ence emotional problems, there has been a change in 
the attitudes and practices regarding parents staying 
with their child while in the hospital.4 Now parents are 
encouraged and even expected to remain with their 
child, with many patient rooms at children’s hospitals 
designed to include an area for parents.4 In addition to 
staying at the bedside with their child, families are en-
couraged to be active participants in their child’s care, 
either independently or with the assistance of a nurse 
or other medical professional. If they feel comfortable 

Family is recognized as the constant in a child’s life.
The strengths of the family and child are unique.
The child participates in care and decision making.
Cultural diversity and family traditions are respected and honored.
Information about a child’s care is shared with the family.
Families are referred to community-based services.
Family-to-family support networks are encouraged.
Youth are supported as they transition to adulthood.
Family and professionals work together to determine a plan  

of care.
Programs and policies to support the family are implemented.
Successes are celebrated. 

TABLE 2-1
Components of Family-Centered Care
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doing so, parents are often asked to remain close to 
their child during a procedure to help the child in cop-
ing with the procedure.

Bedside rounding is a prime example of 
family-centered care. Instead of the child’s medical team 
meeting privately in a conference room to discuss the 
differential diagnoses, treatment goals, and current plan 
of care, teams often meet in the child’s room where they 
speak with the family and/or child, incorporating their 
opinions, questions, suggestions, and beliefs into the 
plan. Including family in clinical rounds improves com-
munication and shares decision making. It also  provides 
learning opportunities for residents and students.5 
Some hospitals use a system where cards that hang out-
side a child’s room are flipped to denote if parents do 
or do not want to participate in bedside rounding. This 
decision can be changed daily based upon the families’ 
needs and desires for that day. Depending on their age, 
older children may be more involved in their care when 
medical rounds are held at the bedside. Even though a 
child’s age mandates that parents be the ultimate deci-
sion makers, children have the opportunity to ask ques-
tions and to share their thoughts about the care they 
receive. Oftentimes, parents are provided with a note-
book to write down questions or concerns to discuss 
with the medical team during family-centered rounds. 
This also serves as a way for parents to write answers to 
questions and to share this information later with fam-
ily members who are not present at the time of rounds. 
With emerging technology, family members may be able 
to participate in rounds via speakerphone or video chat.

There are many principles and applications within 
family-centered care. Not only is family-centered care 
important to children and their families, but it can be 
beneficial to hospitals by improving family and staff 
satisfaction.1 One study noted that participating in 
family-centered rounds was associated with increased 
physician comfort in family participation, a perception 
of positive impact on staff involvement, and improved 
patient outcomes.6

Needs of the Hospitalized Infant, 
Child, and Adolescent
A child’s reaction to hospitalization or prolonged ill-
ness is determined largely by the developmental age of 
the child, prior hospitalization experiences, the ability 
to cope with stress, and the degree of security they feel 
through family support. Sudden illnesses or unexpected 
hospitalizations are very stressful to children; this stress 
can affect how they recover from an illness and, in some 
cases, may prolong the illness and hospital stay.

Infants
From birth to 1 year, infants are constantly growing 
and changing. Their senses continue to develop. While 

exploring their environment, they learn through sound, 
sight, and touch. Infants are securing attachment and 
are learning to trust that their caregivers will meet their 
needs. When hospitalized, an infant’s normal routine is 
disrupted, leading to fussiness and difficulty with sleep-
ing and eating. Due to family constraints or procedures 
during their hospitalization, there may be separation 
between the infant and their familiar caregivers. This 
can affect the trusting relationship that has been de-
veloping since birth. In situations where the family is 
unable to be present all the time, having continuity of 
care among nurses and therapists can aid in the infant 
developing trusting relationships with medical care-
givers. Although it may be difficult to do, attempting 
to maintain a schedule similar to one the infant uses 
at home can be beneficial in maintaining sleep, wake, 
and feeding cycles. Families are encouraged to bring 
developmentally appropriate play materials from home, 
which assists in maintaining a stimulating environment 
and encourages normal growth and development. Com-
fort items and developmentally appropriate toys for in-
fants include mirrors, black-and-white pictures, rattles, 
teethers, mobiles, bouncy seats, swings, and swaddlers. 
As with a child of any age, families are encouraged to 
participate in the infant’s care and to remain in the 
room. For mothers who are breastfeeding, this may 
include breastfeeding accommodations and support 
from a lactation consultant as well as meals to ensure 
the proper nutrition needed to breastfeed. Additionally, 
first-time parents of infants can often benefit from edu-
cation on calming and soothing techniques, feeding and 
 positioning, and safe sleep practices.

Toddlers
Toddlers are children between 1 and 3 years of age. 
They are busy and constantly learning from the world 
around them. Toddlers are gaining independence and 
“believe the world is focused primarily on them.”7 Their 
motor and verbal skills are increasing rapidly, but their 
understanding is still quite limited, causing them to 
become easily frustrated. This frustration is seen in 
temper tantrums, varying forms of aggression, and even 
regression in skills that they have recently mastered, 
such as potty-training. Toddlers have a difficult time 
distinguishing reality from fantasy, which may con-
tribute to their misunderstanding of medical-related 
explanations.8 Many times, especially in an unfamiliar 
environment like a hospital, toddlers become fearful 
and develop stranger anxiety when their family is not 
present.7 Because the receptive language of a toddler is 
not as developed as their expressive language, they may 
better understand medical procedures when a simple 
explanation is offered in language they are familiar with. 
Allowing caregivers to stay close; keeping routines as 
normal as possible; and setting and maintaining rules, 
limitations, and expectations during hospitalization are 
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important for normalization. Offering choices when ap-
plicable and encouraging as much independence as pos-
sible will also assist in toddlers’ adjustment and ability 
to cope with a hospitalization. Providing a safe place for 
play, such as a hospital playroom, allows for continued 
growth and development in physical and social skills. If 
toddlers are unable to leave their room due to isolation 
or medical complexities, it is important to provide de-
velopmentally appropriate activities for bedside play.

Preschoolers
Children who are 3 to 6 years of age are considered 
preschoolers. They have a developing imagination and 
enjoy participating in make-believe play. Their world 
is egocentric and filled with “magical thoughts,” often 
feeling like they are the cause of all earthly events.8 
They tend to act older than they are, mimicking 
caregivers and friends near their age. Like toddlers, 
hospitalized preschoolers can demonstrate signs of ag-
gression and regression in certain behaviors. Because 
they fear being away from their family, they may be 
clingy during their hospital stay. Providing them with 
opportunities for choices and independence, when 
appropriate, and keeping a routine are important. If 
preschoolers are having a difficult time complying with 
treatments or taking medications, a simple sticker 
chart with small prizes can assist with encouraging 
and rewarding them during this difficult period. En-
couraging questions and offering simple yet honest 
answers will assist in alleviating misconceptions and 
increase the preschooler’s understanding about what is 
happening to them in the hospital. Because it may be 
difficult for them to verbalize their feelings, allowing 
preschoolers opportunities for play within the hospital 
will assist in normalizing the environment and provid-
ing them with a means of self-expression. Other means 
of expression may be through art, music, dramatic play, 
and medical play. The use of puppets or dolls is effec-
tive in explaining medical procedures or devices to 
preschoolers.

School-Age Children
School-age children are described as children who are 
ages 6 to 13 years. During this developmental period, 
they are gaining more and more independence, go-
ing to school independently, and often participating in 
extracurricular activities with peers. Because of this, 
school-age children often cope well if their family can-
not always be at the hospital. They are eager to please 
but can be self-conscious. Their problem-solving skills 
are increasing as well. They are able to understand a 
sequence of events, often leading to their understand-
ing of death and its finality in regard to a pet, friend, 
or family member. Like children in other stages of 
development, school-age children benefit from oppor-
tunities to play and explore their environment during 

a hospitalization. They need a sense of control in the 
hospital, so when choices are available, it is important 
to give them options. School-age children have fears 
of failure, family problems, death, and rejection.6 They 
often worry about fitting in with their peers, so a play-
room where they can socialize with others who may be 
going through similar circumstances can be beneficial 
to them. Asking school-age children for their questions 
and clarifying any misconceptions they may have as-
sists them in coping with a hospitalization and illness. 
Because of their imaginative thinking, using puppets or 
dolls for education concerning a procedure or medical 
equipment is appropriate for this age.

Adolescents
Adolescence is the period from 13 through 18 years of 
age, after which age a person is considered an adult. 
Adolescents think abstractly and work to establish per-
sonal identity.7 They are quite independent and seek 
separation from family, relying more heavily on their 
peer groups for support, and so increased dependence 
on family and separation from peers can be frustrat-
ing for hospitalized adolescents. An adolescent’s pri-
vacy is highly important to them and respecting their 
privacy in the hospital is vital to their ability to cope. 
Because they think abstractly, they are more aware of 
stressors and strains that their illness or hospitalization 
may place on their families. They often fear that the 
illness or hospitalization may be affecting their iden-
tity and who they are currently. Allowing adolescents 
the opportunity to ask questions as well as to provide 
input concerning their treatment plans can assist in 
maintaining their independence and having a develop-
mentally appropriate level of control in their care. To 
promote normalization within the hospital environ-
ment, visits from friends are encouraged, as are activi-
ties with peers. Many hospitals have a teen room or 
lounge where adolescents can meet, with age-specific 
activities, such as a karaoke machine, video games, a 
pool table, and more advanced arts and crafts. Tech-
nology and social media allow adolescents to maintain 
communication with their peers while in the hospital, 
especially in the event they cannot leave their room. 
Depending on the diagnosis, there are face-to-face as 
well as online support groups that help adolescents 
understand that they are not alone when dealing with 
their medical complexities.

Needs of the Family
The stress, uncertainty, and fear of the unknown that 
a family experiences when a child is hospitalized can 
cause the hospitalization itself to become a traumatic 
event. Parents may neglect their own health in order to 
care for their child. Recognizing the needs and concerns 
of the entire family is important in preventing deterior-
ation and ensuring that they are supported.
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Information and Accommodations
Providing families with information about their child’s 
care in terms that they can understand is key to making 
them feel comfortable and involved in the hospitaliza-
tion. Many have inadequate knowledge about their 
child’s condition and need details about the diagnosis, 
plan of care, prognosis, and discharge goals. It is crucial 
that families are told where they can stay during the hos-
pitalization. In cases where rooms are not private, par-
ents should be directed to sleep rooms or waiting areas 
where they can stay in the event that the medical staff 
needs them. Families need information on how to gain 
access to meals, showers, laundry facilities, and play op-
portunities for their child and siblings. It is common for 
social workers to assist families in obtaining community 
resources, should they need assistance from outside the 
hospital for their child or themselves. These resources 
include local pharmacies, restaurants, transportation 
options, home nursing agencies, and funding sources for 
home modifications or medical supplies.

Reassurance and Support
Family members often need psychosocial support and 
assurance that they can continue to care for their child. 
Often the greatest stressors for a family when their child 
is hospitalized are not the child’s illness or the hospi-
talization itself but sibling care, job responsibilities, 
financial strains, and other commitments. Being a good 
listener for a family is critical, as is guiding them to the 
member of the multidisciplinary team who can provide 
them with the resources they need. The family can be 
referred to community counseling for the ongoing sup-
port needed to deal with the stress, anxiety, and guilt 
that often accompanies having a child with a chronic ill-
ness or unexpected injury.

Consistency
Consistency is especially important for families of 
hospitalized children, but it is often difficult because of 
physician schedules, emergencies, diagnostic testing, and 
therapies. Many hospitals have one primary physician 
who follows the child, with other healthcare profession-
als, based upon diagnosis or service, who also care for 
the child. Although maintaining the same physicians 
throughout the hospitalization may be difficult, many 
hospitals have primary nurses assigned to patients for 
continuity of care. These nurses become familiar with the 
family and are better able to get to know the patient and 
family and can communicate with the team and the fam-
ily equally, acting as a liaison to assist in the family being 
comfortable with the care their child is receiving.

Communication
Communicating with families about their child’s care 
in terms that they can understand is crucial in making 

families feel comfortable and involved during the hospi-
talization. Parents appreciate honesty when discussing 
their child’s medical condition and needs. Additionally, 
they need the opportunity to ask questions in a safe fo-
rum. If parents are unable to be present with their child, 
keeping them up-to-date by phone with any changes in 
their child’s medical status and the expected plan of care 
is important in maintaining family involvement.

Needs of Siblings
Having a sibling who is sick or injured can be a very 
confusing and upsetting time for children. They may 
be forced to identify and deal with a wide range of feel-
ings and concerns in the absence of their parents, who 
are either physically or emotionally unavailable.3 When 
a child is hospitalized and parents spend the majority 
of their time at the hospital, siblings are often left in 
the care of relatives and friends. Although these may 
be familiar people, it still results in a disruption in the 
siblings’ daily routines. Remaining in the family home 
keeps the environment familiar, and maintaining school, 
extracurricular activities, and meal and bedtime rou-
tines as much as possible aids in the siblings’ ability to 
cope with the illness and hospitalization. In consider-
ing these things, it is important to keep in mind that 
changes in sleeping patterns, eating habits, school per-
formance, emotions, typical developmental skills (re-
gression), and behavior can all be signs that a sibling is 
not coping well with the changes in their family and/or 
living structure. Factors influencing a sibling’s response 
to hospitalization include the sibling’s age and develop-
mental level, the nature of the threat, the relationship 
between the sibling and the ill child, the nature of the 
changes, and the family’s socioeconomic status.3

Assistance from a child life specialist, who is trained 
in developmental theory and with assisting children with 
coping with hospitalization, can be vital in making a sib-
ling’s hospital experience a positive one. If a child life spe-
cialist is not available, taking the time to talk with a sibling 
and explaining the situation and medical equipment in the 
patient’s room, in simple terms, can help alleviate miscon-
ceptions and promote a better understanding. Allowing 
the sibling an opportunity to ask questions and  express 
their feelings is also important. If possible, give the child a 
means to be involved in their ill sibling’s care and hospital 
experience. This could be helping with a small task, such 
as getting juice from the refrigerator, making a card to be 
hung in the hospital room, or bringing a favorite toy or 
stuffed animal from home. This allows siblings to feel in-
volved in the hospital experience and prevents them from 
feeling so disconnected from their family.

Role of the Child Life Specialist
Most children’s hospitals have child life specialists in 
both inpatient and outpatient areas. These specialists 
are a vital component in how children and their families 
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cope with hospitalization and how they will perceive 
future hospital experiences. Child life specialists have 
many roles, including helping children adjust to proce-
dures, diagnoses, and devices. With their strong back-
ground in child development and family systems, they 
promote effective coping through play, education, prep-
aration, and self-expression activities.9 They also pro-
vide psychosocial support to children and their families.

Providing children and their siblings with opportuni-
ties for a variety of types of play is not only normalizing 
an unfamiliar place but also a means through which 
children learn and explore their environment. Many 
child life programs have play spaces throughout the 
hospital where children are offered a safe place to par-
ticipate in developmentally appropriate activities with 
other children going through similar situations. There 
are unit-based playrooms that provide a quick and safe 
escape from the hospital room while still being closely 
monitored by nursing staff. These play areas can be 
available 24 hours a day, which is beneficial to a child 
who has difficulty sleeping or finally feels well enough 
to play in the middle of the night. Other hospitals have 
large community play spaces where special events are 
held, such as holiday parties, visits from celebrities, and 
activities with volunteer groups. These play areas may 
have sections specific to a developmental level, such as 
an infant-toddler area with play mats and riding toys. 
Arts and crafts, video games, pool tables, air hockey 
tables, board and card games, books, cooking, and mu-
sical instruments are some of the activities that may be 
offered in hospital play spaces. Many of these modalities 
allow for the child’s self-expression in interpreting and 
experiencing what is occurring during their hospitaliza-
tion. Some hospitals are fortunate enough to also have a 
space that is only for adolescents. This allows for social-
ization with peers and more mature conversations and 
activities that may be difficult for a child life specialist to 
facilitate in the presence of younger children.

Through education, child life specialists help children 
and families cope with hospitalization. Whether prepar-
ing the child for a blood draw, accompanying them to 
interventional radiology for placement of a peripherally 
inserted central catheter (PICC), or explaining a new 
diagnosis, child life specialists educate patients and 
siblings in a way that they can understand based on 
their developmental level. Dolls, puppets, books, and 
drawings are used to assist in a child’s understanding of 
their medical condition or the procedure that they will 
be undergoing. Examples are found in Figure 2-1 and 
Figure 2-2. Child life specialists provide pre-admission 
tours and education to children who are scheduled for 
an upcoming procedure or surgery, allowing the child 
time to ask questions and to become familiar with the 
environment. They also provide distractions during 
painful or anxiety-provoking procedures to help the 
child find an alternative focus. Relaxation techniques, 
including deep breathing and guided imagery, are used 

to help a child go through a painful time, such as follow-
ing surgery.

Child life specialists also support children and their 
families at the end of life. They often assist with pain 
management and relaxation techniques, as discussed 
earlier, and help the child understand changes that are 
occurring. They assist terminally ill children in having 
difficult conversations with parents, siblings, or friends, 
in which they discuss the child’s wishes, dreams, and 
hopes. They provide memory-making activities, such 
as a family tree with thumbprints, handprints, or 
footprints, or hand molds. Figure 2-3 and Figure 2-4 
provide examples of these activities. By participating 
in these legacy-building activities, the family is given a 
meaningful opportunity to make memories and have 

FIGURE 2-1 A puppet is used to explain how an IV will be placed.

FIGURE 2-2 This doll is used to demonstrate where a tracheostomy 
tube is placed.
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normalization activities with peers. Child life specialists 
also assist with school and community reintegration, in 
which they work with school personnel or community 
partners to articulate the physical, social, and emotional 
needs of the child to allow for a smooth transition from 
the hospital.

Animal-Assisted Therapy
Animals have been found to calm children and make 
them feel less frightened. For many children, their 
pets are a big part of their life at home that they miss 
when they are in the hospital. Many hospitals have pet 
therapy programs in which animals visit patients, with 
certain restrictions based on isolation status and diag-
nosis. The animals and their handlers are trained and 
must pass a certification test that assures, as best as 
possible, that the animal and handler are safe to be in 
a medical setting. Most pet therapy programs involve 
dogs, but other animals, including cats, ponies, and rab-
bits, can be included. Animal-assisted therapy can be 
a one-on-one intervention as well as a group session, 
 depending on the needs of the child and their family.

There are numerous physical, social, and emotional 
benefits to having animal-assisted therapy in a children’s 
hospital. One study reported that pediatric patients 
experienced decreased blood pressure and perception 
of pain following surgery when they spent time with 
dogs.10 Animals can be used in conjunction with phys-
ical and occupational therapy to assist patients with 
their gross and fine motor skills. For a child who has 
been difficult to engage in therapy, adding a dog to the 
therapy often makes a difference in the child’s partici-
pation. Children and families who miss seeing their 
pets may have a more positive affect and mood when 
an animal is present, as evidenced by smiling and an 
increase in interaction and conversation. Petting a dog 
and engaging in conversation with the dog’s handler 
can raise a child’s comfort level or serve as a positive 
distraction during stressful times. During or following 
animal-assisted therapy, children often discuss their pets 
at home, which can be an aid in building rapport with 
staff. Animals can also be used as part of play with chil-
dren, giving them control in the hospital environment to 
“play doctor” with the animal, as seen in Figure 2-5.

Conclusion
Family-centered care should be in the forefront of pe-
diatric health care. The child’s healthcare team is not 
only made up of medical professionals but also includes 
the child and their family. Hospitalizations can be ex-
tremely stressful times for the child and family. Various 
professionals within the hospital provide accommoda-
tions and psychosocial support to families during their 
child’s stay. Meeting these needs assists in the families’ 
 ability to cope and process information during the 
 hospital stay.

FIGURE 2-3 Hand molds are made to provide a tangible memory for 
parents and family.

FIGURE 2-4 Leaves on this tree were made by placing thumbprints 
from family members.

open dialogue about their child. These activities may be 
done while the child is still alive or after the child has 
already died, depending on family preference. Child 
life specialists often collaborate with the palliative care 
team to provide support to the child and their siblings 
in the home or in support groups.

Advocating for children and their needs is another 
role of the child life specialist. This includes speaking 
and working with the medical team to meet a child’s 
needs—for example, organizing a team of medical 
professionals to allow a patient who is ventilator-
dependent to safely leave their room and participate in 
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FIGURE 2-5 Animal-assisted therapy.

Case Study
Melissa is a 4-year-old child who sustained a traumatic 
brain injury (TBI) when her father’s car was rear-ended by 
a semi-truck. She was airlifted to the nearest children’s 
hospital, which was nearly 100 miles from her home. The 
first 3 weeks of her hospital stay were spent in the pedi-
atric intensive care unit (PICU). While there she became 
ventilator dependent and a tracheostomy was placed. 
She also required placement of a gastrostomy tube to 
assist with nutrition. Melissa eventually transferred to 
the inpatient rehabilitation unit where she spent several 
months working to  improve daily function. While her par-
ents remained at the hospital to focus on her care and re-
covery,  Melissa’s 5-year-old sister and 8-year-old brother 
were at home under the care of their grandparents. The 
child life specialist met with the siblings to assist in an-
swering their questions about their sister’s condition and 
the medical equipment. Following the meeting, both sib-
lings wished to visit their sister. The siblings also chose to 
create posters and to decorate pillowcases with markers 
and paint for Melissa to use in her room and to remind 
her of them. Melissa missed her dog at home, so it was 
arranged for pet therapy to visit her room.

Prior to discharge home, plans were made for 
 Melissa’s tracheostomy tube to be removed. She and her 
family had many questions about the process of decan-
nulation. The siblings were afraid that she would be 
unable to breathe without the tube. A therapy doll was 
used to help familiarize them with removing the tube. 
They were able to take turns pulling the tube out of the 
doll’s neck. Melissa’s parents were able to be with her 
when the tube was removed and assist with distractions 
and coping during the procedure. Melissa was eventually 
able to transfer to the hospital’s outpatient rehabili-
tation program. There she participated in a 5-days per 
week program for 6 months following discharge from 
the hospital.

1. What challenges might Melissa’s parents 
have faced during their daughter’s extended 
hospitalization? 

2. What activities helped Melissa’s siblings feel 
more connected to her? 

3. What benefits did the animal-assisted therapy 
provide Melissa?
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Introduction
The primary function of the lungs is to exchange oxygen 
and carbon dioxide between the alveoli and the blood. 
However, during intrauterine growth, the fetal lungs do 
not participate in gas exchange; instead, the mother’s 
placenta provides oxygen and removes carbon dioxide 
for the fetus. At birth, the lungs must undergo a rapid 
transition and become the gas exchange organ for the 
body, making lung maturation essential for an infant’s 
survival and adaptation to extrauterine life. Congenital 
malformation with inadequate lung development is a 
major cause of neonatal death and disease. The most 
common cause, however, is premature birth in which 
the lung has simply not had sufficient time to grow. 
Understanding fetal lung development is an essential 
component in both preventing and treating damage to 
the lungs.

In discussions of heart and lung development, the 
term gestational age is used to describe the growth and 
age of a fetus. The American Academy of Pediatrics de-
fines gestational age as the time period between the first 
day of the mother’s last menstrual period and the day 
of delivery. It is conventionally expressed as completed 
weeks; for example, a 25-week, 5-day fetus has a gesta-
tional age of 25 weeks—the age should not be rounded 
to 26 weeks. A pregnancy is considered to be full term 
at 40 weeks of gestation. Postnatal age is the amount of 
time that has elapsed since birth. Days, weeks, months, 
and years are used to describe postnatal age.1

Stages of Lung Development
The cells of an embryo separate into three layers, which 
are referred to as germ layers: the ectoderm (outer 
layer), mesoderm (middle layer), and endoderm (inner 
layer). Each layer gives rise to specific body tissues; it is 
from the endoderm that the fetal lungs eventually de-
velop. As illustrated in Figure 3-1, lung development 

proceeds in an organized manner and is typically div-
ided into five distinct stages:

■■ Embryonic
■■ Pseudoglandular
■■ Canalicular
■■ Saccular
■■ Alveolar

The first four stages occur prenatally, while the 
alveolar stage continues after birth. Each stage gradu-
ally transitions to the next, with some overlap between 
stages, and disruption in any stage can profoundly affect 
lung development and result in a number of pulmonary 
defects.

Embyronic Stage (3–7 Weeks’ Gestation)
During the embryonic stage, which lasts from about  
3 to 7 weeks’ gestation, the fetal lungs begin in the fore-
gut endoderm as a laryngotracheal groove. The groove 
separates from the primitive esophagus and a pouch, 
or lung bud, appears. Over the next few weeks, the bud 
divides into two bronchial buds and a primitive trachea 
is formed. Development of the buds corresponds to the 
right and left mainstem bronchi and the mature lung 
lobes; the bud on the right develops into three lobar 
buds and the one on the left develops into two lobar 
buds. As the buds elongate, they continue to grow and 
divide, and by the end of the 6th week of gestation, all 
segmental bronchopulmonary branches are formed. 
This patterning process by which the lung bud develops 
into the bronchopulmonary tree is called branching 
morphogenesis.

The mesenchyme also develops during the embry-
onic stage. Originating from the mesoderm, the mesen-
chyme surrounds the airway branches. It is composed  
of tissue that will eventually form blood and lymph 
 vessels as well as the cartilage and smooth muscle of  
the airways. Respiratory epithelial cells that form the  

FIGURE 3-1 Stages of fetal lung development.
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primitive airways evolve from the endoderm and grow 
into the surrounding mesenchyme. Central bronchial 
arteries develop during this stage, and the diaphragm is 
completely developed by the 7th week of gestation.2

Pseudoglandular Stage  
(7–17 Weeks’ Gestation)
The pseudoglandular stage lasts from 7 to 17 weeks’ 
gestation. This stage is marked by formation of the con-
ducting airways with the repeated lateral and terminal 
branching of airways into the mesenchyme. Although 
the airways continue to grow in length and diameter, 
new branches are not formed after this stage. By the end 
of this stage, the tracheobronchial tree is formed with 
up to 27 generations of branches, with the final level at 
the terminal bronchioles.

The airways are thick, hollow tubules and the lungs 
appear to be glandular, hence the term pseudoglandular. 
Initially the airways are narrow and thickly lined with 
pseudostratified columnal epithelium that contains 
glycogen. As branching progresses, airway diameter 
increases and the epithelium thins into a tall columnar 
epithelium. Cilia begin to form on the epithelium of the 
trachea and mainstem bronchi by 10 weeks’ gestation 
and on the peripheral airway epithelium by 13 weeks’ 
gestation. Mucus-producing glands appear, and goblet 
cells, which also secrete mucus, develop in the bron-
chial epithelium by the 14th week. Cartilage, smooth 
muscle, and connective tissue also develop in the tra-
chea and the airway walls during this stage.3,4

It is during the pseudoglandular stage that new bron-
chial arteries develop as the central bronchial arteries 
disappear. A network of pulmonary arteries and veins 
develops in parallel with the conducting airways. As the 
airways develop, the pulmonary vasculature becomes 
progressively longer and continues to surround and fol-
low alongside the branching airways. Lymphatic vessels 
appear in the lung by 10 weeks’ gestation.5

Canalicular Stage (17–26 Weeks’ Gestation)
When the canalicular stage begins at the 17th week of 
gestation, all nonrespiratory portions of the tracheo-
bronchial tree are present and the airway branching 
pattern has been completed. As this stage progresses, 
each terminal bronchiole further differentiates to form 
a primitive pulmonary acinus. This primitive acinus 
consists only of the bronchioles, ducts, and sac; it does 
not contain the alveoli that are found in the acinus of 
the mature lung. The lung periphery epithelium be-
comes thinner, and the rich capillary network begins to 
multiply in the interstitial space. This leads to the for-
mation of a functional air–blood barrier that, although 
inefficient, is thin enough to sustain gas exchange in 
extremely premature neonates. Evolution of the acinus 
and the capillaries surrounding it is a critical step in 
providing a healthy gas-exchange surface for the lungs.6 

During this state, the airways have developed smooth 
muscle and now have epithelial cells that produce fetal 
lung liquid.

By 20 to 22 weeks’ gestation, type II and then type 
I pneumocytes are differentiated and readily identi-
fied. The type II pneumocytes synthesize surfactant 
and store it in unique organelles called lamellar bodies, 
which are later secreted into the alveolar space. It is 
during the canalicular stage that lamellar bodies are rec-
ognizable in type II pneumocytes. The number and size 
of lamellar bodies increase as the lungs develop. The 
canalicular stage continues through 26 weeks’ gestation, 
and it is during the latter part of this stage that the lungs 
are transformed into a gas-exchanging organ and the 
fetus becomes viable.7

Saccular Stage (27–36 Weeks’ Gestation)
The saccular stage, also referred to as the terminal sac 
stage, begins at the 27th week of gestation and continues 
until just before term, at 36 weeks’ gestation. Previously, 
it was considered to be the final phase in lung develop-
ment. This stage begins with the respiratory bronchioles 
evolving into alveolar ducts and the appearance of ter-
minal alveolar sacs, referred to as saccules. Small crests 
form on the edges of the saccules; the crests, along with 
a capillary network, are eventually pulled into the sac-
cules, resulting in a double capillary network that forms 
the primary septa between the saccules. The saccules 
continue to branch and grow in number, forming whole 
clusters of saccules off of the alveolar ducts. As the sac-
cules subdivide into smaller units, primitive alveoli are 
produced, with the first alveoli appearing by around  
32 weeks’ gestation.8

Type I and type II pneumocytes continue to differ-
entiate during this stage. Type I pneumocytes flatten 
and become more abundant, causing the epithelium 
to become thinner. The interstitial tissue between the 
saccules becomes thinner as well, and the capillaries 
are brought closer to the type I cells. This results in a 
reduced distance between the alveolar space and the in-
travascular space, which enhances the potential for gas 
exchange and in turn improves the chances for fetal sur-
vival. As the type II pneumocytes continue to increase 
in number and size, there is an increase in lamellar 
bodies, leading to more abundant storage of surfactant. 
All generations of conducting airways and respiratory 
branches are in place by the end of this stage.7

Alveolar Stage (36 Weeks’ Gestation  
through Postterm)
Alveoli form in the alveolar stage when secondary septa 
subdivide the terminal saccules and the double capil-
lary lining of the saccules fuses into a single layer of 
 capillaries. This process, known as alveolarization,  
leads to greater surface area of the lungs available for 
gas exchange.
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The alveolar stage begins around 36 weeks’ gestation 
and continues postnatally for several years. The  
most rapid growth occurs in the first 6 months of life; 
alveoli continue to increase in number until about  
8 years of age, with the greatest increase in number 
 occurring in the first 2 years. The diameter of the alveoli 
also continues to increase until growth of the chest wall 
is complete. Although estimates vary, the term neonate 
has 50 to 150 million fully developed alveoli, compared 
to approximately 400 million alveoli in the lungs of an 
adult.9–11

Development of Surfactant
Surfactant is a complex mixture of lipids and proteins 
that is secreted into the alveolar space. It functions to 
lower surface tension at the air-liquid interface in the 
lung and in turn to stabilize the alveoli. Defective pul-
monary surfactant metabolism results in respiratory 
distress and may lead to severe lung disease in neonates 
and older infants.

Function
At the end of expiration, when lung volumes are low, 
surface tension of the water layer within the alveoli 
causes the lungs to have a tendency to collapse. A very 
thin film of surfactant lines the alveolar surface of the 
lungs and reduces surface tension, which prevents the 
alveoli from completely collapsing and allows them to 
easily expand during inspiration. Without surfactant, 
alveolar surface tension increases and the alveoli have 
a tendency to collapse, the residual volume of gas is not 
maintained, and the alveoli lose their stability and be-
come stiff. As lung compliance decreases, the neonate 
struggles with each breath to inflate the diffusely atelec-
tatic lung. Lung immaturity and the resultant surfactant 
deficiency are the primary causes of respiratory distress 
syndrome in the premature neonate. Table 3-1 lists the 
roles of pulmonary surfactant.

Production
Surfactant production is carried out in the type II pneu-
mocytes and stored in the lamellar bodies. Lamellar 
bodies are released into the alveolar space by a process 
known as exocytosis, where they then appear to be 

transformed into a lattice-like structure called tubular 
myelin. Surfactant is retained by the tubular myelin 
until forming a monomolecular layer over the alveolar 
epithelium. The tubular myelin aids in distributing the 
surfactant along the alveolar surface. Active surfactant 
secretion is detected by 30 weeks’ gestation and can 
be stimulated by a number of mechanisms, including 
beta-agonists, adenosine triphosphate, and lung dis-
tention.12 Surfactant has a finite life span and must be 
removed from the alveolar space. The rate of secretion 
must be balanced by the rate of removal. Rather than 
being lost to the airways, the majority of surfactant is 
recycled: About 85% of the surfactant is taken up by the 
type II pneumocytes, where it is repackaged in lamellar 
bodies and eventually secreted back into the alveolar 
space. The remaining 10% appears to be taken up by al-
veolar macrophages and less than 5% is cleared through 
the airways.13

Composition
As illustrated in Figure 3-2, phospholipids are the dom-
inant component of lung surfactants, comprising nearly 
80% of the surfactant complex. The remaining 20% is 
almost evenly split between neutral lipids, mostly cho-
lesterol, and surfactant proteins.

Dipalmitoylphosphatidylcholine (DPPC) is the most 
abundant phospholipid in surfactant. DPPC is often 
referred to as lecithin and may be used as a marker 
for fetal lung maturity when compared to the amount 
of sphingomyelin in amniotic fluid. This evaluation 
is known as the lecithin-to-sphingomyelin (L:S) ratio. 
Phosphatidylglycerol is the second most abundant 
phospholipid in surfactant, followed by much smaller 
amounts of phosphatidylethanolamine, phosphati-
dylinositol, phosphatidylserine, and sphingomyelin.14,15

Lines the alveolar surface
Reduces alveolar surface tension
Prevents alveolar collapse
Facilitates lung expansion
Improves lung compliance
Maintains alveolar inflation at lower pressures

TABLE 3-1
Function of Pulmonary Surfactant

FIGURE 3-2 Composition of surfactant.
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Fetal Breathing Movements
During intrauterine growth, normal distention of the 
lungs depends upon adequate physical space in the 
fetal thorax. It also depends upon amniotic fluid being 
brought into the lungs by fetal breathing movements. 
Fetal breathing movements are detected as early as  
10 weeks’ gestation, and they include movement of the 
diaphragm and chest wall, with diaphragmatic move-
ment being much more pronounced. During the early 
stages of development, fetal breathing movements 
 occur intermittently and are rapid and irregular.22 As 
the fetus grows, movements become more organized 
and increase in strength and frequency. By 30 to  
40 weeks’ gestation, they are occurring 40% of the 
time.23  Diaphragm movement and chest wall excursion  
may provide a stretching stimulus to the lungs that 
promotes alveolar development. The movements are 
also important in building strength and maintain-
ing adequate lung volume in preparation for the first 
breath.24

Fetal Lung Fluid
During intrauterine life, the fetal lungs are filled with 
fluid. At one time it was believed that this liquid was 
a result of the fetus inhaling amniotic fluid, but in the 
1940s, scientists unexpectedly found that this was not 
the case and that the liquid is actually produced by the 
lungs. The fluid is secreted by the pulmonary epithelium 
at a rate of 4 to 5 mL/kg/hour. For an average neonate, 
this is approximately 250 to 300 mL of fluid production 
per day, which compares roughly to the functional re-
sidual capacity (FRC). Some of the lung fluid produced 

Surfactant proteins directly affect the properties of 
the lipids in surfactant. Four surfactant proteins have 
been identified:

■■ Surfactant protein A (SP-A)
■■ Surfactant protein B (SP-B)
■■ Surfactant protein C (SP-C)
■■ Surfactant protein D (SP-D)

SP-A is the most prominent, comprising nearly 50% 
of surfactant proteins,16 while SP-D is the largest of the 
surfactant proteins. Both of these proteins are import-
ant in defense against infection and inflammation in the 
alveoli.17 They promote bacterial and viral clearance, 
block inflammatory mediator production, and pos-
sess antimicrobial properties. Unlike SP-D, SP-A helps 
regulate the synthesis, secretion, and recycling of phos-
pholipids and is essential for the production of tubular 
myelin.18

Both SP-B and SP-C are small proteins with similar 
surface properties that help spread surfactant lipids 
across the surface of lung tissue. SP-C is the smallest 
surfactant protein but one of the more abundant.16 
Mutations in genes of the surfactant proteins, often 
referred to as surfactant protein deficiency, can result 
in abnormal composition and decreased function of 
surfactant. This raises the surface tension in the lung. 
Infants who have mutations in SP-B present with severe 
respiratory failure that is refractory to conventional 
therapy, including surfactant replacement.19 Mutations 
in SP-C are associated with chronic interstitial lung 
disease.

Factors That Influence Fetal  
Lung Development
Fetal lung development consists of both lung growth 
and lung maturation. Table 3-2 lists the hormones and 
growth factors that stimulate lung maturity. For lung 
development to proceed normally, the fetus must have 
adequate breathing movements and an appropriate 
amount of fetal lung fluid in the airways. Pulmonary 
hypoplasia can occur if fetal breathing movement is im-
paired or fluid production is decreased.

Hormones and Growth Factors
Hormones, especially glucocorticoids, accelerate lung 
maturity. This understanding has led to the widespread 
administration of corticosteroids, primarily betametha-
sone and dexamethasone, to mothers during premature 
labor. The result is a reduction in complications of 
prematurity, including respiratory distress syndrome 
and intraventricular hemorrhage.20 Table 3-3 lists how 
growth factors are involved in fetal lung development, 
although the role that growth factors play in the devel-
opment of congenital abnormalities or in postnatal con-
ditions is not well understood.21

Glucocorticoids (cortisol)
Thyroid hormones
Estradiol
Vascular epithelial growth factor
Fibroblast growth factor
Prolactin
Thyrotropin-releasing hormone
Catecholamines
Epidermal growth factor

TABLE 3-2
Hormones and Growth Factors That Stimulate Lung 
Maturity

Promote lung bud development
Specify patterns of airway branching
Determine airway size
Regulate septation of the terminal saccules to form alveoli

TABLE 3-3
Role of Growth Factors in Fetal Lung Development
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moves from the trachea into the pharynx, where about 
half of it is swallowed and half of it enters the amniotic 
sac to mix with amniotic fluid. Because pressure in the 
fetal trachea is normally higher than pressure in the am-
niotic fluid, most of the fluid remains in the lungs. The 
presence of fluid in the fetal lung maintains lung expan-
sion and directly affects growth, including the size and 
shape of the developing airways.25

As the fetus grows, fetal breathing movements in-
crease and lung fluid moves into the amniotic sac. It is 
this mixture with amniotic fluid that allows lung maturity 
to be predicted by measuring the phospholipid compon-
ent of surfactant in amniotic fluid. The production of fetal 
lung fluid slows with gestational age. During active labor 
and with breathing following delivery, fluid is cleared 
from the lungs into the interstitial spaces surrounding the 
alveoli, where it is absorbed into the pulmonary circula-
tion or lymphatic system. Absorption is escalated by the 
secretion of fetal epinephrine.26 For the successful transi-
tion to extrauterine life, it is critical that fluid be removed 
from the alveoli, thereby decreasing pulmonary resistance 
and allowing air to flow into the lungs.

Inadequate Fetal Lung 
Development
Inadequate development of the fetal lung can range 
from agenesis to aplasia to hypoplasia. Table 3-4 defines 
these abnormalities in lung development. Of these, pul-
monary hypoplasia is the most common.27

Pulmonary Hypoplasia
The hypoplastic lung presents with the following:

■■ Reduced weight
■■ Fewer airway generations
■■ Fewer and smaller alveoli
■■ Decreased pulmonary vasculature
■■ Reduced surface area for gas exchange

Although most often presenting as unilateral, hy-
poplasia may affect both lungs. Hypoplasia is of major 
concern because without adequate tissue and blood 
flow for gas exchange, the result is often severe respira-
tory distress and even neonatal death.28 Although clini-
cal symptoms may be similar, pulmonary hypoplasia is 
not equivocal to the immature lungs of the premature 
neonate. As listed in Table 3-5, most cases of pulmo-
nary hypoplasia are due to an underlying abnormality.

Pulmonary Agenesis and Pulmonary Aplasia
Abnormal fetal lung development can result in 
other conditions that occur less often than pulmo-
nary  hypoplasia. Pulmonary agenesis is a condition 
in which the lung and all bronchus and pulmonary 
vessels are completely absent. When the agenesis is 
unilateral, the trachea essentially acts as a bronchus. 
Pulmonary aplasia is the rare condition in which there 
is a rudimentary blind-ended main bronchus and com-
plete absence of a lung. When occurring bilateral, both 
pulmonary agenesis and pulmonary aplasia are incom-
patible with life.

Lung Compression
Any disorder that causes inadequate intrathoracic space 
or restricts growth of the chest can result in compres-
sion of the lungs in spite of the presence of fetal breath-
ing movements. Congenital diaphragmatic hernia (CDH)  

Disorder Definition/Characteristics

Pulmonary  
agenesis

•	 Complete absence of the lung tissue, 
pulmonary vessels, and bronchus

•	 Caused by primitive lung bud’s failure to 
develop

•	 Usually unilateral; right side has poorest 
prognosis

•	 Bilateral is incompatible with life

Pulmonary  
aplasia

•	 Consists of carina and mainstem bronchial 
stump that ends in a blind pouch

•	 Absence of lung tissue and pulmonary 
vessels

•	 Usually unilateral 
•	 Bilateral is incompatible with life

Pulmonary  
hypoplasia

•	 Decreased number of airways, cells, and 
alveoli

•	 Results in decreased size and weight of 
lungs

•	 Primary hypoplasia has no obvious cause; 
is rarest form

•	 Secondary hypoplasia is caused by fetal 
or maternal condition that limits fetal lung 
growth; is most common form

TABLE 3-4
Underdevelopment of the Fetal Lung

Lung Compression
Congenital diaphragmatic hernia
Thoracic tumors
Pleural effusion
Osteogenesis imperfecta
Thoracic dystrophy
Dwarfism

Abnormal Fetal Breathing Movements
Spinal muscular atrophy
Congenital myotonic dystrophy
Phrenic nerve agenesis

Inadequate Amniotic Fluid
Oligohydramnios
Renal agenesis
Urinary tract obstruction
Polycystic kidney disease

TABLE 3-5
Causes of Secondary Pulmonary Hypoplasia
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is the most common condition associated with re-
stricted growth due to lung compression.29 In CDH, an 
abnormal opening or hernia in the diaphragm occurs 
early in fetal lung development. The hernia allows ab-
dominal contents to move into the chest and compress 
the developing lung.

Absent or Abnormal Fetal Breathing Movements
Absent or decreased fetal breathing movements pre-
vent adequate lung distention and stretch, which are 
critical for normal lung growth. Movements may be 
impaired by lesions of the central nervous system, 
spinal cord, and brain as well as some neuromuscular 
diseases.

Inadequate Amniotic Fluid
By the 4th week of gestation, the fetus is completely 
surrounded by a watery fluid, usually clear or light yel-
low in color, known as the amniotic fluid. The amniotic 
fluid is essential to the fetus and performs the following 
functions:

■■ Provides space for growth and development
■■ Acts as a cushion that absorbs blows
■■ Serves as a fluid source
■■ Provides a barrier against infection
■■ Maintains a steady temperature around the fetus

After about 11 weeks’ gestation, the fetal kidneys 
produce the majority of the amniotic fluid. The amount 
of fluid continues to increase with gestational age until 
around 36 weeks’ gestation. Polyhydramnios, an abnor-
mally high level of fluid, occurs in approximately 1% of 
all pregnancies and is associated with preterm labor and 
delivery and several fetal anomalies.

A decreased amount of amniotic fluid is known 
as oligohydramnios. It occurs in approximately 4% of 
pregnancies and is detected most often during the last 
trimester, although it can occur at any time during the 
pregnancy. The decreased fluid volume may cause the 
amniotic pressure to fall and result in excess lung fluid 
being expelled through the larynx. This in turn reduces 
fluid pressure and fetal lung volume, which are critical 
to normal lung development. The degree of pulmonary 
hypoplasia is dependent upon the onset, severity, and 
duration of oligohydramnios. Prolonged premature 
rupture of the membranes surrounding the fetus causes 
early leaking of amniotic fluid and is a common cause 
of oligohydramnios.30 Fetal renal problems also con-
tribute to oligohydramnios. Urinary tract malformation 
and conditions that prevent urine formation or urine 
entry into the amniotic sac are commonly associated 
with pulmonary hypoplasia.31 There is also a higher 
risk of oligohydramnios in pregnancies that extend 2 
or more weeks past the due date. The loss of amniotic 
fluid during this time is believed to be due to placental 
insufficiency.32
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1. Explain what pulmonary surfactant is and why 
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2. Describe the role hormones and growth factors 
play in fetal lung development.
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OBJECTIVES
1. List the three germ layers that develop the different body 

systems in utero.
2. Describe the stages of cardiac development.
3. Explain the role of the placenta.
4. Describe the fetal blood flow.
5. List the factors that influence the transition from fetal 

blood flow to that which occurs with extrauterine life.
6. Describe how fetal shunts change when the transition from 

fetal to extrauterine life occurs.

KEY TERMS
blastocyte
ductus arteriosus
ductus venosus
ectoderm
embryoblast
endoderm
foramen ovale
looping
mesoderm

morula
placenta
placental circulation
septum primum
trophoblast
umbilical artery
umbilical vein
vitelline circulation
zygote
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Introduction
This chapter will discuss the common course of circula-
tory development. This includes the natural history of 
cardiac development, adaptive developmental charac-
teristics of maternal–fetal circulation, and transitional 
circulatory events that occur after the child is born.

Embryonic Development
Shortly after conception, the fertilized ovum under-
goes rapid cellular proliferation. By the 3rd week of 
life, three germ layers—the endoderm, ectoderm, and 
mesoderm—are formed. These germ layers become dif-
ferent body systems as the embryo grows and develops. 
During fetal development, the heart is the first organ 
to form; by the 3rd week of life, formation of the heart 
and the circulatory system begins. It is important to 
note that the heart and circulatory system may not de-
velop normally. Knowledge of the stages of embryonic 
heart and major vessel development will provide an 
understanding of the congenital cardiac defects that can 
 occur. The heart is developed and fully functional by the 
8th gestational week.

Early Development
The zygote, the single-celled earliest stage of human 
development, is formed within 12 to 24 hours of fer-
tilization and contains all the genetic material needed 
to form a human embryo.1 The zygote undergoes cel-
lular division and forms daughter cells, or blastomeres. 
By day 3 to 4, between 12 and 32 blastomeres have 
formed and compacted into a solid ball of cells called 
a morula.1,2 Fluid enters the intercellular spaces of the 
morula, and by day 6 the intercellular fluid-filled spaces 
fuse and create a large fluid cavity, or blastocyte.1,3

The blastocyte continues to grow and the cells separate 
into two distinct layers. The outermost layer is known as 
the trophoblast, or trophoectoderm, which contains ap-
proximately 80 cells and forms the chorionic sac and fetal 
components of the placenta.1,2 The inner layer, known as 
the inner cell mass, or embryoblast, is a compact mass 
containing approximately 46 cells that forms the embry-
onic tissues. 1,2 By day 6, the trophoblast superficially im-
plants onto the epithelial wall of the uterus.1–3

At the time of implantation, the uterine wall is highly 
vascularized and edematous, and it secretes both mucus 
and glycogen to supply the blastocyst with nutrients 
from the uterine tissues.1,2 Uteroplacental circulation 
establishes as the trophoblast fully invades the uterine 
lining. Specifically, branches of the uterine arteries, 
called spiral arteries, invade the uterine lining, and the 
trophoblast cells puncture these arteries and create a 
conduit between the growing trophoblast and mater-
nal circulation.5 The blastocyst now receives nutrients 
directly from maternal blood, which is the initiation of 
primitive circulation.

After yolk sac development, approximately 3 weeks 
after fertilization, the blastocyst’s inner cell mass divides 
into a trilayer disk. The central portion, or embryonic 
disk, forms three layers: the ectoderm, endoderm, and 
mesoderm.1,4 The ectoderm forms the nervous system, 
skin or epidermis, glandular tissue, and many of the 
sensory organs. The endoderm produces the cecum, in-
testine, stomach, thymus, liver, pancreas, thyroid, pros-
tate, and lungs.1 The mesoderm is the last germ layer to 
form; it contributes to the blood; endothelium; heart; 
kidneys; reproductive organs; bones; skeletal tissues; 
and smooth and connective tissue, such as tendons, 
ligaments, dermis, and cartilage.1,2

Between day 18 and 19, blood islands form on ei-
ther side of the head region of the trilayer disk, which 
become primitive blood tubes or endocardial tubes 
(Figure 4-1). This stage is the beginning of the em-
bryo’s vascular development. A complete timeline of 
the significant milestones of fetal heart development is 
found in Table 4-1. The trilayer, disc-like embryo un-
dergoes a process of folding, and the heart tubes fold 
into what will eventually become the thoracic cavity. 
During this process, the head and lateral regions of the 
trifold disk fold inward, pushing the heart-forming re-
gion into a frontal position. This allows the heart tubes 
to fuse into a single-chamber heart called the primi-
tive heart tube. By the 21st day, the primitive heart 
is bilaterally  symmetrical and centrally positioned 

FIGURE 4-1 An illustration of the endocardial tubes. The blood flows 
through the endocardial tubes from the caudal to the cephalic region.

Cephalic (head) region

Caudal (tail) region
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Stage
Gestational 
Week Day

Developmental 
Milestones

Early 
development

3

16 Blood islands appear

18 Heart tubes form

21 Heart tubes fuse

Chamber 
development

4

22

Heart tube fusion 
complete

Heart beats begin

Bidirectional blood flow 
starts

23 Folding, looping, and 
ballooning begin

25 Septum primum growth 
begins and atrial 
separation commences

28

Ventricular separation 
starts

Endocardial cushions 
form

Unidirectional blood flow 
starts

5 32 Septum secundum begins

6 37 Foramen ovale 
development completes

Maturation

7

46 Ventricular formation 
completes

49 Four chamber 
development completes

Valve formation matures

8

52 Complete separation of 
the aorta and pulmonary 
artery occurs

56 Valve formation 
completes

TABLE 4-1
Stages of Fetal Heart Development

FIGURE 4-2 An illustration of cellular fusion. The endocardial tubes 
fuse into one primitive heart tube.

Arterial end

Aortic arch

Brachial arch
mesoderm

Splanchnic
mesoderm

Septum
transversum

Heart tubes
are unfused

Fusing of the
2 heart tubes

within the embryo, taking the shape of an elongated X 
(Figure 4-2).1,6,7

During this period, the embryonic circulation con-
sists of three veins (the anterior, common, and pos-
terior cardinal veins) and three arteries (the ventral 
and dorsal aorta and the aortic arch). As the embryo 
develops, placental circulation, or circulation between 
the mother and fetus, establishes to provide gas ex-
change necessary to sustain life. Placental circulation 

consists of the left umbilical vein and umbilical artery. 
The vitelline circulation, consisting of the vitelline ar-
tery and vein, develops as the precursor to the future 
liver circulation.10 The two arms of the caudal end of 
the primary heart tube link with the developing em-
bryonic, placental, and vitelline circulation.7 By day 
22, peristaltic contractions of the heart tube or cardiac 
contractions are detectable and bidirectional blood 
flow begins.5

Chamber Development
By the 4th gestational week, the heart undergoes dra-
matic changes through differential cellular growth in 
a process called looping.7 The cephalic, aortic root end 
moves to the right, ventrally, and caudally in respect 
to the tail end, which moves cranially and dorsally.7 

These movements bring the cephalic and caudal ends 
of the heart tube together lengthwise while folding the 
center part of the heart tube into a flattened S-shape 
(Figure 4-3). As the heart tube merges, three recogniz-
able structures form: the bulbus cordis, ventricular 
bulge, and atrial bulge (Figure 4-4). The atrial bulge is 
inferior to the ventricular bulge at this very early stage 
of development.8–9 These structures connect to the  
sinus venosus, which receives nutrient-rich, oxygenated 
blood from the placeta.10 As these structures  continue 
to bend and fold, the truncus arteriosus begins to form 
(Figure 4-5). This structure will eventually connect 
the heart to the arterial system.10 Days 23 to 25 are 
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FIGURE 4-3 The process of folding, looping, and ballooning forms 
the initial structures of the heart. This illustration shows the caudal 
portion bending dorsally, cranially, and to the left.

FIGURE 4-4 Development of the primitive heart tube at 
approximately the 4th gestational week.

Arterial end
of the heart

Venous end of the heart

Formation of
the aortic arch

Ventricular bulge
(primitive ventricle)

Atrial bulge
(primitive atrium)

Bulbus cordis

significant because this is when the heart tube begins 
to fold and loop. A process known as dextral looping 
occurs between days 23 and 28. During this time, ap-
proximately day 28, the heart tube is much larger, and a 
common atrium, common ventricle, and outflow tract 

FIGURE 4-5 Chamber formation begins as the cephalic portion 
bends ventrally, caudally, and to the right, merging the heart tubes 
and forming the bulbus cordis, ventricular bulge, and atrial bulge.

Truncus
arteriosus

Ventricle

Atrium

Bulbus cordis

FIGURE 4-6 As the structures continue to bend and fold, the truncus 
arteriosus develops.

Truncus
arteriosus

Ventricle

Left
atrium

Bulbus
cordis

have formed (Figure 4-6). Blood flow at this stage of 
development is unidirectional: It flows into the common 
atrium, then through a narrow common atrioventricu-
lar canal, into a primitive ventricle, and through the 
outflow tract.10
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Maturation
As the heart continues to evolve, endocardial cushions 
encroach upon the common atrioventricular canal, fuse, 
and ultimately divide the common atrioventricular tract 

FIGURE 4-7 The partially differentiated heart tube. The upper 
common atrium and lower common ventricle are divided by two 
common atrioventricular canals.

Truncus
arteriosus

Ventricle

Left
atrium

Right
atrium

FIGURE 4-8 The development of the heart’s four chambers commences with septation. As the septum primum grows, the atria are divided. 
Growth of the primordial interventricular septum divides the single ventricle.

Septum primum

Atrioventricular canals

Ventricles

Atria

Primordial interventricul

Fused endocardial cushions

Foramen primum

into left and right atrioventricular tracts. The upper com-
mon atrium and lower common ventricle are divided by 
two common atrioventricular canals (Figure 4-7). The 
septum primum originates in the roof of the common 
atria and stretches to connect with the fused endocardial 
cushion of the atrioventricular canal.11 As this atrial sep-
tum forms, a small opening remains and acts as a conduit 
between the atria, called the foramen ovale. A muscular 
ventricular septum, the primordial interventricular sep-
tum, grows from the floor of the common ventricle up-
ward to divide the ventricles12 (Figure 4-8). Spiral ridges 
form within the common outflow tract, ultimately creat-
ing the aortic root and pulmonary trunk.12 The mitral 
and tricuspid valves form from the endocardial cushions 
in the atrioventricular canals, while pulmonic and aortic 
valves form from endocardial cushions in the outflow 
tract (Figure 4-9). At the beginning of the 8th gestational 
week, the formed structure of the heart will persist for 
the remainder of intrauterine life.7,12

Fetal and Transitional Circulation
We now turn our attention to a more thorough exam-
ination of maternal–fetal blood flow; the unique shunts 
that characterize fetal circulation, occurring in utero; 
and the transitional circulation, occurring after birth 
when the infant’s first breath is drawn.

The Placenta
The natural history of fetal growth and development 
is contingent upon the functional efficiency, fractal 
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architecture, and adaptability of the placenta. The 
placenta is the hub of maternal–fetal interaction. It 
provides metabolic, renal, hepatic, immunologic, and 
gas exchange functions for the fetus in utero.13 Placen-
tal architecture and performance will have immediate 
and long-term implications for the health both of the 
developing fetus and of the mother. It has been dem-
onstrated that placental size, shape, and function can 
affect the overall health of a human throughout their 
lifespan.13 In this section, we will focus our attention 
on the indispensable gas exchange capability of the pla-
centa, fetal circulation, and the transitional events that 
co-attend the birth of the infant.13–16

The human placenta is attached to the maternal uter-
ine wall and communicates with the fetus through the 
umbilical cord, which is the life-sustaining conduit be-
tween mother and developing infant. The umbilical cord 
derivates from the placental chorionic plate and is the 
origination point of a network of cotyledon vessels or 
lobules. The average human placenta weighs 500 grams 
and is 22 cm in length.13–16 The placenta is 2 to 2.5 cm 
thick in the center and thins as it stretches peripherally, 
and the umbilical cord is 55 to 60 cm in length and 
contains two umbilical arteries and one umbilical vein 
(Figure 4-10).13–17

The human placenta is hemochorial, in that ma-
ternal blood interacts with the chorionic membrane 
of the infant, which, in turn, interacts directly with 
fetal circulation and blood flow. Therefore, under 
normal circumstances, there is no mixing of maternal 

and fetal blood. Oxygenated blood flows to the fetus 
through the umbilical vein, while deoxygenated blood 
travels from the fetus back to the placenta through the 
umbilical arteries.13,16,18

Deoxygenated fetal blood flows to the placenta 
through the umbilical arteries, which bifurcate to config-
ure the network of chorionic arteries. Chorionic arter-
ies, in turn, branch into cotyledon arteries that further 
bifurcate and feed the fundamental unit of exchange: the 
chorionic villi, which eventually branch to form a sub-
stantial arterio-venous capillary system. This network of 
conducting vessels efficiently transports gases and nutri-
ents to the developing fetus (Figure 4-10).17,19

Fetal blood shares an intimate proximity to maternal 
blood. The chorionic villus fetal vascular endothelial 
cells segregate maternal from fetal blood while trans-
porting molecular gases, nutrients, and immune agents 
and removing fetal waste.13,15,17

Fetal Circulation
Fetal circulation is characterized by a sophisticated 
architecture. There are three shunts that serve to en-
hance the efficacy and distribution of blood flow to the 
developing fetus: the ductus venosus, ductus arteriosus, 
and foramen ovale. Together, these three shunts regu-
late the flow of fundamental resources (nutrients and 
molecular gases) for intrauterine life.20,21

The ductus venosus is a shunt, connecting the 
intra-abdominal umbilical vein to the inferior vena 

FIGURE 4-9 A frontal view of the heart following growth, which partitions into four chambers. The dotted arrow shows how blood flows from the 
right to the left atrium through the foramen ovale.

Mitral valveTricuspid valve

Left ventricle
Right ventricle

Left atrium
Right atrium

Superior vena cava

Foramen ovale
Foramen secundum
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cava at its inlet to the heart. However, the ductus ve-
nosus channels 70% to 80% of umbilical blood through 
the liver before entering the inferior vena cava. The low 
degree of shunting through the ductus venosus indi-
cates the higher growth-related urgency for the liver.22 
However, the oxygen extraction of the developing liver 
is a relatively modest 10% to 15%; the well-oxygenated 
blood from both the ductus venosus and the liver 
move to the inferior vena cava and the right atrium 
(Figure 4-11).20–23

From the right atrium, approximately 80% of blood 
flow is directed through either of two adaptive anatomi-
cal shunts: the foramen ovale or the ductus arteriosus. 
These structures serve to selectively shunt blood from 
the pulmonary circulation and the developing lung 
field. It is critical to remember that the growing lung 
has attenuated gas and metabolic requirements and is 
quite well served with approximately 20% of fetal blood 
flow.20,24

The foramen ovale is an aperture-like opening of 
the atrial septum between the right and left atria. This 
shunt is a low-resistance passage to the left atrium, 
then to the left ventricle, which pumps blood through 
ventricular contraction to the aorta. Additionally, the 
well-oxygenated blood from the ductus venosus has a 
higher kinetic energy in the inferior vena cava and will 
maintain the patency of the unidirectional valve in the 
foramen ovale that selectively opens to the left atrium 
(Figure 4-11).17,20,24

The ductus arteriosus is the third important ana-
tomic shunt; it connects the trunk of the pulmonary 
artery to the aorta. The blood volume pumped to the 

FIGURE 4-10 A cross-section of the placenta showing the vascular network.
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pulmonary trunk encounters the highly resistive ves-
sels of the collapsed fetal lungs. The high pulmonary 
vascular resistance serves a protective function, de-
fending the developing lung from volume overload 
while selectivity shunting the flow of oxygenated blood 
through the ductus arteriosus to the caudal aorta. This 
pattern of flow from the ductus arteriosus selectively 
favors aortic flow to the brain and upper extremities. 
Both the foramen ovale and the ductus arteriosus 
shunt oxygen-enriched blood from the developing 
pulmonary circuit to the brain and other developing 
systems. The majority of blood volume to the aorta 
flows to the lower trunk, then back to the umbilical ar-
teries and the placenta for oxygenation (Figure 4-12). 
At term, or approximately 40 weeks’ gestation, blood 
flow within the placenta and subsequently to the fetus 
is 500 to 700 mL/min.17,20,24

Transitional and Neonatal Circulations
The first breath is said to generate a massive negative 
inspiratory force that is required for initial lung expan-
sion. This opening of the lung creates an astounding 
amplification in pulmonary blood flow, which replaces 
umbilical venous return as the source of preload for 
the left ventricle, and a dramatic reduction in pulmo-
nary vascular resistance. This is primarily the result of 
a triad consisting of lung field expansion; increasing 
PaO2; and an increase in native pulmonary vasodila-
tors, principally PGI2 and nitric oxide. The pulmonary 
vasculature of the neonate is very sensitive to changes 
in PaO2. Increasing PaO2 with the first breath may also 
stimulate endogenous nitric oxide release. The sig-
nificant swing in pulmonary vascular resistance from 
very high in utero to relatively low at birth is due to the 

FIGURE 4-12 Fetal circulation.
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expansion of the lungs, increased oxygenation, and mo-
lecularly mediated vasodilation. These changes create a 
circuit that will reverse pressure/flow relationships and 
close the adaptive shunts so vital for fetal growth and 
development.17,20,24–27

Fetal shunts will transform functionally with a 
greater urgency than anatomically (Table 4-2). The duc-
tus venosus closes functionally with the clamping of the 
umbilical cord due to the absence of flow/pressure re-
quired to maintain patency. However, anatomic closure 
may take up to 14 days.17,20,24,26,27 It is important to note 
that all transitional timetables are extended in infants 
born prematurely.

The functional closure of the foramen ovale occurs 
within minutes following lung expansion due primar-
ily to the dramatic reversal of the fetal atrial pressure 
 gradient. Within minutes after birth, the pressure 
 gradient between the right and left circuit changes, with 
the left-sided pressure now greater than the right. This 
is predominantly due to decreasing pulmonary vascu-
lar resistance, increasing oxygenation, and increasing 
systemic vascular resistance. Within this new pressure 
relationship, right atrial pressure is now significantly 
lower than left atrial pressure, causing the unidirec-
tional flap that opened into the left atrium in utero to 
shut, functionally closing the foramen ovale. However, 
the anatomic closure of the foramen ovale may take 
longer.16,21 Approximately 15% to 20% of adults manifest 
some residual foramen ovale flow.24–27

The ductus arteriosus is functionally closed by 10 
to 15 hours after birth. In the changing architecture of 
the newborn cardiopulmonary circuit, flow and pres-
sure gradients change. After birth, pressures on the left 
side of the heart far exceed those on the right. With the 
pressure changes in the pulmonary and systemic circu-
latory circuits, blood flow through the ductus arteriosus 
decays and this shunt begins to close. Anatomic closure 
occurs within 2 to 3 months when the structure of the 
ligamentum arteriosus is completed.25–27
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Type of Shunt

Occurrence 
of Functional 
Closure

Occurrence 
of Anatomical 
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following umbilical 
cord clamping
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birth

Foramen ovale Within 1 minute of 
the first breaths 
after birth

May take days to 
months; 15–20% 
of adults still have 
a patent foramen 
ovale

Ductus arteriosus 10–15 hours 2–3 months

TABLE 4-2
Comparison of Functional and Anatomical Shunt 
Closure after Transition to Extrauterine Life

CRITICAL THINKING QUESTIONS

1. Why are the cardiopulmonary transitions 
co-attendant with the first breath important 
for the respiratory care professional?

2. What is the primary site of gas exchange for the 
fetus?
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health disorders, both acute and chronic, that affect a 
pregnancy. A number of chronic conditions, such as 
asthma, diabetes, hypertension, anemia, and autoim-
mune disease, are associated with premature birth. 
Acute disorders, such as shock or trauma, can lead to 
pregnancy complications. Poor nutrition, low mater-
nal weight, and obesity also contribute to a high-risk 
pregnancy.1

Complications encountered in past pregnancies 
often become risk factors for future pregnancies. A 
premature birth in the past puts a mother at higher risk 
of experiencing preterm labor and delivery again. Like-
wise, a mother who had a previous pregnancy that re-
sulted in miscarriage or multiple gestations is at higher 
risk of those occurring again.2 In most cases, however, 
a pregnancy will be uncomplicated if the mother’s med-
ical problem is well controlled and she receives good 
prenatal care.

Prenatal Care
Prenatal care is the comprehensive medical care and 
monitoring that a woman receives during pregnancy. 
It involves the physical assessment of the mother and 
fetus, screening and treatment for medical conditions, 
and emotional support and counseling. The focus of 
prenatal care is early identification and treatment of 
potentially serious problems that can harm the mother 
or fetus. Women who do not receive prenatal care or 
whose care is delayed until late in the pregnancy have 
an increased risk of preterm birth, low birthweight, and 
neonatal death.

Obtaining an accurate pregnancy history and esti-
mate of the infant’s due date is critical. Terms used to 
indicate details of this history include gravida, which 
refers to the number of times the mother has been 
pregnant, and parity, which refers to the number of 
pregnancies that went beyond 20 weeks’ gestation or 
to viability. The number of fetuses does not affect the 
 parity. A more descriptive history of pregnancy out-
comes or parity is provided with the TPAL acronym, 

Introduction
A pregnancy is considered high-risk when complica-
tions develop during the pregnancy, the mother is preg-
nant with multiples (e.g., twins, triplets), or conditions 
are present in the mother or fetus that can adversely 
affect the outcome of the pregnancy. Maternal history, 
fetal assessment, and intrapartum monitoring provide 
valuable information that enables the healthcare team 
to provide timely and appropriate care during the preg-
nancy and delivery. This chapter will provide a foun-
dation for the clinician to obtain facts, recognize risk 
factors, and take the appropriate steps in preparing for a 
high-risk pregnancy and delivery.

Identifying the High-Risk Pregnancy
When certain factors are present, a pregnancy is con-
sidered at high-risk for the mother or infant having 
problems during the pregnancy, at birth, or following 
delivery. High-risk pregnancies should be closely moni-
tored. In some cases, the mother is referred to a facility 
that specializes in these pregnancies. Predicting and 
preparing for a high-risk delivery can improve perinatal 
outcome and prevent death.

Maternal Medical History
Obtaining an accurate medical history is essential in 
identifying a high-risk pregnancy. It should include 
 information about the current and any previous preg-
nancies, past and present medical history, family surgical 
histories, medication intake, and prenatal care. Maternal 
 history is usually obtained through a combination of 
medical record review and an interview with the mother. 
It is  typically followed by a thorough physical assessment.

Health Disorders
A high-risk pregnancy may occur because of a med-
ical condition that exists before the mother becomes 
pregnant. As listed in Table 5-1, there are many 

Chronic Conditions Past Pregnancies Maternal Age Infection Pregnancy Complications

Asthma
Hypertension
Anemia
Autoimmune disease
Kidney disease
Cardiac disease
Epilepsy
Obesity

Cesarean delivery
Preterm delivery
Multiple gestation
Stillbirth
Miscarriage
Placenta previa
Placental abruption
Low birthweight

Younger than 18 years
Older than 35 years 

Viral infections
Bacterial infections
Sexually transmitted diseases

Preterm labor
Postterm pregnancy
Preeclampsia
Gestational diabetes
Cervical insufficiency
Placenta previa
Placental abruption
Polyhydramnios
Intrauterine growth restriction
Antepartum hemorrhage
Multiple gestation
Breech presentation at delivery

TABLE 5-1
Maternal Factors Contributing to a High-Risk Pregnancy
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infections that can harm the fetus, while the mother 
with AMA is at significant risk of placenta previa, pla-
cental abruption, and the need for cesarean delivery.3

AMA has long been associated with the risk of 
fetal genetic concerns. Over the past 30 years, the in-
cidence of pregnancy among women with AMA has 
increased from approximately 5% to 15% of all births.4 
Age is a factor in fertility reduction. Advances in re-
productive medicine have improved the ability for 
women older than age 35 years to achieve pregnancy. 
One of the most common risks associated with fertil-
ity treatment is multifetal pregnancies, which carry a 
greater risk for maternal morbidity and fetal morbidity 
and mortality.

Age is noted to have an impact upon preexisting or 
new medical diagnosis during pregnancy. Both hyper-
tension and diabetes have an increased risk of develop-
ment as a mother ages. Age also diminishes the body’s 
normal ability to adapt to physiologic change. Cesarean 
delivery is more common among these mothers, espe-
cially if there has been a previous cesarean delivery or if 
there is multifetal gestation.4

Because of the increased risk for preterm births 
and intrauterine fetal demise, antenatal surveillance is 
important with young mothers and those with AMA. 
Although there are increased risks of complications, 
pregnancy outcome is generally good, especially when 
prenatal care is optimum.

Infections
Infections are major contributors to both maternal and 
fetal morbidity and mortality. Transmission can occur 
transplacentally, intrauterine, or during the postnatal 
period, causing low birthweight, developmental ab-
normalities, or congenital disease. While infection can 
severely impact the mother, the risk of transmission to 
the fetus is critical. The timing of infection is important 
in assessing risk, as the danger of some viral infections 
varies depending on whether they occur early in preg-
nancy, late in pregnancy, or at the time of delivery.

where the mother is assigned a four-digit number deter-
mined by the following:

■■ T represents the number of term births regardless 
of their outcome.

■■ P represents the number of preterm births occur-
ring before 37 weeks’ gestation.

■■ A represents the number of abortions, both elec-
tive and miscarriages.

■■ L represents the number of living children at the 
time the history is obtained.

Box 5-1 provides examples of using this terminology.
A mother’s prenatal care is somewhat standardized 

into monthly visits for the first 28 weeks of pregnancy, 
then moving to every 2 weeks until 36 weeks of preg-
nancy, and then weekly leading up to the point of de-
livery. This course of care will vary greatly depending 
on the needs and risk status of the mother and fetus. 
Prenatal lab testing for the lower-risk patient generally 
includes an initial panel of bloodwork with the complete 
blood count (CBC), blood type and screen, antibod-
ies, viral testing, and testing for chlamydia and gonor-
rhea. Additional testing and screening for diabetes and 
hypertension will follow, as they may develop over the 
months of pregnancy.1 Education and counseling are 
also a large part of prenatal care. Table 5-2 lists topics 
often discussed during visits.

Maternal Age
A mother’s age at the time of pregnancy may increase 
the risk of having unfavorable maternal and fetal out-
comes. A maternal age of younger than 19 years and 
an advanced maternal age (AMA), which is defined as 
older than 35 years, are associated with greater odds 
of complications. Both age groups are at higher risk of 
having preterm labor and delivery, preeclampsia, poor 
fetal growth, fetal distress, postpartum hemorrhage, 
and intrauterine fetal demise. There is an increased 
incidence with young mothers of having intrauterine 

Fetal growth and development
Nutrition
Weight gain
Exercise
Occupational hazards
Medication use

Prescription
Over-the-counter
Illicit drugs

Depression
Breastfeeding
Sexual relations
Risks of cesarean section delivery 

TABLE 5-2
Topics of Discussion and Education during  
Prenatal Care

BOX 5-1 Examples of Classifying a 
Pregnancy History

■■ A mother has had 3 previous pregnancies and 
delivered 2 term children and 1 child at 30 weeks’ 
gestation. She is Gravida 3 with a TPAL of 2-1-0-3.

■■ A mother is pregnant for the 6th time; she has 
delivered 3 term children, 2 preterm children, 
and has had 1 miscarriage. She is Gravida 6 with 
a TPAL of 3-2-1-5.

■■ A mother is pregnant for the 2nd time and has 
had 1 abortion. She is Gravida 2 with a TPAL 
of 0-0-1-0.
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Viral Infections
Hepatitis is a viral infection with the potential for life-
long impact on the fetus. Although there are numerous 
types of hepatitis, hepatitis B (HBV) results in maternal 
and neonatal consequences, and infection can be severe. 
Mothers infected with HBV may or may not be symp-
tomatic; their disease may be acute, with no sequelae, or 
chronic, with liver cirrhosis or liver failure. Transmis-
sion occurs through fluid contact at birth. Because an 
untreated neonate has a 70% to 90% risk of infection, 
with nearly a 90% risk of developing a chronic HBV in-
fection, prenatal identification of maternal hepatitis B 
surface antigen is critical.1

Human immunodeficiency virus (HIV) type 1 is a 
viral infection relevant to maternal health and peri-
natal transmission. It is estimated that of the approxi-
mately 50,000 new HIV infections each year, 150 will 
be in newborns as a result of mother-to-infant trans-
mission.5 All pregnant women should be screened for 
HIV early in the pregnancy. Identification of the virus 
requires treatment, as early treatment lowers viral 
loads and can impact viral transmission to the fetus. 
Medication given early to HIV-positive mothers and to 
the newborn after delivery can reduce transmission.5 
Rapid HIV testing is an option offered to laboring 
mothers who were not tested during the pregnancy. To 
reduce transmission risk, infants born to HIV-infected 
mothers and those whose status is unknown should 
have a rapid antibody test done as soon as possible 
after delivery and receive antiretroviral medications 
within 12 hours.

Bacterial Infections
Group B streptococci (GBS) have long been a noted 
cause of morbidity and mortality for neonates in the 
perinatal period. Approximately 25% of pregnant 
women are colonized with the bacteria and should be 
treated with antibiotics. Neonatal transmission is pos-
sible during labor and delivery and can result in new-
born sepsis, pneumonia, or, less commonly, meningitis.1

IV antibiotics are administered during labor to moth-
ers with positive cultures, to those who have a history of 
a previous baby with a GBS infection, to mothers with 
rupture of membranes greater than 18 hours before 
delivery, and to mothers who present with fever during 
labor.6 Although there is also a late onset GBS infection, 
there is currently no prevention strategy.

Sexually Transmitted Diseases
Diseases transmitted through sexual contact cause 
problems during pregnancy and disproportionately 
affect women throughout their childbearing years. 
Sexually transmitted diseases (STD) can impair fertil-
ity, cause chronic disease, and contribute to neonatal 
morbidity. Screening and treatment of the mother and 
sexual partner(s) are important, as most re-infections 

after treatment are due to an untreated or new sexual 
partner or poor adherence to the treatment regimen.7 
Moreover, identification of one STD places the mother 
at risk for multiple diseases and warrants additional 
screening.

One of the most common viral infections that causes 
problems during pregnancy is genital herpes, or herpes 
simplex 2 (HSV-2). When the mother has a primary 
outbreak of HSV-2 in late pregnancy, the risk for fetal 
transmission is 30% to 50%. Transmission in the ab-
sence of lesions, in mothers with a known history of 
HSV-2, or in those who are infected in the early months 
of pregnancy, is less than 1%.8 Identifying a history of 
HSV-2 during prenatal care and monitoring for symp-
toms is important. Suppressive therapy with antivirals is 
usually recommended at 36 weeks’ gestation.9 Mothers 
in labor should be examined for the presence of lesions. 
If no signs exist, then vaginal delivery is appropriate; to 
reduce transmission risk, a cesarean delivery is recom-
mended if lesions are present.8

Human papillomavirus (HPV) is a prevalent viral 
infection that can be transmitted to the fetus. Infection 
is usually mild and may be asymptomatic and as such 
often unrecognized.10 Pregnancy may exacerbate HPV 
infections, and although there are medications that can 
be used, many have fetal teratogenic effects and cannot 
be safely administered during pregnancy. Exposure to 
the virus during delivery poses lower risk to the neonate 
and routine cesarean section is not necessary.

Chlamydial infection from Chlamydia trachomatis 
is one of the most common infections in sexually active 
women younger than 25 years of age, and annual  
screening is recommended for this population.11 It is as-
sociated with pelvic inflammatory disease (PID), which 
can impact fertility, and neonatal transmission at birth. 
Oral antibiotics are given to treat chlamydial infections 
during the pregnancy. Some medications, including 
doxycycline, have teratogenic concerns for the fetus and 
are not recommended for use, especially in the second 
and third trimesters.11 Infection occurs through con-
tact during a vaginal delivery: Close to one-half of the 
neonates born to women with untreated chlamydial 
infection will develop the infection. Colonized neonates 
will develop symptoms at sites that involve the mucous 
membranes of the eye, oropharynx, urogenital tract, 
and rectum, resulting most commonly in conjunctivitis 
5 to 12 days postdelivery. More severe infection can 
lead to pneumonia. The current standard of care for 
neonates is administration of erythromycin ophthalmic 
ointment immediately after delivery.11 Antibiotic treat-
ment is required for neonates diagnosed with chlamyd-
ial infection.1

Gonorrhea, caused by the bacteria Neisseria gonor-
rhoeae, is another common STD in women younger 
than 25 years. Prevalence is higher in women of African 
American, American Indian, Hispanic, and Alaska Na-
tive ethnicity. It is also more common in women with 
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previous STD infections or multiple partners.1 Infected 
mothers are often asymptomatic. Gonorrhea can cause 
PID, infertility, arthritis, and dermatitis. Screening is 
done during an initial prenatal visit and antibiotic treat-
ment given if results are positive. Transmission of infec-
tion to the neonate occurs during delivery and results 
in ophthalmia neonatorum with a risk of sight impair-
ment, sepsis, and meningitis. Preventive prophylaxis is 
routine after delivery and consists of erythromycin oph-
thalmic ointment applied to each eye immediately after 
delivery, regardless of whether the delivery was vaginal 
or cesarean.12

Syphilis, caused by Treponema pallidum, can be 
transmitted to the fetus through the placenta and result 
in congenital syphilis or stillbirth.13 Pregnant women 
are screened at the initial prenatal visit and, if syphilis 
is confirmed, are treated with antibiotics.1 If the infant 
tests positive for syphilis or if the mother received late 
or no treatment, then penicillin is given for 10 days.

Trichomoniasis is caused by infection with the 
parasite Trichomonas vaginalis. It is the most common 
nonviral STD. Trichomoniasis can lead to infertility 
and adverse pregnancy outcomes. Racial disparities 
exist, with African American women demonstrating 
higher exposures than white, non-Hispanic women.14 
Identification in pregnancy is important to reduce the 
associated risk of premature rupture of membranes 
(PROM) and subsequent preterm delivery. Trichomonia-
sis should be suspected with any complaint of vaginal 
discharge during a pregnancy. Perinatal transmission to 
the fetus is rare.14

Substance Abuse
The dangers of maternal smoking during pregnancy 
have long been a focus in public health. Maternal smok-
ing is associated with several complications, including 
IUGR, placental abruption, PROM, placenta previa, 
ectopic pregnancy, and low birthweight. It is also as-
sociated with events beyond the pregnancy and deliv-
ery, including sudden infant death syndrome (SIDS), 
increased risk of infant colic, childhood asthma, and 
childhood obesity.15 The home environment, specifi-
cally one with secondhand smoke, increases the risk of 
a low birthweight. Smokeless tobacco use also increases 
the risk of preterm delivery and low birthweight. It is 
recommended that all clinicians address the issue of 
tobacco use at the first prenatal visit. If maternal use is 
identified, then smoking cessation is addressed at every 
visit. Smoking cessation before the third trimester can 
greatly reduce the incidence of low birthweight. While 
the use of nicotine replacement products is sometimes 
offered in pregnancy, there are no clear studies to ascer-
tain safety or benefit and close follow-up care is recom-
mended. Family members and support persons should 
be reminded that smoking in the home and around the 
pregnant mother will increase her health risks and is 

not supportive of her cessation efforts. Unfortunately, 
50% to 60% of the mothers who quit smoking during 
pregnancy return to the habit within a year.16

Because caffeine crosses the placental barrier, mater-
nal caffeine intake during pregnancy can be of concern. 
Fetal impact includes an increased risk of miscarriage, 
low birthweight, and preterm delivery. Moderate intake, 
around 200 mg or less daily, does not appear to contrib-
ute to pregnancy risk.17,18

Alcohol is one of the most studied substances of 
concern in pregnancy, with research documenting the 
teratogenic effects on the fetus dating back to 1968.19 
Alcohol passes from the mother through the placenta 
to the fetus. Drinking alcohol during pregnancy has 
profound effects on fetal development, with effects on 
the brain being the most significant. Additionally, it can 
cause miscarriage, stillbirth, growth restrictions, and 
multiple other defects.20 The term Fetal Alcohol Spec-
trum Disorder (FASD) is used to describe the range of 
disabilities that a child can face throughout life.21 An 
ultrasound may identify some of the physical abnor-
malities related to this spectrum. Early detection will 
allow for best intervention. While the effects of prenatal 
exposure are known, the amount of alcohol ingested 
to predict the impact on the fetus is not. As there is no 
established minimum dose for impact, mothers should 
be told to avoid all alcohol intake for the duration of the 
pregnancy. Table 5-3 lists the characteristics and behav-
iors that may be found in the child with FASD.

Marijuana, also known as cannabis sativa, contains 
tetrahydrocannabinol (THC), which crosses the placen-
tal barrier and appears to also cross into breast milk. 
Studies have not conclusively shown an increased mor-
bidity or mortality related to marijuana use during preg-
nancy or clinically significant withdrawal symptoms.22 

Distinctive facial features: smooth ridge between the nose and 
upper lip, small eyes, thin upper lip

Birth defects with joint, limb, and finger deformities
Growth delays with small head circumference, microcephaly, and 

short stature
Low bodyweight
Vision or hearing difficulties
Cardiac anomalies
Renal hypoplasia or agenesis
Brain and neurologic disorders
Neural tube defects
Poor coordination and balance
Developmental, speech, and language delays
Learning disabilities
Poor reasoning, judgement, and emotional control
Attention-deficit/hyperactivity disorder
Depression and anxiety
Irritability
Poor memory
Low IQ scores

TABLE 5-3
Effects of Prenatal Exposure to Alcohol 
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during labor and delivery. Table 5-4 lists the more com-
mon pregnancy complications.

Placental and Cord Disorders
The placenta and umbilical cord are vital to the 
healthy development of the fetus. The placenta is a 
pancake-shaped organ that, during pregnancy, attaches 
to the wall of the mother’s uterus (Figure 5-1). Implan-
tation is usually, but not always, on the upper posterior 
portion of the uterine wall. It is bathed in the mother’s 
blood and uses the umbilical cord to supply the fetus 
with blood rich in oxygen and nutrients. The umbilical 
cord also transfers waste products, including carbon 
dioxide, from the fetus to the mother’s blood. Most 
umbilical cords have one vein and two arteries. The 
vein brings oxygenated blood from the mother’s pla-
centa to the fetus, while the arteries take deoxygenated 
blood from the fetus back to the placenta, without the 
two blood supplies mixing. The placenta also secretes 
hormones, including those that promote and stimulate 
growth of the uterus and mammary glands.

Placenta Previa
Placenta previa is a condition in which the placenta 
is implanted abnormally low in the uterus, partially 
or completely covering the cervix. As the fetus grows, 
the walls of the uterus become thinner and the pla-
centa stretches, pulling away from the uterine wall. The 
mother will often have sudden vaginal bleeding, with 
or without cramping. Complete bed rest is advised to 
minimize complications.28 A cesarean section delivery 
is necessary if the bleeding is excessive or if the cervix 
is completely covered, as vaginal delivery may further 
tear the placenta and cause hemorrhaging. However, if 
the pregnancy progresses and the placenta moves into a 
position away from the cervix, then the mother can plan 
for a vaginal delivery.

Mothers at risk of placenta previa are those with 
AMA; multifetal gestation; and those with a history of 
cesarean delivery, uterine surgery, multiparity, multi-
fetal gestation, in vitro fertilization, and smoking. Com-
plications of placenta previa are listed in Table 5-5.

As there are many unknowns, mothers should be en-
couraged to discontinue marijuana use, including med-
ical marijuana, while pregnant.23

Use of the central nervous system stimulant amphet-
amine during pregnancy may result in low birthweight. 
Infants exposed to recent amphetamine use may also be 
lethargic and difficult to arouse after birth and may feed 
poorly. Amphetamines may also reduce the mother’s 
breast milk supply.24,25

Cocaine is a powerful stimulant and has been associ-
ated with numerous risks to the mother and fetus. It 
is a potent vasoconstrictor that can constrict maternal 
blood vessels and cause severe impairment of fetal–
maternal circulation and fetal death. Hypoxia to the 
placental bed may result in placental abruption. It also 
increases the risk of PROM, preterm labor and delivery, 
uterine rupture, and spontaneous abortion. Maternal 
health can also be impacted by cocaine use, with an in-
creased risk of heart attack, stroke, seizures, respiratory 
failure, and changes in taste and smell that cause weight 
loss and appetite changes.26 Because cocaine crosses the 
placenta, it rapidly spreads to the fetal tissues and or-
gans. Toxic effects include hydronephrosis, cleft palate 
and lip, and gastroschisis. It can also cause significant 
fetal heart arrhythmias and decreased cardiac output. 
After delivery, although cocaine withdrawal is not  fatal, 
it can be uncomfortable, with the infant exhibiting 
agitation.22

Opioid use in pregnancy is an area of great concern 
due to the highly addictive potential and the impact on 
maternal health and the newborn. Drugs classified as 
opioids include the prescription medications codeine, 
Percocet, morphine, and oxycodone; the illicit drug her-
oin; and treatment maintenance drugs methadone and 
buprenorphine (Subutex). Prescription use is generally 
for pain control but can be abused for nonmedical use 
or used for chronic pain in patients who then become 
pregnant. Heroin and methadone are the most com-
monly used opioids among pregnant women. Opioids 
rapidly transfer to the placenta, within 60 minutes of 
use. Maternal overdose can cause respiratory failure and 
death.26 Maternal opioid withdrawal can impair fetal 
growth and lead to IUGR.27 Neonatal abstinence syn-
drome (NAS) is the neonatal impact of maternal opioid 
abuse; it is characterized by irritability, high-pitched 
cry, poor feeding, jittery reflexes, and temperature in-
stability. Seizures can also occur.26 Care of the neonate 
with NAS includes a low-stimulation environment and, 
if needed, oral morphine or methadone.22

Complications during Pregnancy
Complications during pregnancy may involve the 
mother’s health, the infant’s health, or both. They can 
stem from preexisting medical conditions or ones that 
the mother acquires during the pregnancy. Complica-
tions can occur at any stage of the pregnancy, including 

Placental abruption (abruptio placentae)
Placenta previa
Preeclampsia
Eclampsia
Gestational diabetes
Maternal infection
Premature labor
Prolonged rupture of membranes (PROM)
Intrauterine growth restriction (IUGR)
Gestation longer than 42 weeks
Twin to twin transfusion

TABLE 5-4
Complications during Pregnancy
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externally, as is the case with a concealed abruption 
where blood loss initially occurs behind the placenta.

Treatment of placental abruption depends upon 
the severity of the abruption and the stability of the 
mother and fetus. The prognosis is bleak if the abrup-
tion occurs before 24 weeks’ gestation. If the fetus is 
between 24 and 34 weeks’ gestation, then the mother is 
given IV corticosteroids to promote fetal lung maturity. 
Because total placental separation with severe hemor-
rhage and death can occur suddenly, fetal monitoring is 
required in all suspected abruptions. Emergent care and 
resources for blood transfusion must be available for 
optimal outcomes. In the presence of maternal or fetal 
decompensation, delivery of the fetus is accomplished 
by the most expeditious route, usually cesarean section. 
If the fetus is stillborn, vaginal delivery is an acceptable 
option.

At risk for abruption are mothers with AMA; previ-
ous placental abruption; and a history of PROM, hy-
pertension, including preeclampsia, cesarean delivery, 
abdominal trauma, cocaine use, and smoking.29 Compli-
cations of placental abruption are listed in Table 5-6.

FIGURE 5-1 Fetus and placenta anatomy. Diagram illustrating how the umbilical cord moves blood from the mother’s placenta to the fetus.
© udaix/Shutterstock.

Maternal 
Complications Fetal Complications

Hemorrhage
Preterm delivery
Shock
Blood clots
Infection
Death

Insufficient blood supply to the fetus
Intrauterine growth restriction (IUGR)
Hypoxia
Anemia
Death

TABLE 5-5
Complications of Placenta Previa

Placental Abruption
Placental abruption, also known as abruptio placentae, 
is a condition in which the placenta either partially or 
completely separates from the uterine wall. Total abrup-
tion is a catastrophic event with high morbidity and 
mortality for the fetus and mother. Because the placen-
tal blood supply is the source of oxygen and nutrition 
for the fetus, any degree of interruption places the fetus 
at risk of preterm delivery and death. Early recogni-
tion of the abruption with appropriate treatment may 
prevent fetal asphyxia and reduce the risk of fetal and 
maternal death.

The most common symptoms of abruption are vagi-
nal bleeding with abdominal pain and uterine contrac-
tions. As bleeding progresses, or in the case of total 
abruption, there may be maternal shock, disseminated 
intravascular coagulation, and signs of fetal distress, 
including fetal bradycardia. Bleeding may not be a good 
marker of severity, however, as it is not always present 

Maternal Complications Fetal Complications

Hemorrhage
Preterm delivery
Shock
Acute renal failure
Death

Insufficient blood supply to the  
fetus

Hypoxia
Death

TABLE 5-6
Complications of Placental Abruption
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Umbilical Cord Abnormalities
Evaluation of the umbilical cord is a routine part of the 
obstetric ultrasound examination. It usually contains 
three blood vessels: two smaller arteries and one larger 
vein. The most common umbilical cord abnormality is a 
single umbilical artery (SUA), sometimes referred to as 
a two-vessel cord, in which there is only one artery and 
one vein. It is associated with organ anomalies, most 
often in the renal, cardiovascular, gastrointestinal, and 
central nervous systems, and chromosomal abnormali-
ties, mainly Trisomy 13 and 18. A single umbilical ar-
tery may be detected on an ultrasound. When a prenatal 
diagnosis is made, it should prompt further sonographic 
evaluation with echocardiography to rule out associated 
anomalies.30

Umbilical cord prolapse (UCP) is an obstetric emer-
gency in which the umbilical cord passes through the 
cervix in front of or alongside the fetal presenting part. 
As the infant moves through the birth canal, it places 
pressure on the cord. Prolonged compression of the 
cord restricts blood flow and oxygen to the fetus and, 
if not delivered quickly, can lead to perinatal hypoxic 
ischemic encephalopathy or death. Doppler studies can 
detect the position of cord loops. Fetal bradycardia dur-
ing labor may also indicate that a prolapsed cord  
is compressed.

A nuchal cord is an umbilical cord that becomes 
coiled around the fetus’s body, usually the neck. They 
are common, occurring in up to 30% of all births. It may 
be suspected prior to delivery if there are fetal heart 
decelerations or through color Doppler imaging. A cord 
that is loose around the neck can be slipped over the 
infant’s head during delivery. If not detected and left un-
treated, the cord may quickly prolapse, restricting  
blood flow and oxygen.

Other cord issues include cord braiding in utero, 
knots in the cord, and umbilical cord cysts. Management 
is generally increased antepartum surveillance to detect 
problems early on, with most issues becoming apparent 
as the pregnancy progresses. A cesarean  section may be 
necessary to reduce fetal morbidity or death.

Hypertensive Disorders
Hypertension is a major cause of morbidity, complicat-
ing 5% to 10% of pregnancies.31 Chronic hypertension is 
defined as a blood pressure above 140/90 mm Hg, exist-
ing prior to pregnancy or manifesting before the 20th 
week of gestation. Sometimes hypertension is present 
before the mother becomes pregnant and, when well 
controlled, the pregnancy is often normal. Women with 
preexisting hypertension are more likely to develop 
complications during pregnancy. It is important to iden-
tify this condition early in pregnancy and to routinely 
assess its impact on maternal health.

If left untreated, hypertension can decrease utero-
placental blood flow and progress to IUGR. The use 

of antihypertensive therapy reduces the maternal risk 
of stroke and organ damage, but it is essential to avoid 
medications that can harm fetal development, as some 
antihypertensive agents impact uterine blood flow by 
lowering pressures and altering placental perfusion. 
Treatment must be a balance of maternal care and 
blood pressure stabilization, use of appropriate medi-
cations with impact monitoring, and delivery of the 
baby when there is an inability to improve maternal or 
fetal care.

Hypertension that presents in pregnancy without 
proteinuria is known as gestational hypertension. 
This condition may either progress to preeclampsia 
or remain as elevated pressures and disappear after 
delivery. Elevated blood pressures after the postpar-
tum time frame would define the condition as chronic 
hypertension.

Preeclampsia
As many as 25% of pregnancies complicated by 
chronic hypertension develop preeclampsia. Unique 
to  pregnancy, preeclampsia is the condition in which 
the mother develops elevated blood pressures and 
 proteinuria after the 20th week of pregnancy. Blood 
pressures associated with preeclampsia are generally a 
systolic pressure >140 mm Hg and diastolic pressure 
>90 mm Hg. Table 5-7 lists the risk factors for develop-
ing preeclampsia. Maternal symptoms of preeclampsia 
include severe headache, blurry vision, stomach pain, ir-
ritability, malaise, and excessive weight gain or swelling 
that occurs over a short period of time.32

Treatment of preeclampsia focuses on minimizing 
maternal and fetal morbidity and mortality. The only 
known cure and reversal of this condition is delivery of 
the pregnancy, which is not always the optimal fetal solu-
tion. If the pregnancy is at or near term, then delivery 
is the intervention of choice. If severe preeclampsia is 
present and the pregnancy is remote from delivery, the 
mother and fetus are monitored closely and considera-
tions for care are based on maternal health risk as well as 
fetal conditions, such as IUGR <5%, oligohydramnios, 
and nonreassuring fetal testing. Treatment aimed at ma-
ternal symptoms can have consequences for the fetus. For 

Chronic hypertension
Prior pregnancy with preeclampsia
First pregnancy
Young mother
Advanced maternal age (AMA)
Multifetal pregnancy
Diabetes
Obesity
Connective tissue disorder
Chronic renal disease

TABLE 5-7
Maternal Risk Factors for Developing Preeclampsia
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example, medication that lowers maternal blood pres-
sure may further reduce perfusion and increase vascular 
resistance, which will negatively impact uterine blood 
flow and fetal perfusion. At any time up to 34 weeks’ ges-
tation, if preeclampsia becomes severe and maternal or 
fetal conditions deteriorate, delivery is indicated.33 Close 
postpartum evaluation of the mother should continue for 
at least the first 24 to 48 hours after delivery, as seizures 
commonly occur within that time frame.

Eclampsia and HELLP Syndrome
Preeclampsia can progress to eclampsia. Eclampsia is 
defined as hypertension with the presence of seizures, 
after other seizure disorders or causative factors have 
been ruled out. HELLP syndrome can be difficult to di-
agnose as it may present in the absence of preeclampsia. 
It was named after its clinical characteristics:

H – hemolysis
EL – elevated liver enzymes
LP – low platelets

HELLP presents serious morbidity concerns and is 
managed similarly to preeclampsia. Maternal mortal-
ity rate is as high as 25%, with the most common rea-
sons for death being liver rupture, stroke, and cerebral 
hemorrhage.34

Diabetes during Pregnancy
Diabetes complicating pregnancy presents a special set 
of risks for maternal and fetal health. The prevalence of 
diabetes is on the rise, and it is currently estimated that 
at least 7% of all pregnancies are complicated by diabe-
tes.35 The classifications of diabetes as published by the 
American Diabetes Association are found in Box 5-2.

Pregestational Diabetes
Pregestational diabetes is defined as type 1 or type 2 
diabetes that is present prior to the pregnancy. Moth-
ers with this preexisting condition are at the highest 
risk for morbidity and, although not usually permanent, 
they experience some worsening of disease during preg-
nancy. Because diabetes is a disease of vascular involve-
ment, virtually every system in the body is at risk for 
complications.

Poorly controlled diabetes during the first trimester 
of pregnancy increases the risk of congenital anomalies 
and a spontaneous abortion. Excess glucose from the 
mother acts as a fetal teratogen in a developing fetus, 
with damage often occurring during the first 6 weeks of 
development. Because of this risk, many high-risk preg-
nancy centers have programs for counseling and man-
agement of women with diabetes who are planning a 
pregnancy. The goal of preconception care is to achieve 
normoglycemia prior to pregnancy.

Gestational Diabetes
Gestational diabetes mellitus (GDM) is diabetes that 
first occurs during a pregnancy. It is estimated that 
 approximately 2% to 9% of pregnant women will  develop 
GDM.36 This form of diabetes relates more strongly to 
type 2 form, with insulin resistance increasing through-
out pregnancy in response to pregnancy hormones. 
There is also a relationship to genetics, with family 
members often reporting a type 2 diagnosis.37 Current 
practice is to screen all mothers for GDM between 24 
and 28 weeks’ gestation. The mother who had GDM in a 
previous pregnancy has a 60% to 70% chance of develop-
ing it in future pregnancies.38 Table 5-8 lists the risk fac-
tors associated with developing gestational diabetes.

BOX 5-2 Classification of Diabetes
Type 1 Diabetes

Due to destruction of insulin-producing -cells
Accounts for 5–10% of diabetes cases
Requires insulin for survival
Formerly referred to as insulin-dependent diabetes 
or juvenile-onset diabetes

Type 2 Diabetes
Due to progressive insulin secretory defect
Reduced insulin sensitivity/increased insulin resistance
Accounts for 90–95% of diabetes cases
Late onset
Formerly referred to as non-insulin-dependent  
diabetes or adult-onset diabetes
Managed through diet and oral hypoglycemics

Gestational Diabetes
Occurs in 2–9% of all pregnancies
Diagnosed in the second or third trimester of 
pregnancy
Relates more strongly to type 2 diabetes
Usually resolves on its own after pregnancy

Diabetes Due to Other Causes
Genetic defects of -cells of the pancreas
Monogenic diabetes syndromes
Diseases of the exocrine pancreas (e.g., cystic 
fibrosis)
Drug- or chemical-induced diabetes
Immune-mediated diabetes
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Complications of Diabetes during Pregnancy
The mother with diabetes is at significant risk of certain 
complications, as listed in Table 5-9. Unlike pregesta-
tional diabetes, in which there is high risk of IUGR, the 
mother with gestational diabetes is at risk of delivering 
an infant with macrosomia, which is defined as fetal 
weight greater than 4000 grams or the 90th percentile. 
This may be related to poor maternal glucose control 
with fetal production of insulin that acts as an in utero 
growth hormone. There is an increased incidence of ce-
sarean delivery in this population due to fetal size.39

Abnormal Amniotic Fluid Volume
The amount of amniotic fluid present is an important 
factor in monitoring fetal health and development. An 
ultrasound is used to estimate the fluid volume. High 
or low fluid levels may indicate certain conditions of 
concern: Polyhydramnios is the condition where too 
much amniotic fluid is surrounding the fetus, and 
oligohydramnios is defined as a lower than normal 
amount of amniotic fluid.40 Because abnormal amniotic 
fluid levels are sometimes associated with fetal anoma-
lies, a detailed ultrasound to identify structural defects 
is important in prenatal management. Table 5-10 lists 
reasons for abnormal amniotic fluid volume.

Twin to Twin Transfusion Syndrome
Twin pregnancy can be complicated by a syndrome 
where one twin, the donor, provides a blood supply to 
the second twin as the recipient. This change in blood 
volume and nutrients results in the donor twin becom-
ing anemic and growth restricted, while the recipient 

twin experiences fluid overload and polycythemia. This 
is known as twin to twin transfusion syndrome (TTTS); 
it is usually diagnosed when one twin begins to accumu-
late high amniotic fluid levels, or polyhydramnios, and 
the other twin falls behind on growth and the amniotic 
fluid levels become low, or oligohydramnios. The twin 
with polyhydramnios may develop heart failure and 
hydrops. The twin with oligohydramnios has a reduced 
ability to move in utero and is at risk of developing con-
tractures and pulmonary  hypoplasia. This prognosis is 
risky, with outcomes  including prematurity, brain dam-
age, and death of one or both twins.41

Antenatal Fetal Assessment
The purpose of fetal assessment during the antepartum 
period is to identify fetuses who are at risk for prema-
ture birth, stillbirth, or complications in utero or at de-
livery. Predicting and preparing for a high-risk delivery 
can improve perinatal outcomes and prevent neurologic 
impairment and death. Several devices and techniques 
are available to assess the fetus. These include ultra-
sound, electronic fetal monitoring, and amniocentesis. 
Depending on the clinical situation, more than one mo-
dality is often used to assess fetal status. Table 5-11 lists 
conditions that indicate a need for fetal assessment.

Ultrasound
First used in the 1950s as an obstetric tool, ultrasound 
provides real-time imaging and the ability to assess 
uterine and fetal structure and activity. It is a noninva-
sive procedure commonly used to evaluate the level of 
amniotic fluid and to identify placental location, fetal 
anomalies, and fetal size and position. An ultrasound 
can assist in intrauterine care and prepare for a com-
plicated delivery. Recent technology includes Doppler 
flow studies and four-dimensional (4D) imaging, which 
allow for clear views of fetal structure and function. 

Asian, Hispanic, African American, Native American race
Obesity
Advanced maternal age (AMA)
History of gestational diabetes
Family history of diabetes mellitus
Previous pregnancy with infant weight >9 pounds
Polycystic ovarian disease

TABLE 5-8
Maternal Risks for Developing Gestational Diabetes

Polyhydramnios Oligohydramnios

Maternal diabetes
Multiple pregnancy
Maternal substance abuse
Fetal anemia
Congenital infections
Twin to twin transfusion 

syndrome
Congenital anomalies
Genetic disorders
Preterm labor
Placental abruption
Umbilical cord prolapse
Postpartum hemorrhage
Miscarriage

Maternal diabetes
Preeclampsia
Kidney or urinary tract 

defects
Placental abruption
Intrauterine growth restriction 

(IUGR)
Leaking amniotic sac
Rupture of membranes
Postterm pregnancy
Miscarriage

TABLE 5-10
Conditions Associated with Abnormal Amniotic  
Fluid Volume

Maternal Complications Fetal Complications

Spontaneous abortion
Preeclampsia
Preterm labor
Polyhydramnios
Pyelonephritis
Infection
Ketoacidosis
Cesarean delivery
Hypoglycemia

Congenital defects
Macrosomia
Intrauterine growth restriction 

(IUGR)
Stillbirth
Delayed lung maturity
Asphyxia

TABLE 5-9
Complications Associated with a Diabetic Pregnancy
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is compromised, the blood vessels in the placenta are 
compressed during a contraction and the fetus does not 
receive adequate blood flow and oxygen. The fetus re-
sponds to the hypoxia with a decreased heart rate.

For adequate interpretation, a CST must be conducted 
for at least 10 minutes and have a minimum of three con-
tractions that last 40 to 60 seconds each.43 Because of the 
risks involved in inducing contractions, caution should 
be used when testing mothers prior to 37 weeks’ gesta-
tion who are at risk for preterm labor; mothers with pla-
centa previa, placental abruption, incompetent cervix, or 
premature rupture of membranes; and mothers who have 
had a previous cesarean delivery. Table 5-12 explains how 
results from a CST are interpreted.

Fetal Biophysical Profile
The fetal biophysical profile (BPP) is a noninvasive test 
that uses observations obtained during an ultrasound 
and the results of a NST to evaluate the well-being of a 
fetus and to determine if a fetus is at risk of fetal death.44 
An ultrasound is observed for 30 minutes and a scoring 

Figure 5-2 illustrates the detailed view of a fetus ob-
tained from 4D ultrasound.

The safety of ultrasound during pregnancy has been 
studied, with few reported safety concerns for the 
mother or fetus.42 More than three generations have 
been exposed to ultrasound with no known adverse ef-
fect; in fact, current technology has reduced the energy 
exposure to the fetus.

Fetal Heart Rate Monitoring
Monitoring the fetal heart rate (FHR) is another modality 
used to assess fetal well-being. Figure 5-3 illustrates how 
electronic fetal monitoring is used during pregnancy, la-
bor, and delivery to monitor the fetus’s heart rate as well 
as the strength and duration of uterine contractions.

Nonstress Test
The nonstress test (NST) is a noninvasive test in which 
a monitor measures the FHR in response to fetal move-
ment, generally over a 20-minute period, and records a 
tracing of the FHR and uterine activity. It is performed 
after 28 weeks’ gestation and is based on the premise 
that a healthy fetus’s heart rate will accelerate when the 
fetus is spontaneously moving.43 The test is described 
as “nonstress” because it is done during a period where 
there are no uterine contractions and the fetus is mov-
ing spontaneously. Table 5-12 explains how results from 
a NST are interpreted.

Contraction Stress Test
The contraction stress test (CST) measures the FHR 
response to uterine contractions. The purpose of this 
test is to evaluate the fetus’s ability to tolerate changes 
in blood flow and oxygenation during contractions. 
The CST is conducted in a manner similar to the NST. 
A fetal heart rate monitor and a uterine contraction 
monitor are placed on the mother’s abdomen while 
an IV infusion of oxytocin is used to induce contrac-
tions. When the placenta is healthy, there is adequate 
blood flow and transport of oxygen to the fetal blood, 
even during a  contraction. However, when the placenta 

Maternal Conditions Complications of Pregnancy

Hypertension
Diabetes
Heart disease
Renal disease
Systemic lupus 

erythematosus

Preeclampsia
Polyhydramnios
Oligohydramnios
Premature rupture of membranes 

(PROM)
Intrauterine growth restriction (IUGR)
Multiple gestation
Postterm pregnancy
Decreased fetal movement
Previous high-risk pregnancy
Previous miscarriage

TABLE 5-11
Indications for Antenatal Fetal Assessment

FIGURE 5-2 Four-dimensional (4D) ultrasound.
© whitetherock photo/Shutterstock.

FIGURE 5-3 Fetal heart rate monitoring. Photo of abdominal belts in 
place. One will monitor the fetal heart rate and the other will monitor 
uterine contractions.
© Doro Guzenda/Shutterstock.
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gestational age of the fetus, the location of the placenta, 
the position of the fetus, and the location of the optimum 
amniotic fluid pocket. The mother’s abdomen is numbed 
using a local anesthetic. As illustrated in Figure 5-4, a 
needle is inserted through the abdomen and into the 
uterus, using the ultrasound to guide it to an amniotic 
fluid pocket, where fluid is aspirated.45 Although it is rel-
atively safe, complications may occur, including bleeding, 
amnionitis, rupture of the amniotic sac, and fetal loss.

High-Risk Labor and Delivery
Most pregnancies progress routinely and labor and de-
livery occurs without any problems. Regular prenatal 
care improves the chances of identifying conditions 
early and referring the mother to a team of specialists 
who can determine the best treatment strategies and 
provide advanced care. This team is present during 
delivery and often consists of a neonatologist, neonatal 
nurse practitioner, and respiratory therapist. Planning 
appropriate interventions during labor and delivery can 
minimize the risk of maternal and fetal complications. 
However, in spite of early monitoring, serious problems 
that place both the mother’s and infant’s health at risk 
can develop suddenly and unexpectedly.

Preterm Labor and Delivery
Labor is considered to be preterm labor when uterine 
contractions occur between 20 and 37 weeks’ gestation 
and they are of sufficient frequency and intensity to 

system is used to assess five indicators that a fetus is 
healthy:

■■ Fetal tone: Flexion and extension of limbs
■■ Fetal breathing movements
■■ Fetal body movements
■■ Amniotic fluid volume
■■ Results of the nonstress test

Each parameter is given a score of 2 or 0; a score of 2 is 
given when a criterion is met, indicating a normal find-
ing, and score of 0 is given when a criterion is not met, 
indicting an abnormal finding. With five parameters  
being scored, 10 is the maximum score that can be 
given: A total score of 8 to 10 is normal, 6 is equivocal, 
and 4 or less is abnormal. If the ultrasound is performed 
and all the indicators are normal, then the NST may 
not be  performed. An abnormal score warrants further 
evaluation and even delivery if the infant is close to 
term. Table 5-13 summarizes the BPP scoring system.

Amniocentesis
Amniocentesis is the most common invasive diagnostic 
test in pregnancy. It is used most often to identify chro-
mosome abnormalities; however, it can also be used to 
determine lung maturity, analyze amniotic fluid, test for 
infection, and release amniotic fluid from fetuses with 
polyhydramnios.

An amniocentesis can be performed between 16 and 
18 weeks’ gestation. An ultrasound is used to confirm the 

Test Result Interpretation Assumptions

Nonstress  
test

FHR accelerations two or more times 
during a 20-minute period

Reactive Fetus is receiving adequate oxygen and blood flow
Normal fetal survival

Insufficient FHR accelerations after  
40 minutes

Nonreactive Fetus is sleeping
Fetus has impaired oxygenation
Fetus is acidotic
Requires further evaluation

Contraction 
stress test

Normal baseline FHR with no late FHR 
decelerations during contractions

Negative Fetus is receiving adequate oxygen and blood flow
Fetus is capable of sustaining heart rate under stressed conditions
Normal fetal survival

Late FHR decelerations during at least 
50% of contractions

Positive Fetus has impaired oxygenation
Fetus is unable to sustain normal FHR under stress
Adverse fetal outcome
Increased risk of fetal death
Requires further evaluation

Abnormal baseline FHR or intermittent 
late FHR decelerations during less 
than 50% of contractions

Suspicious

Fewer than three contractions during 
a 10-minute period

Unsatisfactory

FHR = fetal heart rate

TABLE 5-12
Interpretation of Fetal Heart Rate Monitoring
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demonstrated to be the most sensitive predictor of pre-
term birth between both high- and low-risk mothers.48 
Risk factors related to preterm labor and delivery are 
listed in Table 5-14.

Preterm Labor Symptoms
Identifying preterm labor is difficult for mothers who 
are pregnant for the first time, as they have no frame of 
reference. Some mothers report little to no discomfort 
with contractions, which may delay seeking help. Symp-
toms of preterm labor include the following:

■■ Uterine cramping or contractions
■■ Increase in vaginal discharge: Watery, bloody, or 

with mucus

cause effacement and dilation of the cervix. A preterm 
delivery is defined as one occurring after 20 weeks’ 
gestation but prior to 37 weeks’ gestation. Labor and 
delivery may occur spontaneously or be induced due 
to maternal or fetal complications. Neonatal morbidity 
and mortality are the consequences of preterm delivery, 
with extreme prematurity and very low birthweight 
accounting for much of the mortality. Survivors of pre-
term delivery are at an increased risk of chronic lung 
disease, vision and hearing deficits, intracranial hemor-
rhage, motor and learning deficits, and cerebral palsy, to 
name some complications.46

Although it is often difficult to predict preterm de-
livery, a variety of maternal, obstetric, and fetal char-
acteristics are known to increase the risk. The largest 
predictor of preterm labor and delivery is a history 
of previously having a preterm birth. The number of 
prior preterm deliveries and the gestational age of the 
infant at delivery also impact this risk.47 A cervical 
length of 25 mm or shorter, measured with a transvagi-
nal ultrasound as part of the prenatal care, has been 

Observation Score of 0 Given Score of 2 Given

Nonstress test Nonreactive: 1 or less FHR accelerations within 
40 minutes

Reactive: 2 or more FHR accelerations within 20 minutes

Fetal breathing 
movements

No FBM ≥30 seconds within 30 minutes 1 or more rhythmic FBM of ≥30 seconds within 30 minutes

Fetal body movements Two or fewer body movements within 30 minutes Three or more body or limb movements within 30 minutes

Fetal tone Slow limb extension or absent fetal movement One or more episodes of limb extension with return to flexion 

Amniotic fluid index No fluid pocket or pocket is 1 cm or less AFI >5 cm or a pocket of amniotic fluid measuring at least 2 cm

FHR, fetal heart rate; FBM, fetal breathing movements; AFI, amniotic fluid index

TABLE 5-13
Biophysical Profile Scoring

FIGURE 5-4 Amniocentesis. Illustration of an amniocentesis being 
performed.
© ellepigrafica/Shutterstock.

History of prior preterm delivery Cervical insufficiency

Surgery involving uterine entry Cervical tissue removal

Cervical trauma: Elective 
abortion, surgery for cervical 
dysplasia, obstetric trauma

Urinary tract infection

Cervical length ≤25 mm Smoking

Periodontal disease Prepregnancy low 
bodyweight

Illicit drug use Infections: Bacterial, viral, 
sexually transmitted

Pregnancy interval less than  
18 months

Polyhydramnios

Chorioamnionitis Placenta previa

Multiple gestations Fetal anomalies

Placental abruption Low socioeconomic status

Nonwhite race

TABLE 5-14
Risk Factors Related to Preterm Labor and Delivery
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■■ Increased vaginal pressure sensation
■■ Low backache

Management of Preterm Labor
Management of preterm labor involves a thorough as-
sessment of medical history, clinical symptoms, and 
measures to prevent an early delivery.49 Tocolysis is the 
treatment in which medication is used to reduce uterine 
contractions. The primary purpose of tocolytic therapy is 
to delay delivery for 48 hours and to allow glucocorticoids 
to improve lung maturity. Tocolytic agents are given to 
mothers in whom the fetus has reached a point of vi-
ability, which is usually by 24 weeks’ gestation, but by 
34 weeks’ gestation, the risk of neonatal morbidity and 
mortality is low and tocolytic therapy is not generally 
recommended due to risk for maternal complications. 
Therefore, tocolytic therapy is believed to outweigh the 
risk of maternal and fetal complications between 24 and 
33 weeks’ gestation and is recommended as part of the 
care plan, provided no contraindications exist.

Which agent is given depends upon maternal comor-
bid conditions and the gestational age of the fetus. The 
most common agents used are magnesium sulfate, in-
domethacin, and nifedipine. At one time terbutaline was 
the agent of choice; however, in 2011, the Food and Drug 
Administration issued a Black Box Warning after reports 
of serious adverse effects, including death. Magnesium 
sulfate reduces smooth muscle contractility and tends to 
be the primary agent used today. Use is limited to 5 to 
7 days, however, as longer use has been associated with 
hypocalcemia in the fetus, resulting in neonatal skeletal 
abnormalities, including osteopenia.50 Indomethacin, a 
prostaglandin, is recommended for short-term use and 
not used after 32 weeks’ gestation. When used for more 
than 48 hours, it can decrease renal blood flow in the 
fetus and cause oligohydramnios. Nifedipine is a calcium 
channel blocker and may be associated with more suc-
cessful prolongation of pregnancy and fewer admissions 
to the neonatal intensive care unit.49,51

Tocolytic agents are relatively contraindicated when 
there is evidence that delaying labor could place the 
mother or fetus at risk, as may be the case with the fol-
lowing conditions:

■■ Placental abruption
■■ Maternal hemorrhage
■■ Oligohydramnios
■■ Nonstress test that is nonreactive
■■ Contraction stress test that is positive
■■ Repetitive severe FHR decelerations

Antenatal corticosteroids accelerate type 1 and type 2 
pneumocyte development, which increases surfactant 
production, enhancing lung maturation and reduc-
ing fetal morbidity and mortality. Administration is an 
intramuscular injection given to the mother for a fetus 
that is between 24 and 34 weeks’ gestation and at risk 
of preterm delivery. When betamethasone is used, it is 
given as two doses of 12 mg, waiting 24 hours between 

doses. If dexamethasone is the chosen steroid, then four 
doses of 6 mg are given 12 hours apart.

Progesterone is a hormone produced naturally dur-
ing pregnancy that reduces contractions of the uterus 
and plays an important role in maintaining pregnancy. 
Progesterone supplementation may be given to women 
at high risk for preterm delivery, as it appears to reduce 
preterm birth in mothers who have had a previous 
spontaneous preterm singleton birth and in mothers 
with a short cervix in the current pregnancy. Supple-
mentation is usually started around 16 to 20 weeks’ 
gestation and continued through the 36th week of 
gestation. It appears to be safe for the mother and fetus 
with no major adverse events.52,53

The risk of GBS sepsis is elevated with preterm labor, 
even without premature rupture of membranes. Anti-
biotics should be given prophylactically and maintained 
until delivery.

Multiple Gestation
The pregnancy with twins, triplets, or more is referred 
to as a multiple gestation. The use of fertility drugs 
and in vitro fertilization has increased the incidence of 
multiple gestations. Multiple gestation pregnancies are 
considered high risk of having maternal complications 
that result in premature labor and delivery. Infants of 
multiple gestations are more likely to be small for ges-
tational age and it increases the chance of needing a 
cesarean delivery.

Postterm Pregnancy
Normally, a pregnancy lasts 37 to 42 weeks and is 
referred to as a term pregnancy. When the preg-
nancy extends past 42 weeks, then it is considered a 
postterm pregnancy. Mothers at risk of a postterm 
delivery include those with a prior postterm pregnancy; 
maternal obesity; increasing maternal age; nulliparity, 
which is the term used to describe a woman who has 
never delivered a child; and mothers who were them-
selves born postterm. Table 5-15 lists the maternal and 
fetal risks of postterm pregnancies.

Maternal Risks Fetal Risks

Cesarean delivery
Dysfunctional labor
Infection
Postpartum hemorrhage

Stillbirth
Macrosomia
Shoulder dystocia
Neonatal seizures
Meconium aspiration syndrome
Lower Apgar scores
Oligohydramnios
Umbilical cord compression
Fetal heart rate abnormalities
Fetal acidosis
Uteroplacental insufficiency
Encephalopathy

TABLE 5-15
Maternal and Fetal Risks of Postterm Pregnancies
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Case Study 1
A 29-year-old G4P2 Hispanic woman, with a history of 
gestational diabetes mellitus (GDM), presents to her 
OB/GYN office for a routine prenatal visit at 24 weeks’ 
gestation. Her physical examination is unremarkable, 
and her fetal well-being is reassuring. Because of her 
previous history of GDM, she is at high risk of develop-
ing GDM during this pregnancy and the doctor recom-
mends a glucose challenge test, which is the most 
common method of screening for GDM. Test results 
reveal that her 1-hour glucose loading test (GLT) is 
179 mg/dL (normal value <140 mg/dL). Because her 
GLT value is high, she then undergoes a 3-hour glucose 
tolerance test (GTT), which is used for a definitive diag-
nosis of GDM. The patient is positive for GDM when all 
of her plasma glucose values are elevated. Treatment 
recommendations include beginning a diabetic diet, 
participating in moderate exercise sessions three times 
a week, daily home glucose monitoring, and weekly 
antepartum visits to monitor glycemic control. The 

doctor explained to the mother that GDM poses little 
risk to her at this time; however, it is associated with an 
increase in infant birth trauma and perinatal morbidity 
and mortality with the risk to her fetus directly related 
to its size. The goal of antepartum treatment of GDM is 
to prevent fetal macrosomia, which is defined as an es-
timated fetal weight of ⩾ 4500 grams, and its resultant 
complications by maintaining desirable maternal blood 
glucose levels throughout gestation. It was explained 
that if diet alone did not maintain blood glucose at de-
sirable levels, then hypoglycemic therapy with insulin 
injections given several times a day may be required.

1. Why was this patient considered to be at high 
risk for GDM and tested at 24 weeks’ gestation?

2. Who is at greatest risk when the mother has GDM?

3. What are two testing methods for GDM?

4. What is the primary treatment for GDM?

Case Study 2
A 35-year-old woman presented to the prenatal clinic 
after missing her last two menstrual cycles. Her home 
pregnancy test was positive and an ultrasound confirmed 
the pregnancy. Gestational age was calculated to be at 
10 weeks. An initial assessment of the woman’s medical 
and obstetric history included the following: She smoked 
tobacco for 15 years and currently smokes one pack per 
day; she had recently used cocaine but stated it is not 
frequent; she denied alcohol use. Her obstetric/ 
gynecologic history included an uncomplicated spontan-
eous vaginal delivery at 35 weeks’ gestation 4 years ago 
and 2 years later a cesarean section at 36 weeks’ gestation 
for nonreassuring fetal heart tones. Her medical history 
included chronic hypertension and a history of asthma, 

for which she had never been intubated or hospitalized. 
Her vital signs were as follows: temperature 36.7°C,  
respiratory rate of 20 breaths per minute, heart rate of  
86 beats per minute, BP 142/79 mm Hg. Lab results: 
 hemoglobin 13.0 g/dL, hematocrit 37%, white blood cell 
count 8000, blood type A–, Rh antibody screen positive. 
She was negative for gonorrhea, chlamydia, and HIV.

1. What puts this patient at high risk for pregnancy 
complications?

2. What fetal complications are associated with 
this patient’s presentation?

3. At this time, what recommendations would you 
give this patient to improve her health?
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OBJECTIVES
1. Describe how gestational age can be determined before 

and after delivery.
2. Discuss the importance of determining gestational age and 

how it is determined using the New Ballard Scale.
3. Define periodic breathing in a neonate.
4. Recognize abnormal vital signs in a neonate.
5. Given a neonate’s gestational age, calculate an adequate 

value for mean blood pressure.
6. Define macrocephaly and microcephaly.
7. Describe normal findings when assessing the neonate’s 

chest.
8. List and describe the signs of respiratory distress.
9. Identify the location of retractions in the neonate.

10. Explain the general components of the cardiac examination 
of a neonate.

11. Understand how the neurologic assessment assists in 
identifying disorders in the neonate.

12. Identify the laboratory tests recommended for the critically 
ill neonate.

KEY TERMS
acrocyanosis
apnea
capillary refill time
ductus arteriosus
gestational age
grasp reflex
grunting
heart murmur
large for gestational 

age (LGA)
macrocephaly
mean blood pressure (MBP)
microcephaly
Moro reflex

nasal flaring
New Ballard Score
occipitofrontal 

circumference (OFC)
pectus carinatum
pectus excavatum
periodic breathing
postductal
preductal
retractions
rooting reflex
Silverman Score
small for gestational 

age (SGA)

Evaluation of the Neonate
Melissa Baldwin

Kelly G. Thompson-Davis
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Introduction
The timely assessment of the neonate can greatly affect 
neonatal outcomes. Careful assessment of the neonate’s 
gestational age, weight, size, and respiratory function 
assists the respiratory care practitioner in determining 
appropriate interventions.

Determining Gestational Age
Assessment of the neonate should begin immediately 
after delivery, although in most cases it begins prior to 
birth through ultrasound and fetal heart rate monitor-
ing. Accurately estimating the gestational age is im-
portant in assessing fetal growth and making decisions 
regarding obstetric management. The interpretation 
of antenatal tests, such as the nonstress test and the 
biophysical profile, often depend upon gestational age. 
Prenatal assessment of gestational age is most often 
based upon maternal history and ultrasound meas-
urements. During the first trimester, gestational age is 
 estimated by measuring both the gestational sac and the 
length between the crown (head) and the rump of the 
fetus. Measurements made during this time have the 
least variability and are likely to be the most accurate. 
Ultrasounds performed later in the pregnancy estimate 
gestational age through measurements of the circumfer-
ence of the fetal head and abdomen and the length of 
the femur, which is the longest fetal bone.1

True gestational age, however, is determined at birth. 
The New Ballard Score is a system that determines ges-
tational age of a neonate through the assessment of six 
physical and six neuromuscular features. The system 
works on the presumption that fetal skin, subcutane-
ous tissues, and the neuromuscular system mature at 
predictable rates, and a numeric score is determined 
for each of the 12 features. Using a table, as seen in 
Figure 6-1, the cumulative score correlates with a ma-
turity rating, or gestational age.2 Gestational age can be 
determined in infants as young as 20 weeks’ gestation 
and should be measured within the first 48 hours of life 
to ensure accuracy.

Physical Assessment
The initial physical assessment begins in the delivery 
room immediately following birth while drying, warming, 
positioning, and suctioning the neonate. Typically, phys-
ical assessment follows a head-to-toe sequence, but with 
neonates the assessment is prioritized to allow for critical 
information to be obtained first—for example, ausculta-
tion of the heart and lungs should be done immediately if 
a neonate is quiet and not crying following delivery.

Vital Signs
Vital signs are established early in the assessment. 
Table 6-1 shows the normal values for vital signs in a 
neonate.

Respiratory Rate
A normal, term neonate has an average respiratory 
rate of 40 to 60 breaths per minute. The younger the 
 gestational age, the higher the expected respiratory rate; 
because the fetal lungs are not fully developed, it is not 
uncommon for a 25 weeks’ gestational age neonate to 
breathe 70 breaths per minute. All neonates have an 
 irregular breathing pattern; therefore, breathing should 
be assessed over a 1-minute period to determine the 
respiratory rate.

An abnormal respiratory rate can indicate various 
problems. If the neonate is tachypneic with a respira-
tory rate greater than normal, then hypoxemia, acido-
sis, anxiety, or pain should be suspected. Bradypnea, a 
 respiratory rate of fewer than 30 breaths per minute, 
may occur when the neonate has received certain medi-
cations, is hypothermic, or is neurologically impaired. 
Premature neonates usually display a breathing pattern 
known as periodic breathing. This is described as an ir-
regular pattern of intermittent respiratory pauses that 
last longer than 5 seconds. A neonate who presents with 
apnea, which is the absence of spontaneous breath-
ing lasting longer than 20 seconds, often has cyanosis, 
hypotonia, pallor, or bradycardia. The neonate who 
is apneic or who has tachypnea or bradypnea should 
be supported until the cause can be determined and 
corrected.

Heart Rate
The normal range of heart rate for a neonate varies 
from 100 to 160 beats per minute. The neonate’s clini-
cal state should be considered when assessing the heart 
rate. Sleeping neonates generally have a slower heart 
rate than one who is crying or hungry. The premature 
neonate (fewer than 35 weeks’ gestation) has less vari-
ability in heart rate compared to a near-term or term 
newborn. Heart rate can be assessed at the point of 
maximal impulse (PMI), located at the fifth intercostal 
space,  midclavicular line. Alternate sites to obtain a 
pulse are over the brachial or femoral artery and the 
umbilical stump if the neonate is newly delivered. A 
neonate’s heart rate will normally increase with stimu-
lation. If this does not occur, then electrolyte levels 
should be assessed. An abnormal heart rate or rhythm 
suggests cardiorespiratory compromise and warrants 
further investigation. A persistent tachycardia above 
160 beats per minute may indicate hypoxia, hypovole-
mia, anemia, or sepsis. Persistent bradycardia of fewer 
than 80 beats per minute occurs most often with com-
plete heart block. Both tachycardia and bradycardia 
are cause for an electrocardiogram and further diag-
nostic tests.

Blood Pressure
Normal blood pressures vary based on a neonate’s 
weight and gestational age. Hypertension commonly 
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FIGURE 6-1 New Ballard Score to determine gestational age.
Reproduced from Ballard JL, Khoury JC, Wedig K, et al. New Ballard Score, expanded to include extremely premature infants. J Pediatrics. 1991;119:417–422.
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occurs in neonates with renal problems and those with 
a history of an indwelling umbilical artery catheter. It is 
also associated with cardiac and pulmonary disorders, 
including patent ductus arteriosus, coarctation of the 

aorta, and bronchopulmonary dysplasia.3 An adequate 
mean blood pressure (MBP) value can be calculated if 
the neonate’s gestational age is known. This calculation 
is explained in Box 6-1.
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bones in the skull, and brain tumors. Microcephaly 
is a head circumference that is two or more standard 
deviations below the mean for a given age, gender, and 
gestation, most often the result of the brain failing to 
grow at a normal rate. Prenatal infections, including the 
Zika virus, rubella, and chicken pox, can result in mi-
crocephaly. Cerebral anoxia, maternal drug and alcohol 
abuse, and exposure to toxic chemicals also place the 
fetal brain at risk.

The weight and size of a neonate are important in-
dicators of health. Neonates who are SGA and those 
who are LGA are both at greater risk of presenting 
with or developing problems. Most neonatal intensive 
care units use the metric system to monitor weight. 
Box 6-2 contains information on converting metric 
measurements.

Skin
Abnormalities in a neonate’s skin are often immediately 
obvious. Oxygenation and circulation can be assessed 
quickly through visual inspection of the color of the 
neonate’s skin and oral mucous membranes.

Pallor in a neonate with respiratory distress is often 
an indication of hypoxia, reduced peripheral perfusion 
due to shock or congenital heart disease, or acute blood 
loss, such as occurs with fetal–maternal hemorrhage 
in placental abruption. In neonates without respiratory 
distress, pallor often indicates anemia.

As illustrated in Figure 6-4, acrocyanosis is cya-
nosis of the hands, feet, and around the mouth. It is 
a sign of peripheral vasoconstriction and is common 
in most neonates at birth; as oxygenation and circula-
tion improve, usually within 72 hours of delivery, ac-
rocyanosis will disappear and the skin quickly begins 
to turn pink. If the neonate is not oxygenating well, 
the skin will have a pale pallor and the skin and mu-
cous membranes will remain cyanotic or turn a dark 
color of blue-gray. This indicates central cyanosis due 
to hypoxemia, which is often the result of congenital 
heart defects with right-to-left shunting, persistent 
pulmonary hypertension, or lung disorders, including 
respiratory distress syndrome. Cyanosis may also be a 
result of blood lost during labor. A significant amount 
of blood loss may be the result of external hemorrhage 
from a placental abruption or ruptured umbilical 
cord. Bruising from birth trauma may also present as 
bluish discoloration of the skin, so the infant’s mucous 
membranes should be assessed to determine if it is 
true cyanosis.

Stimulation at birth will cause a neonate to cry and 
gasp. As the transition from fetal to neonatal life occurs 
postdelivery, the oxygen saturation will begin to rise and 
the skin color will improve. In the normal neonate, the 
oxygen saturation should steadily rise toward 90% in the 
first 5 minutes of life; it usually reaches 95% within 10 to 
15 minutes, although in some healthy neonates it may 

Size and Weight
Most examinations begin with an evaluation of neo-
natal size, including measurements of weight, length, 
and head circumference. These measurements, along 
with the gestational age, are plotted on a growth chart 
that will indicate a percentile. An example of this chart 
is shown in Figure 6-2. This percentile compares the 
measurements with neonates of the same gestational 
age.4 For example, a growth chart indicating that a neo-
nate is in the 25th percentile for gestational age means 
that the neonate is larger than 25 neonates and smaller 
than 75 neonates, if compared with 100 neonates of 
the same gestational age. Lower percentages indicate 
a smaller neonate, while larger percentages indicate 
a larger neonate. From these percentiles a neonate is 
then classified as small, average, or large for gestational 
age. Neonates who are small for gestational age (SGA) 
have birth weights that are below the 10th percentile. 
This can be the result of growth restriction during the 
pregnancy, often caused by congenital infections, pla-
cental insufficiency, and congenital disorders. Neonates 
who are above the 90th percentile for birth weight are 
considered large for gestational age (LGA). This is most 
often due to maternal diabetes.

Measurement of head circumference, also known 
as occipitofrontal circumference (OFC), is critical in 
the evaluation of the neonate. Proper measurement is 
illustrated in Figure 6-3. Macrocephaly is defined as a 
head circumference that is greater than two standard 
deviations above the mean for a given age, gender, and 
gestation. It is often a feature of congenital syndromes 
as well as increased intracranial pressure, enlarged 

Heart rate 100–160 beats/min

Respiratory rate 30–60 breaths/min

Blood pressure – diastolic 60–90 mm Hg

Blood pressure – systolic 30–60 mm Hg

Temperature 36.5–37.5oC

TABLE 6-1
Normal Ranges for Vital Signs of the Neonate

BOX 6-1 Calculation of Adequate Mean 
Blood Pressure Using Gestational Age

Gestational age in weeks + 5 = adequate mean 
blood pressure
Example of adequate MBP for a 26 weeks’ gesta-
tion neonate:

26 + 5 = 31 mm Hg
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FIGURE 6-2 Growth chart to plot length and weight. By plotting the weight, the infant was in the 10th percentile at birth. By 3 months of age, 
he has moved to between the 25th and 50th percentile for weight. There are no measurements for length plotted.
Reproduced from Using the WHO growth charts to assess growth in the United States among children ages birth to 2 years. www.cdc.gov/growthcharts/clinical_charts.htm. Published April 15, 
2015. Accessed January 9, 2018.
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sunken or hollowed appearance of the abdominal cav-
ity is described as having a scaphoid abdomen. This is 
highly suggestive of congenital diaphragmatic hernia 
(CDH), a defect in which the diaphragm allows the ab-
dominal contents to enter the chest cavity. CDH com-
promises early lung development, leading to pulmonary 
hypoplasia and persistent pulmonary hypertension. A 
distended abdomen suggests an obstruction, often due 
to meconium ileus.

Abdominal wall defects are usually diagnosed pre-
natally. Gastroschisis is a defect in which the large and 
small intestines protrude or bulge out of the abdominal 
wall, usually to the right of the umbilical cord. The intes-
tines are fully exposed with no membrane covering them 
and may have tissue damage due to having direct con-
tact with the amniotic fluid. It typically affects preterm 
neonates, those who are SGA, and neonates of mothers 
who are younger than 30 years of age and have had few 
pregnancies. An omphalocele occurs when there is an 
opening where the umbilical cord meets the abdominal 
wall and the abdominal contents, typically the intestines, 
liver, and stomach, herniate through the umbilical base. 
Unlike gastroschisis, the herniated organs are covered by 
the membrane that covers the umbilical cord. Neonates 
born with omphaloceles  often have congenital heart 
defects, neural tube defects, or chromosomal anomalies, 
including Trisomy 13, 18, or 21.

Umbilical cord abnormalities are important to note. 
A normal umbilical cord has three blood vessels: two 
umbilical arteries and one umbilical vein, with the vein 
being the larger of the vessels. When the umbilical cord 
has only one artery and one vein, it is referred to as a 
two-vessel cord or a single umbilical artery (SUA). This 
condition occurs in about 1% of pregnancies and is as-
sociated more often with chromosome abnormalities 
and congenital anomalies, with renal anomalies occur-
ring most often.6

Respiratory Assessment
Thoracic assessment of the neonate begins with a gen-
eral overview of the size and shape of the chest and 
evaluation of respiratory effort and work of breathing. 
Findings from this assessment often lead to further 
evaluation and diagnostic testing.

Examination of the Chest
The neonate’s chest is normally symmetric. A small 
chest is suggestive of pulmonary hypoplasia, while 
a barrel chest may be present in neonates with 
air-trapping disorders, such as meconium aspiration 
syndrome. Rib deformities, absence of chest muscle, 
and widely spaced nipples are often associated with 
various syndromes and a genetic consultation is war-
ranted. Common malformations of the sternum 
include pectus excavatum and pectus carinatum. 

FIGURE 6-3 Measurement of head circumference in a neonate.

Head circumference

FIGURE 6-4 Acrocyanosis. Notice the bluish discoloration/cyanosis 
of the neonate’s hands and feet and around the mouth.

Cyanosis

BOX 6-2 Converting Measurements
1 kilogram = 2.2 pounds
1 kilogram = 1000 grams
1 pound = 453.5 grams
1 pound = 16 ounces
1 ounce = 28.35 grams
1 inch = 2.54 cm

take up to 60 minutes.5 If the neonate does not appear 
to be “pinking up,” vigorous stimulation should be ap-
plied. If cyanosis continues, then underlying congenital 
abnormalities should be suspected and a pulse oximeter 
used to evaluate the oxygenation status.

It is normal for jaundice to occur during the 2nd or 
3rd day following delivery and then disappear within 
a week. However, jaundice within the first 24 hours of 
birth is considered abnormal and further evaluation 
is indicated. Yellowish-green staining of the skin or 
fingernails indicates that the neonate was  exposed to 
 meconium-stained amniotic fluid while in utero.

Abdomen
Careful examination of the neonate’s abdomen can de-
tect anomalies, birth injuries, and disorders that often 
result in respiratory compromise. The neonate with a 
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Pectus excavatum, sometimes referred to as funnel 
chest, is the depression of a part or all of the sternum. 
Pectus carinatum is the anterior or outward protru-
sion of the sternum. These conditions normally have 
no clinical significance for the neonate but may have 
implications as the child ages.

Evaluation of Respiratory Distress
Respiratory distress occurs frequently in neonates 
and can quickly progress to respiratory failure if not 
promptly recognized and managed. The clinical signs 
of respiratory distress in the neonate are listed in 
Table 6-2.

Nasal flaring, as illustrated in Figure 6-5, is the 
term used to describe the widening of the nares or 
nostrils with each breath during inspiration. It is a sign 
of respiratory distress and is the result of the neonate 
attempting to move more air through the nares and de-
crease airway resistance.

Grunting is heard during expiration when the neonate 
is breathing against a glottis that is partially closed. This 
increases the functional residual capacity of the lungs, 
causing an increase in pressure at the end of expiration 
and helping maintain alveolar patency. It can vary from 
being mild and only audible with a stethoscope to severe 
where it is audible with the naked ear.  Grunting is com-
monly associated with respiratory distress syndrome 
and other disorders where there is alveolar collapse.

Seen during inspiration, retractions are the inward 
movement or sucking in of the skin covering the chest. 

They may be observed in various areas of the chest, as 
illustrated and described in Figure 6-6. They are caused 
by reduced lung compliance or increased airway resist-
ance. As compliance or resistance worsens in a neonate, 
retractions become more prominent. Retractions are 
more easily observed in neonates as compared to older 
children.

In a normal chest exam, there should be synchro-
nized thoracic and abdominal effort without retractions 
or grunting. Paradoxical respirations are asynchro-
nous respiratory efforts of the thoracic and abdominal 
walls. During inspiration, the chest wall will draw in as 
normal, but the abdominal wall will push out. It is typ-
ically referred to as “seesaw” breathing, and it indicates 
severe respiratory distress. Repositioning the airway 
may be warranted if the neonate appears to be strug-
gling while breathing. Moving the neonate to a supine 
position with the head and neck extended can improve 
respiratory effort.

The Silverman Score, shown in Figure 6-7, is a tool 
used to quantify respiratory distress and lung disease.7 
It has five areas to assess and grade or score the neo-
nate. The lowest grade in each area is a 0, indicating 
minimal, if any, problems, and the highest grade is a 2,  
in which the neonate is having more difficulty. The 
grades given are totaled, and the sum determines the 
degree of respiratory distress: A grade of 0 indicates no 
respiratory distress, while a grade of 7 or more indi-
cates severe distress.

Auscultation of the Chest
Auscultation of the neonate’s chest is an integral part 
of the physical assessment. Because the chest is small, 

Nasal flaring
Grunting
Tachypnea
Retractions

TABLE 6-2
Clinical Signs of Respiratory Distress in the Neonate

FIGURE 6-5 Nasal flaring in which the neonate’s nostrils widen with 
each breath in an attempt to move more air into the lungs. This is a 
clinical sign of respiratory distress.

Normal nostrils Flared nostrils

FIGURE 6-6 Location of retractions observed in a neonate:  
A. Intercostal retractions; B. Subcostal retractions; C. Substernal 
retractions; and D. Suprasternal retractions. 

A

B B

C

D

Respiratory Assessment 69



sounds can be easily transmitted from one area to an-
other. Breath sounds should be compared between the 
right and left lungs. Asymmetric or diminished breath 
sounds are indicative of various disorders, including 
but not limited to respiratory distress syndrome, pneu-
mothorax, pneumonia, and meconium aspiration syn-
drome. Rhonchi are coarse breath sounds heard over the 
large airways and usually indicate that the neonate needs 
to be suctioned. An airway obstruction resulting from 
excessive oral secretions during delivery may be present, 
requiring the use of bulb suction and/or wall suction to 
remove the fluid and clear the neonate’s airway. Large 
amounts of secretions may have been swallowed, and 
the need to monitor for further respiratory compromise 
should be done. Wheezes emit from the smaller airways 
and are commonly heard during the expiratory phase. 
Rales or crackles are caused by air moving through fluid 
in the smaller airways and alveoli are not uncommon 
shortly after birth. Stridor is a high-pitched inspiratory 
sound that is audible by stethoscope or ear. It usually in-
dicates an upper airway obstruction.

Chest Radiograph
A chest radiograph may be necessary to assist in the diag-
nosis of a neonate with respiratory distress. Examination 
of the lung fields can reveal lung processes, such as paren-
chymal lung disease or pneumonia, and lung abnormali-
ties, including pulmonary hypoplasia due to  congenital 
diaphragmatic hernia. The size and shape of the heart 
may also be assessed to rule out or confirm congenital 
heart disease. Locations of the stomach, liver, and heart 
are noted to rule out dextrocardia and situs inversus.

Cardiovascular Assessment
A neonate with respiratory distress who rapidly dete-
riorates often has an underlying cardiac disorder. As-
sessing cardiovascular function is critical in identifying 
life-threatening congenital heart defects and providing 
treatment. Areas of focus include the intensity and tim-
ing of upper and lower extremity pulses, capillary refill, 
preductal and postductal oxygen saturation, and mea-
surement of blood pressure in all four extremities.

FIGURE 6-7 Silverman scoring system to evaluate the degree of respiratory distress. Following assessment, the grades are totaled with the sum 
determining the degree of respiratory distress: 0 = no distress, 1 to 3 = mild distress, 4 to 6 = moderate distress, 7 to 10 = severe distress.
Data from Silverman WA, Anderson DH. A controlled clinical trial of effects of water mist on obstructive respiratory signs, death rate and necropsy findings among premature infants.  
Pediatrics. 1956;17:1–6.
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Cardiac Murmurs
A heart murmur is due to turbulent blood flow in or 
around the heart. They are a common finding in neo-
nates and usually resolve within the first 48 hours fol-
lowing birth. Murmurs are evaluated for their intensity 
or loudness, with descriptions that range from barely 
audible, soft, loud, to loud enough to hear with the 
stethoscope off of the chest. They are also evaluated for 
their timing in the cardiac cycle. Systolic murmurs are 
associated with ventricular ejection, usually benign, and 
due to the turbulent blood flow that occurs with the 
closure of fetal shunts at birth. When they are accompa-
nied by normal oxygen saturation and no abnormal clin-
ical findings, no further workup is required. Diastolic 
murmurs occur during ventricular relaxation and filling 
and are due to abnormal flow patterns in the heart and 
vessels. Continuous murmurs occur throughout the car-
diac cycle, both during contraction and relaxation of the 
heart. Both diastolic and continuous murmurs are most 
often associated with congenital heart defects. There 
may be multiple murmurs heard when a neonate has 
a combination of heart defects. Regardless of the type 
of murmur, further testing is required if the neonate 
presents with cyanosis, respiratory distress, or signs of 
cardiovascular compromise. It is important to note that 
not all neonates with a heart murmur have a congenital 
heart lesion. Likewise, the absence of a heart murmur 
does not necessarily rule out congenital heart disease.

Peripheral Pulses
The axillary, radial, brachial, femoral, and posterior 
tibial pulses are palpated to assess for rate, regularity, 
and character. Weak or absent pulses are a sign of in-
adequate perfusion due to the reduced cardiac output 
that occurs in shock or hypotension. Certain congenital 
heart defects, such as aortic stenosis and hypoplastic 
left heart syndrome, also present with weak or absent 
pulses. Bounding peripheral pulses are often found with 
a patent ductus arteriosus or in right-to-left shunt de-
fects that result in fluid volume overload in the systemic 
circuit. A pulse that is more prominent in the arm than 
the leg is associated with coarctation of the aorta.

Capillary Refill Time
Capillary refill time is a widely accepted method to 
assess cardiac output and peripheral circulation in a 
neonate. It is checked by pressing on the skin over the 
chest or an extremity just until the area blanches, then 
counting the number of seconds it takes until the color 
returns. Normal capillary refill time in neonates is fewer 
than 3 seconds. Several conditions can cause a delay in 
refill time, including hypoxia, sepsis, shock, dehydra-
tion, and reduced cardiac output.

Preductal and Postductal Oxygen Saturation
Obtaining preductal and postductal oxygen saturation 
measurements can provide information about blood 
shunting and help determine the need for further car-
diac evaluation. A pulse oximeter probe placed on the 
neonate’s right hand is measuring oxygen saturation 
proximal to the aortic opening of the ductus arteriosus. 
This is considered to be a preductal measurement—the 
blood has left the heart but has not reached the ductus 
arteriosus in the aorta. Placing a pulse oximeter probe 
on the neonate’s left hand or either foot measures oxygen 
saturation distal to the aortic opening of the ductus arte-
riosus—a postductal measurement. Simultaneous mea-
surement of preductal and postductal oxygen saturation, 
as illustrated in Figure 6-8, allows detection of ductal 
shunting, which is present with congenital heart defects. 
A preductal saturation that is higher than the postductal 
saturation is indicative of left heart abnormalities that 
include coarctation of the aorta, aortic stenosis, and in-
terrupted aortic arch. It is also found in the normal heart 
with persistent pulmonary hypertension. In a neonate 
with transposition of the great arteries, the postductal 
saturations are higher than the preductal saturations.

Neurologic Assessment
The neurologic assessment is usually completed along-
side the physical assessment. It includes observation 
of the neonate’s alertness, activity, and tone as well as 
response to stimuli. Alertness depends upon several 
factors, including gestational age, maternal exposure 

FIGURE 6-8 Placement of pulse oximeter probes for monitoring preductal and postductal oxygen saturation.
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to anesthesia or narcotics during labor, prenatal ex-
posure to drugs, placental insufficiency, and infection. 
Observing how neonates spontaneously open their 
eyes and move their faces and extremities helps de-
termine their level of alertness. Neonates will respond 
to bright lights by shutting their eyes tightly, although 
this is highly dependent upon age. The neonate’s 
response to stimuli should be determined, noting 
whether the response is appropriate or if the neonate 
is irritable or lethargic. An irritable neonate is agitated 
and cries and is unable to be soothed with even mini-
mal stimulation, which is often seen with hypoglyce-
mia or drug withdrawal. A lethargic neonate is unable 
to remain alert.

Movement of all extremities and symmetry and 
smoothness of the movement is important to note 
during assessment. Extremity weakness may in-
dicate a difficult birth or neurologic impairment. 
Normal-toned neonates can easily be picked up with 
adult hands placed under the armpits. The arms and 
legs will flex and the neonate will maintain the flexed 
position when at rest. Neonates who are hypotonic are 
more difficult to pick up when adult hands are placed 
under their armpits because the arms do not stay 
flexed, causing the neonate to slip through the hands. 
Hypotonia often indicates hemorrhage, encepha-
lopathy, sepsis, metabolic imbalance, or congenital 
anomalies.

Reflex presence and strength are important signs 
of neurologic development and brainstem function. 
To assess the Moro reflex, the neonate is held and the 
head allowed to drop slightly but suddenly. A normal 
response is for the neonate to be startled, with the 
arms extended and abducted outward and the palms 
open. This is quickly followed by the neonate bring-
ing the arms inward in an embracing posture with the 
hands clenched into fists and is often associated with 
a momentary cry. A Moro reflex that is depressed or 
asymmetric is abnormal and often indicates a brachial 
plexus injury or fractured clavicle due to birth trauma. 
The grasp reflex is tested by placing a finger in the 
neonate’s open palm. A normal response is for the 
neonate’s hand to close around the finger and the grasp 
tightened when the finger is moved within the palm. 
An abnormal grasp reflex may also indicate injury to 
the brachial plexus. A rooting reflex occurs when the 
cheek is stroked and the neonate turns toward the 
stroked side and begins making sucking motions. This 
is a normal reflex that is present until about 4 months 
of age.

Diagnostic Tests
The public health program in the United States man-
dates that newborns be screened for congenital disor-
ders. The tests screen for genetic disorders that may 
not be apparent at birth but if not detected soon can 

lead to severe illness, chronic disability, or death. These 
include sickle cell anemia, hemoglobinopathies, phenyl-
ketonuria (PKU), galactosemia, and cystic fibrosis. The 
newborn screen can provide early detection of treatable 
diseases before symptoms occur, lead to treatment that 
can prevent serious problems, such as severe develop-
mental delay or death, and detect carriers of certain 
genetic disorders.8

A complete blood count (CBC) is often obtained to 
evaluate the neonate for anemia, infection, or throm-
bocytopenia. The CBC may be obtained through a 
capillary, venous, or arterial sample. The maternal and 
perinatal history assessment must be included when 
interpreting the results of a CBC. The red blood cell 
(RBC) count is a measurement of the number of cir-
culating erythrocytes. Anemia and polycythemia can 
be identified by evaluating the RBC count. Neonatal 
anemia can be caused by acute or chronic blood loss, 
decreased erythrocyte production, increased eryth-
rocyte destruction, or shortened erythrocyte survival. 
Polycythemia is present when the venous hematocrit is 
greater than 65%. Symptoms include lethargy, irritability, 
and hypotonia.9

Leukocytes, or white blood cells (WBC), are the 
neonate’s primary defense system against foreign or-
ganisms, tissues, and substances. An elevated WBC is 
known as leukocytosis and may indicate infections or 
leukemia. A decreased WBC, referred to as leukopenia, 
may indicate a viral or bacterial infection. It also occurs 
in neonates born to a mother with pregnancy-induced 
hypertension (PIH). Neutrophils are the predominant 
WBC type circulating in the blood. They defend the 
body by phagocytosis. Neutrophilia, which is an in-
crease in the number of neutrophils in the blood, is the 
result of inflammation, certain malignancies, or the 
presence of corticosteroids. Neutropenia, a decrease in 
the neutrophil count, results from infection, impaired 
bone marrow production, or abnormal distribution 
and is indicative of neonatal sepsis. It is also associated 
with PIH, birth asphyxia, intrauterine growth restric-
tion (IUGR), Rh hemolytic disease, and periventricular 
hemorrhage.

Thrombocytes, or platelets, are responsible for 
coagulation, hemostasis, and blood thrombus forma-
tion. One of the most common hematologic prob-
lems of the neonate is thrombocytopenia, or reduced 
platelets. It is caused by the decreased production 
or increased destruction, sequestration, or loss of 
platelets. Table 6-3 lists conditions associated with 
thrombocytopenia in the neonate. Thrombocytosis is 
rare and may be physiologic or caused by infection, 
inflammation, iron or vitamin E deficiency, congenital 
neoplasms, Down syndrome, or congenital adrenal 
hyperplasia.9

In the critically ill neonate, laboratory testing is 
directed toward a suspected etiology. However, in 
 neonates in which there is no clear etiology, a battery 
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of tests are conducted to assist in determining the 
diagnosis and treatment. Table 6-4 lists the tests 
typically conducted in the laboratory workup of a 
critically ill neonate.10 It is important to note that the 
blood loss that occurs during laboratory testing is 
the primary cause of anemia during the first weeks 
immediately after birth, especially in the very low 

Sepsis, bacterial and viral
Disseminating intravascular coagulation (DIC)
Necrotizing enterocolitis
Persistent pulmonary hypertension of the newborn (PPHN)
Erythroblastosis fetalis
Polycythemia
Congenital infections
Congenital anomalies and syndromes
Neonatal alloimmune thrombocytopenia
Maternal immune thrombocytopenic purpura
Preeclampsia

TABLE 6-3
Conditions Associated with Thrombocytopenia  
in the Neonate

Complete blood count (CBC) with differential
Electrolytes
Blood glucose
Ionized calcium
Blood culture
Urine culture
Urinalysis, including organic acids and ketones
Blood urea nitrogen
Creatinine
Arterial blood gas 
Magnesium
Phosphorus
Blood ammonia
Lactate
Pyruvate
Cerebrospinal fluid 

TABLE 6-4
Laboratory Tests for Assessment of the Critically Ill 
Neonate

Case Study 1
A 2000 gram male infant was delivered at 34 weeks’ 
gestational age by cesarean section due to breech 
presentation, premature labor, and rupture of mem-
branes. On physical examination the infant was 
non-dysmorphic, appeared vigorous, had spontaneous 
respirations, and the skin was pink and well perfused. 
Apgar scores were 7 and 9 at 1 and 5 minutes, re-
spectively. One hour after admission to the neonatal 
intensive care unit, the infant developed tachypnea 
and nasal flaring with moderate subcostal and sub-
sternal retractions. Bronchial breath sounds that were 
slightly diminished in intensity were present. Analysis 
of umbilical arterial blood revealed a pH of 7.37, a PaO2 
of 50 mm Hg, and a PaCO2 of 30 mm Hg. To improve 
work of breathing, continuous positive airway pres-
sure (CPAP) of + 6 cm H2O was initiated via nasal 
prongs. One hour later the infant’s vital signs were as 
follows: temperature 37.6°C under radiant heat, blood 

pressure 60/42 mm Hg, heart rate 130 beats per min-
ute, oxygen saturation 94% to 96% while breathing 
40% oxygen with CPAP, and blood glucose 70 mg/dL. 
The remainder of the examination was normal for the 
gestational age. 

The infant’s respiratory status gradually improved, 
and over the next 3 days he was weaned from CPAP 
and transitioned to a nasal cannula and then to room 
air. Two days later, the infant was discharged home.

1. What are important components of the initial 
neonatal assessment?

2. What was concerning about this patient’s res-
piratory status, and what should the healthcare 
team continue to monitor?

3. What intervention would you consider if the 
CPAP + 6 did not improve the infant’s work of 
breathing? 

Case Study 2
A 3070 gram female infant was delivered via cesarean 
section at 39 weeks’ gestational age for failure to 
progress. Apgar scores were 7 and 8 at 2 and 5 min-
utes, respectively. The infant was admitted briefly to 

the neonatal intensive care unit for a sepsis evaluation 
due to suspected maternal chorioamnionitis where 
she received antibiotics as treatment. On day 3 of life, 
the infant developed respiratory distress with marked 

(continues)

birthweight neonate. Although multiple laboratory 
tests may be necessary, it is essential to remain aware 
of the amount of blood being sampled and to avoid ex-
cessive blood draws.
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OBJECTIVES
1. List the key elements needed to prepare for a high-risk 

delivery.
2. Describe the equipment needed to achieve and maintain  

a patent airway and to support ventilation following  
delivery.

3. Explain methods of preventing heat loss during stabilization 
of an infant following birth.

4. Describe how an Apgar score is assigned.
5. Discuss the importance of judicial oxygen use in the 

delivery room following birth.
6. Explain the role of CPAP during stabilization of  

a newborn.
7. List the indications for bag-mask ventilation.
8. Explain the method for selecting the appropriate-sized 

endotracheal tube during resuscitation.
9. Describe the two methods for performing chest 

compressions.
10. List the routes for emergency medication administration.
11. List the indications for epinephrine and volume  

expanders.
12. Explain the components of postresuscitative care.
13. List the ethical considerations related to resuscitation of  

a newborn. 

KEY TERMS
acrocyanosis
Apgar score
chest compressions
epinephrine
intraosseous (IO)

sniffing position
STABLE
umbilical venous 

catheter (UVC)
volume expander

Neonatal Stabilization 
and Resuscitation

Steven Sittig
Teresa A. Volsko
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Introduction
In 2013, there were approximately 448,265 premature 
births, accounting for 11.4% of the total births in the 
United States for that year.1 According to the American 
Heart Association, approximately 10% of newborns re-
quire some type of intervention at birth to initiate spon-
taneous respirations, fewer than 1% require extensive 
resuscitation,2 and a significant number may require 
some degree of resuscitation.3 Three screening ques-
tions may be useful in identifying whether a newborn 
will require delivery room resuscitation:

■■ Is the newborn term or 40 weeks’ gestation?
■■ Does the newborn have good tone?
■■ Is the newborn breathing or crying?

If the answer to all three questions is yes, there is 
generally no need for resuscitation and routine care (the 
infant is dried, placed skin to skin with the mother, and 
covered with dry linen to maintain a normal tempera-
ture) can be provided in the delivery room. Observation 
of breathing, activity, and color must be ongoing.

If the answer to any of these assessment questions 
is no, then the infant should be moved to a radiant 
warmer to receive initial stabilization and care. In the 
event resuscitation is required, a well-trained and spe-
cially equipped team must be available at all times to 
attend at-risk deliveries or deliveries where more than 
routine care is anticipated.

A maternal history may help predict the need for 
resuscitation in the delivery room. Perinatal asphyxia 
and extreme prematurity are the two complications of 
pregnancy that most frequently necessitate complex 
resuscitation by skilled personnel. However, only 60% 
of asphyxiated newborns can be predicted antepartum, 
with the remaining newborns identified at the time of 
birth. Birthweight is another predictor of the need for 
resuscitation: Nearly 80% of low-birthweight infants re-
quire resuscitation and stabilization at delivery.4

Preparing for a High-Risk Delivery
Preparing for a high-risk delivery, or the delivery of an 
infant who may require more than routine care, pro-
vides the direct care team with all of the tools needed to 
work effectively together. Preparation involves ensuring 
the following: (1) that a team skilled in neonatal assess-
ment and resuscitation is present to provide care;  
(2) that equipment essential to assess, intervene, and 
stabilize the patient is available for use; and (3) that es-
sential equipment is functioning properly.5

Environmental Preparation
During the transition from intra- to extrauterine life, 
the infant will be covered with amniotic fluid, or the 
fluid that supported the infant in utero. This wet infant, 
taking their first breaths, does not have the physiologic 

capabilities to keep warm. Specifically, infants have a 
limited amount of subcutaneous fat and an increased 
surface-area-to-weight ratio, which contributes to rapid 
heat loss. Additionally, infants are not effectively able to 
shiver. These capabilities are even more limited when 
the infant is born prematurely. Therefore, it is important 
to assess and provide care to an infant in an environ-
ment that will minimize hypothermia.

A radiant warmer provides a stable surface upon 
which to evaluate and provide care to the patient in a 
warm environment. Performance steps related to envi-
ronmental preparation include preheating the radiant 
warmer and gathering and laying out towels or blankets 
to dry the infant. The temperature for a radiant warmer 
is generally set at 35.6ºC and adjusted after the infant is 
dried and their temperature assessed.

A clock or timer mounted to or near the radiant 
warmer is helpful for timing assessments and interven-
tions and tracking the length of time resuscitation ef-
forts are employed. A cardiorespiratory monitor and 
pulse oximeter provide noninvasive assessment of vital 
signs and oxygenation status.

Equipment and Supplies
Equipment and supplies needed to secure and maintain 
a patient airway and support ventilation must be readily 
available and assessed to ensure proper working order. 
It is much easier to troubleshoot an equipment mal-
function before it is needed for use; ensuring the equip-
ment is available and working properly avoids delays in 
care and the risk of adverse events. Although less fre-
quently used, vascular access supplies and medications 
to support resuscitation efforts during collapse must 
also be readily available.

Suction
Suction equipment and supplies are instrumental to 
clearing the airway. A bulb syringe may be helpful for 
clearing visible secretions form the nares and orophar-
ynx. A mechanical suction source, secretion collection 
canister, and suction catheters should also be readily 
available and tested to ensure proper function. If the 
suction apparatus has intermittent and continuous 
modes available for use, select the “continuous” mode. 
Evaluate the negative pressure of the suction appara-
tus by occluding the end suction tubing used to attach 
a suction catheter. While occluded, suction pressure 
should range between 80 and 100 mm Hg, and pressure 
should return to 0 when the occluded end of the tubing 
is released. Table 7-1 provides a complete list of suction 
supplies.

Ventilation Equipment
Equipment should be available to assess breathing 
and to provide assisted ventilation if needed. Devices 
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Type of Equipment Supplies

Bulb syringe

Mechanical suction

Suction source
Electrically powered device
Wall suction with regulator

Supplies
Canister and connector tubing

Suction catheters 
5 or 6 F, 8 F, 10 F, 12 or 14 F

Meconium aspirator  

TABLE 7-1
Suction Equipment and Supplies

may require manual use, or they can be automati-
cally programmed to deliver a set pressure and FiO2. 
Flow-inflating, self-inflating, or T-piece resuscitators 
can be used in the delivery room. It is important to 
factor in the skill levels of care providers when select-
ing the type of resuscitator used, as some require more 
training and finesse for use. Regardless of the type of re-
suscitator selected, all staff responsible for the care of an 
infant in the delivery room must have adequate training 
in the use of the device.

Flow-inflating resuscitators lack a nonrebreathing 
valve and are capable of providing free-flow oxygen, 
assisted ventilation, or continuous positive airway pres-
sure (CPAP). Flow-inflating bags require an oxygen 
source to function, while self-inflating resuscitators, or 
bag-valve resuscitators, incorporate a nonrebreathing 
valve between the patient connector and self-inflating 
compressible unit. Although an oxygen source is not re-
quired for this device to function, supplemental oxygen 
is required during resuscitation. The nonrebreathing 
valve prevents the delivery of free-flow oxygen or CPAP 
to an infant. When needed, a different device or oxy-
gen tubing connected to a source gas must be used to 
provide CPAP or free-flow oxygen, respectively, to the 
infant.

An oxygen blender should be available to provide 
variable concentrations of oxygen to the manual resus-
citators or to connect to tubing, to provide free-flow 
oxygen, if needed. A T-piece resuscitator connects to a 
high-pressure oxygen source and has an adjustable FiO2. 
Small-bore tubing and a source must be available to 
provide free-flow oxygen if a self-inflating resuscitator is 
used to provide ventilation.

A T-piece resuscitator has an adjustable pressure 
setting and can provide positive pressure ventilation, 
CPAP, or free-flow oxygen to the patient. There are two 
types of T-piece resuscitators to choose from; both the 
Neo-Tee Infant T-Piece Resuscitator (Mercury Medi-
cal, Clearwater, FL) and the Neopuff Infant T-Piece 
Resuscitator (Fisher & Paykel Healthcare, East Tamaki, 
New Zealand) connect directly to an oxygen flowmeter. 

These devices have an adjustable pressure setting and 
manometer built in to monitor delivered pressures dur-
ing manual ventilation or CPAP. Table 7-2 compares the 
three most common devices used in a delivery room to 
provide oxygen and ventilatory support.

Resuscitation masks are available in a variety of sizes 
to accommodate the facial size of a range of infants. 
One of each size—small, medium, and large—should 
be available for use. Table 7-3 lists the equipment re-
quired to provide oxygen and to assess and support 
ventilation.

Intubation Equipment
Although equipment used to establish and maintain 
an airway may not be needed, it is important to antici-
pate and plan for its use. In addition to a laryngoscope, 
blades, and an artificial airway or endotracheal tube 
(ETT), it is important to have supplies to verify tracheal 
placement and to secure the ETT. Table 7-4 outlines the 
equipment needed to perform and support postintuba-
tion care. The availability of disposable laryngoscope 
blades and handles may minimize the need to have 
extra bulbs for the blades or batteries for the handle on 
hand.

Vascular Access Supplies
It may be necessary to administer medications to an 
infant in cardiopulmonary collapse. The umbilical vein 
provides an accessible vessel for cannulation; the equip-
ment necessary to catheterize and secure umbilical ves-
sels is found in Table 7-5.

Resuscitative Drugs
A small number of medications need to be readily avail-
able for resuscitation in the delivery room. Table 7-6 
lists these medications, along with the rationale for their 
use and concentrations. The list is limited to medica-
tions that increase the rate and force of cardiac contrac-
tions, reverse narcotic-induced respiratory failure, and 
treat hypovolemia.

Transport Equipment
Following delivery room care or resuscitation, infants 
needing more than routine postnatal care require 
a vehicle for transport to a special care or neonatal 
intensive care unit. Either a transport isolette or a 
radiant warmer with a transport trolley can be used. 
During equipment preparation, the compressed gas 
source must be assessed to ensure an adequate gas sup-
ply is available for use. The units should also contain 
a cardiorespiratory monitor and pulse oximeter. The 
transport device should be connected to an electrical 
outlet, turned on, and warmed to minimize heat loss 
and prevent hypothermia during transport to a defini-
tive care unit.
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Feature

Type of Resuscitator

Self-Inflating Flow-Inflating T-Piece

Requires a gas source to 
function

No Yes Yes

Delivers exact 
concentrations of oxygen 
from the blended gas 
source

No Yes Yes

Monitors delivered 
pressures with a built-in 
manometer

Not all brands Not all brands Yes

Delivers free-flow oxygen No Yes Yes

Provides reliable control of 
peak inspiratory pressure 
(PIP) and positive end-
expiratory pressure (PEEP)

No No Yes

Provides CPAP No Yes Yes

Requires a proprietary 
circuit to connect to the 
mask or endotracheal tube

No No Yes

Requires ventilating 
pressures to be set  
before use

No No Yes

TABLE 7-2
Equipment Used to Achieve and Maintain Ventilatory Support

Courtesy of SunMed. Courtesy of SunMed.

Courtesy of Fisher & Paykel Healthcare.

Courtesy of Mercury Medical.
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Equipment Specifications

Laryngoscope 
and blades

Number 00 for micro-preterm infants
Number 0 blade for preterm infants
Number 1 blade for term infants

Endotracheal 
tubes (mm 
internal diameter)

2.5
3.0
3.5
4.0

CO2 detector Colormetric device
Capnography

ETT-securing 
device

Tape
Commercially available ETT-securing device

Laryngeal mask 
airway

Sizes vary by brand and manufacturer

Ancillary supplies Scissors
Alcohol wipes
Extra batteries (for the laryngoscope handle)
Extra bulbs if nonfiberoptic blades are used

TABLE 7-4
Equipment and Supplies Needed for  
Endotracheal Intubation

Equipment Type Rationale for Use

Stethoscope Auscultate the presence and characteristics of breath sounds

Blender Provides precise FiO2 control

Oxygen tubing For delivery of free-flow oxygen when a self-inflating resuscitator is available for use

Flow-inflating, self-inflating, or T-piece resuscitator
Appropriate-size resuscitation bag has a volume of 
450–750 mL

Provide ventilatory assistance
Flow-inflating and T-piece resuscitators also provide CPAP and free-flow oxygen

Resuscitation mask Provides a patient interface to facilitate resuscitator use

8 F feeding tube and 20-mL syringe Allows for decompression of the stomach during ventilatory support with a 
resuscitator and mask

TABLE 7-3
Equipment Required to Provide Oxygen, Assess, and Ventilate an Infant in the Delivery Room

Sterile gloves

Scalpel

Scissors

Antiseptic solution to prepare the skin

Umbilical catheters (sized 3.5 and 5.0 F)

Three-way stop cock

Syringes of various sizes (1, 3, 5, 10, 20, and 50 mL)

Needles and IV tubing or a needleless tubing set

Umbilical tape

TABLE 7-5
Umbilical Vessel Catheterization Supply List

Neonatal Stabilization
A detailed perinatal history is helpful in determining the 
need for intervention in the delivery room. Chapter 5 
reviews the maternal risk factors that compromise the 
health of an infant at birth. There may be occasions 
where there is insufficient time to collect a detailed ma-
ternal history, or a detailed history cannot be obtained. 
Information regarding the approximate gestational age 
of the infant, length of time membranes were ruptured, 
administration of antenatal steroids, presence (oligohy-
dramnios, polyhydramnios) and characteristics of the 
amniotic fluid (foul smelling, meconium stained, etc.), 
and number of infants to be delivered helps the direct 
care team anticipate the interventions needed.

The initial steps, outlined next, are listed separately. 
However, it is important to note that care to the in-
fant should be provided as a continuous, coordinated 
process.

Preventing Heat Loss and Cold Stress
Providing warmth is the first step in an infant’s resus-
citation. The infant should be placed on a preheated 
radiant warmer to help prevent heat loss and to allow 
the resuscitation team the ability to constantly assess 
the infant. Preventing heat loss in the newborn is vital 
because cold stress can increase oxygen consumption 
and impede effective resuscitation.6,7 Hypothermia also 
contributes to perinatal respiratory depression.8,9 The 
temperature of newly born, nonasphyxiated infants 
should be maintained between 36.5°C and 37.5°C after 
birth during resuscitation or stabilization.10,11

Warmed blankets or towels used to dry the infant 
should be quickly removed, as wet linen contributes to 
heat loss. Polyethylene bags may be used as an additional 
measure to reduce the risk of heat loss and mortality 
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in infants weighing less than 1500 grams.12 Exothermic 
mattresses or warming mattresses can also be used to 
reduce the risk of heat loss. However, the literature re-
ports that the use of a warming mattress in conjunction 
with a polyethylene bag does not improve outcomes; 
rather, more infants had body temperatures outside the 
target range of 36.5 and 37.5°C when a warming mat-
tress was used in addition to a polyethylene bag.13

Continuous temperature monitoring is important to 
the ongoing care of the infant. This can be accomplished 
through serial axillary temperature readings or a skin 
temperature monitoring system connected to the radi-
ant warmer. Many radiant warmers have systems to au-
tomatically control the heat output of the warmer based 
on the infant’s skin temperature.

Securing and Maintaining a Patent Airway
Assessing the respiratory status is an important element 
of care. Properly positioning the infant on the warming 
table is a crucial first step. Achieving and securing a pat-
ent airway and maintaining adequate ventilation may 
minimize the need for additional resuscitative efforts.

Positioning to Prevent Airway Obstruction
The infant should be positioned supine with the neck 
slightly extended, as illustrated in Figure 7-1. The 
sniffing position, or positioning the infant supine with 
the neck slightly extended, aligns the posterior phar-
ynx, larynx, and trachea. This position prevents airway 
obstruction and facilitates the initiation of assisted ven-
tilation if needed. Neck flexion or hyperextension may 
partially or fully restrict air from entering the trachea 
from the upper airway.

Visual inspection of the infant’s face and neck 
will identify craniofacial conditions that may make it 
challenging to achieve and maintain a patent airway 
(Figure 7-2). Infants with macroglossia or large tongues 
are prone to airway obstruction, as the tongue may in-
herently obstruct air from moving into the trachea by 
virtue of its size. Infants with Pierre Robin syndrome 

FIGURE 7-1 Comparison of head positions in infants. (A) Correct or 
sniffing position. (B) Incorrect position showing hyperextension and 
flexion.

Neck underextended Neck hyperextended

Neck slightly extended

Drug Class/Description Medication Use Preparation

Adrenergic agonist Epinephrine Increase rate and force of cardiac contractions Ampules (3 or 5 mL) of 
a 1:10,000 solution

 Isotonic saline solution Normal saline
(0.9% NaCl)

Treat hypovolemia from indirect blood loss
Intravenous flush

250 mL

Crystalloid balanced 
electrolyte solution 

Lactated Ringer’s Treat hypovolemia from indirect blood loss
Replenish electrolytes

250 mL

Opioid antagonist Naloxone To reverse narcotic-induced respiratory depression
Used in the postresuscitation phase, if needed

1 mg/mL

TABLE 7-6
Resuscitative Drugs

have a short chin and a posteriorly positioned trachea, 
making it difficult to align the upper airway structures 
and trachea and minimize airway obstruction. Although 
airway obstruction may not be a concern with an infant 
with a cleft palate, it may be more difficult to provide 
supplemental oxygen or ventilatory support. Ineffective 
respiratory effort may be a sign of airway obstruction. 
Caregivers should reposition the infant’s head and reas-
sess respiratory effort.

Clearing Airway Secretions
Amniotic fluid, secretions, and, in some instances, me-
conium must be cleared from the upper airway. A bulb 
syringe or suction catheter can be used to gently clear 
the airway and to prevent airway obstruction or aspira-
tion. Secretions in the mouth should be cleared first, 
followed by suctioning of the nares (Figure 7-3). When 
using a suction catheter, vacuum pressures should 
not exceed 100 mm Hg.2 To avoid laryngeal spasms, 
 bradycardia, pharyngeal or laryngeal epithelial injury,  
or atelectasis, limit the time of each suction pass to  

(A)

(B)
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3 to 5 seconds. The American Heart Association and 
the American Academy of Pediatrics made substantial 
changes to suctioning and airway management guide-
lines for neonatal resuscitation based on available evi-
dence in the literature. The changes were based on the 
lack of evidence to support the benefit of some routine 
suctioning practices in the delivery room. Routine intra-
partum suctioning and intubation to suction secretions 
for nonvigorous infants is no longer recommended.2

Should the infant require direct laryngotracheal suc-
tioning, intubate the trachea with an ETT and directly 
apply suction to the ETT. There are commercially avail-
able adaptors that enable the suction source to easily at-
tach to the ETT. Figure 7-4 illustrates how a meconium 
aspirator adaptor can be used to connect the tubing 
from the suction source to the ETT. The meconium 

FIGURE 7-3 Suctioning with a bulb syringe gently removes 
secretions and amniotic fluid from the airway.
© Voorheis/iStock/Getty Images Plus.

FIGURE 7-2 Conditions that make it challenging to secure and maintain a patent airway. (A) Macroglossia. (B) Pierre Robin Syndrome.  
(C) Cleft palate. 
(A) Courtesy of Cleft and Craniofacial Center at Cincinnati Children’s Hospital Medical Center; (B) Sesenna E, Magri A, Magnani C, Brevi B, and Anghinoni M. Mandibular distraction in neonates: 
Indications, techniques, results. Italian Journal of Pediatrics. 2012;38:7. Courtesy of Dr. E. Sesenna; (C) © PeopleImages/iStock/Getty Images Plus.

(A) (B)

(C)
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FIGURE 7-4 A meconium aspiratory adaptor can be used to connect 
the ETT to the suction tubing from the suction source.
Courtesy of Neotech Products.

aspirator adaptor has an opening that, when occluded 
by the thumb, applies suction pressure to the airway. 
Vagal stimulation can occur during suctioning, so it is 
important to closely monitor the infant’s heart rate.

Assessing the Neonate
Assessment of an infant during the transition to extra-
uterine provides caregivers with the information needed 
to direct care. Primary evaluation of an infant following 
delivery consists of appraising respiratory effort, heart 
rate, and skin color.

Respiratory Effort
Evaluation of the infant’s respiratory effort is also an 
ongoing process. Assess the rate, depth, and ease of 
respiratory effort. When ineffective respiratory efforts 
are noted, reposition the infant’s head and neck to a 
sniffing position. Mild stimulation may be needed to 
increase the rate and depth of respiration by rubbing 
the infant’s back or flicking the bottom of the feet. How-
ever, it should not be necessary to continue to stimulate 
an infant in order to restore a normal respiratory rate. 
Infants requiring stimulation only to restore a normal 
or near-normal respiratory rate will respond quickly; 
therefore, provide stimulation for a maximum of two 
efforts. Infants with apnea, frequent apneic spells, or 
gasping respiratory efforts require assisted ventilation 
to reduce hypoxemia during their transition to extra-
uterine life.2 After birth, infants with ineffective respira-
tory rate and effort will seldom have a heart rate within 
the normal range.

Heart Rate
The heart rate can be assessed several ways: (1) lightly 
grasping the base of the umbilical cord and feeling for a 

pulse, (2) listening over the heart with a stethoscope for 
the heartbeat, or (3) palpating the brachial or femoral 
pulse. An infant should have a heart rate faster than  
100 beats per minute.

However, if the heart rate is less than 100 beats per 
minute, initiate positive pressure ventilation with a 
T-piece resuscitator or bag and mask.2 External cardiac 
compressions and positive pressure ventilation are re-
quired for infants with a heart rate of fewer than  
60 beats per minute.2

Skin Color
During the first few breaths after birth, the infant’s cir-
culatory system will transition from fetal circulation. 
As the lungs begin to provide oxygen to the blood sup-
plied systemically, changes in the color of the newborn 
infant’s skin from a bluish to pinkish color will occur. 
Assessing an infant’s central perfusion can be accom-
plished by examining the color of the mucous mem-
branes: An uncompromised newborn infant will have 
pink mucous membranes, while central cyanosis or a 
bluish color of the face, trunk, and mucous membranes 
is a sign of tissue hypoxemia.

Often, for the first few minutes of life, acrocyanosis, 
or a bluish color of the hands and feet, is present. 
 Acrocyanosis is usually a normal finding at birth caused 
by decreased extremity circulation and is not a reliable 
indicator of low oxygen levels. However, it may indicate 
other conditions, such as cold stress. Continuous nonin-
vasive monitoring can be helpful; noninvasive tempera-
ture monitoring can alert clinicians to cold stress and 
provides additional data to differentiate a normal from 
an abnormal finding, such as in the case of acrocyano-
sis. Pulse oximetry is a reliable method of assessing oxy-
genation in the delivery room and is an adjunct to the 
skin assessment for signs of central cyanosis.

Apgar Score
The Apgar score, first described in the early 1950s, 
is the oldest and most commonly used assessment 
tool for the evaluation of the newborn in the delivery 
room.14 This scoring system evaluates the presence and 
characteristics of five parameters: heart rate, respira-
tory rate, skin color, reflex irritability, and muscle tone 
(Table 7-7). Total scores range from 0 to 10. The score 
was designed to provide a systematic way to evaluate 
newborns and to guide clinical care. Infants with lower 
scores, such as scores less than 5, require more rigorous 
clinical intervention. The first score is assigned at  
1 minute of age, and the newborn is rescored at 5 minutes 
of age to evaluate their ability to adapt to extrauterine 
life. Infants scoring less than 7 at 5 minutes of age are 
generally reassessed every 5 minutes until a score of 7 
or greater is obtained.

Infants who are significantly compromised at birth 
require prompt intervention. It is important to note that 

82 CHAPTER 7 Neonatal Stabilization and Resuscitation



interventions should never be delayed or interrupted to 
obtain a score. A low Apgar score (0–3) at 5 minutes of 
age is strongly associated with the risk of infant death.15 
The likelihood of mortality was highest among new-
borns whose score remained at 0 after 10 minutes of 
resuscitation efforts.16

The use of this tool to predict outcomes for new-
born infants may be limited. Depending on the gesta-
tional age, premature infants lack the developmental 
maturity to receive a higher score and will inherently 
score lower.17 For example, an infant born at 25 weeks’ 
gestation will not have the lung maturity to support an 
effective respiratory rate and effort and will also lack 
 irritability reflexes and muscle tone. Modifications of the 
Apgar score are reported in the literature; these tools as-
sess the newborn’s condition independent of gestational 
age and interventions. The score assigned by modified 
Apgar scoring tools represents the medical interventions 
and the neonatal condition.18 These modified Apgar 
scores range from 0 to 17 points: A score of 17 describes 
a newborn with a clinical condition that does not require 
intervention, and a score of 0 describes an infant failing 
to respond to aggressive resuscitative interventions.

Neonatal Resuscitation
Delivery room management requires skill and a co-
ordinated interdisciplinary team effort. Routine care 
encompasses drying the infant, removing wet linens, 
and providing a warm environment that minimizes cold 
stress during transition to extrauterine life. Assessing 

the newborn is also an important component of routine 
care. During the initial assessment, assuring the infant is 
in the sniffing position helps to maintain a patent airway. 
However, routine care may not be sufficient to stabilize 
some infants in the delivery room and additional inter-
ventions, such as resuscitation, may be needed. When 
the assessment indicates the need, resuscitation should 
begin immediately. Resuscitative interventions an infant 
receives in the delivery room are assessment-based and 
include oxygen delivery, assisted ventilation, external 
cardiac compressions, or medications.

Administering Oxygen
For many years, the use of 100% oxygen was recom-
mended in newborn resuscitation to quickly improve 
oxygen saturation. However, in 2010, the American 
Academy of Pediatrics and the American Heart As-
sociation amended this long-held tenet because of the 
growing evidence in the literature for the potential for 
lung injury due to prolonged oxidative stress, which 
may last up to 12 weeks in a term infant.19 Administer-
ing 100% oxygen to hypoxic newborns immediately af-
ter birth delays cardiopulmonary recovery and causes a 
fourfold increase in the risk of mortality. The literature 
also reports an increased risk for iatrogenic lung injury 
due to oxygen toxicity in preterm infants receiving 
100% oxygen during delivery room resuscitation.20,21

Judicious use of oxygen in the delivery room, guided 
by monitoring of preductal oxygen saturations, is rec-
ommended. The recommendations are based on the 
normal physiologic changes that occur during the transi-
tion from fetal to extrauterine circulation shortly after 
birth. The American Heart Association and the Ameri-
can Academy of Pediatrics recommend frequent preduc-
tal oxygen assessments by pulse oximetry, at 1 minute 
intervals for the first 5 minutes of life, followed by an 
assessment at 10 minutes. To obtain a preductal satura-
tion, attach the pulse oximeter probe to the infant’s right 
hand or wrist. The timing of assessments and targeted 
preductal oxygen saturations are outlined in Table 7-8.2

Supplemental oxygen delivered by an oxygen blender 
can be delivered through a face mask and flow-inflating 
bag, an oxygen mask, or a hand cupped around oxygen 
tubing. The oxygen source should deliver a flow of at least 
5 L/minute, and the delivery device should be held close 
to the face to maximize the inhaled concentration. If sup-
plemental oxygen is to be provided for a prolonged pe-
riod, heated and humidified oxygen should be delivered 
to the newborn. Self-inflating bags should not be used to 
passively deliver oxygen because flow cannot be delivered 
until the bladder of the resuscitation bag is squeezed.

The goal of oxygen therapy during resuscitation is to 
provide sufficient oxygen delivery to the tissues. Clini-
cally, the ideal oxygen concentration for use during 
resuscitation remains unknown. To prevent harm asso-
ciated with hyperoxia and/or hypoxia, oxygen delivery 

Acronym 
Letter

Parameter 
(Description)

Apgar Score

0 1 2

A Skin color
(Appearance)

Pale
Blue

Body pink, 
extremities 
blue

Body and 
extremities 
pink

P Heart rate
(Pulse)

None <100 
beats/min

>100 
beats/min

G Reflex 
irritability in 
response 
to stimuli  
(Grimace)

No 
response

Grimace Cry
Cough
Sneeze

A Muscle tone 
(Activity)

Limp Some 
flexion

Well 
flexed

R Respiratory 
effort

None Weak
Irregular

Strong 
cry

Data from Apgar V. A proposal for a new method of evaluation of the newborn 
infant. Curr Res Anesth Analg. 1953;32(4):260–267.

TABLE 7-7
The Apgar Scoring System
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Timing of Assessment 
(minutes after birth) SpO2

1 60–65%

2 65–70%

3 70–75%

4 75–80%

5 85–90%

10 90–95%

Data from Wyckoff MH, Aziz K, Escobedo MB, et al. Part 13: Neonatal 
resuscitation 2015 American Heart Association guidelines update for 
cardiopulmonary resuscitation and emergency cardiovascular care. 
Circulation. 2015;132(suppl 2):S543–S560.

TABLE 7-8
Neonatal Resuscitation Program (NRP) Guidelines 
for Targeted Preductal Oxygen Saturations 
Following Delivery

should be titrated according to the Neonatal Resuscita-
tion Program (NRP) target levels outlined in Table 7-8.

CPAP and Positive Pressure 
Ventilation
Infants may need respiratory support that extends be-
yond administration of supplemental oxygen. The type 
and amount of support depends on the infant’s respira-
tory effort.

CPAP Administration
The lungs of infants born prematurely, fewer than  
36 weeks’ gestation, are surfactant-deficient and may 
have difficulty achieving adequate functional residual 
capacity (FRC) and maintaining acceptable alveolar 
ventilation. Administration of CPAP, at a minimum of 
4 to 5 cm H2O, in the delivery room assists with lung 
expansion, establishes FRC, and improves oxygenation 
for infants in mild to moderate respiratory distress who 
may not be able to generate sufficient negative intratho-
racic pressure to achieve or maintain adequate ventila-
tion. CPAP can be applied through the use of a T-piece 
resuscitator or flow-inflating bag connected to a resus-
citation mask. When a flow-inflating resuscitation bag 
is used to provide CPAP, a manometer should always be 
used to monitor applied pressures. Oxygen delivery in 
conjunction with CPAP therapy should follow the afore-
mentioned NRP guidelines.

Bag-Mask Ventilation
Positive pressure ventilation is indicated when the in-
fant is apneic, has ineffective respiratory effort, and/

or has a heart rate below 100 beats per minute despite 
administration of 100% oxygen.2 Assisted ventilation 
should be delivered at a rate of ventilation of 40 to 60 
breaths per minute. Although positive pressure ventila-
tion can be provided with various interfaces, bag-mask 
ventilation is the quickest and is an essential skill in re-
suscitation. Mask selection is very important to ensure a 
proper fit: The mask should cover the nose and mouth, 
without covering the eyes. Figure 7-5 illustrates proper 
and improper mask fit.

Manual ventilation may be provided by a 
flow-inflating resuscitation bag, self-inflating resus-
citation bag, or T-piece resuscitator. During manual 
ventilation, care must be taken to avoid delivery of 
excessive ventilating pressures, which can cause pul-
monary injury. NRP guidelines recommended initially 
delivering positive pressure ventilation at an inspiratory 
pressure of 20 cm H2O.2 Providing effective bag-mask 
ventilation will result in an improvement in heart rate 
(i.e., increase in heart rate to greater than 100 beats per 
minute), skin color, and oxygen saturation. Observ-
ing chest rise is not a reliable method of determining 
the adequacy of ventilation because the chest may rise 
when inadequate or excessive pressures are delivered to 
the newborn.

If positive pressure ventilation does not result in an 
increase in heart rate and/or oxygen saturations within 
5 to 10 breaths, corrective action must be taken. As-
sess the fit of the mask on the newborn’s face to assure 
the seal is adequate. Reapply the mask on the infant’s 
face and lift the jaw forward slightly to keep the mouth 
slightly open and to maintain the head in a sniffing 
position. Commonly, a leak in the mask seal will occur 
between the cheek and the bridge of the nose. Take care 
when reapplying the mask to avoid applying excessive 
pressure to the newborn’s face. The fingers of the clini-
cian ventilating the newborn should rest on the lower 
jaw; be certain to avoid touching the neck or soft tis-
sue under the chin while holding the mask in place, as 
pressure to these areas will contribute to upper airway 
obstruction (Figure 7-6). Reattempt ventilation. If the 
infant’s heart rate, oxygen saturation, and color still 

FIGURE 7-5 (A) A properly fitting resuscitation mask will cover 
the nose and mouth but will not cover the eyes. (B) Masks that are 
too large will cover the eyes. (C) Masks that are too small will not 
adequately cover the nose and mouth.

(A) (B) (C)
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do not improve, increase the amount of positive pres-
sure delivered with each breath. Although a majority of 
patients will respond to lower ventilating pressures, it 
is occasionally necessary to ventilate with higher pres-
sures; however, pressures greater than 30 cm H2O are 
rarely required. A list of troubleshooting techniques can 
be found in Table 7-9. Ideally, the manual resuscitator 
should have the ability to deliver postive end-expiratory 
pressure (PEEP). A flow-inflating resuscitation bag and 
T-piece resuscitator have the ability to deliver PEEP 
without an external attachment. An external PEEP value 
should be used when a self-inflating resuscitation bag is 
used for manual ventilation.

Ventilation with an Endotracheal Tube  
or Airway Adjunct
The majority of newborns can be adequately managed 
with a T-piece resuscitator or bag-mask ventilation. 
When these methods are not adequate, however, it is 
time to move to a more secure airway. If the current 
bedside staff is unfamiliar or does not have experience 
with intubating infants, continue mask ventilation until 
more-experienced help arrives. Expertise in neonatal 

airway management requires an understanding of early 
human anatomical development as well as a set of clini-
cal skills to provide safe tracheal intubation, especially 
in a preterm newborn.

The decision to intubate or to use an alternative 
airway depends on the condition of the newborn. The 
proper equipment must always be available and ready 
for immediate use. Endotracheal intubation or an al-
ternate airway should be considered in the following 
instances:

■■ Tracheal suctioning for meconium is required
■■ Bag-mask ventilation is ineffective or prolonged
■■ Chest compressions are performed
■■ Tracheal administration of medications, such as 

surfactant, is necessary
■■ Special resuscitation circumstances, such as con-

genital diaphragmatic hernia or extremely low 
birthweight

The proper ETT size for newborns can be roughly 
estimated by dividing the gestational age by 10; for ex-
ample, a clinician would select a 3.5-mm ID ETT for a 
newborn at 35 weeks’ gestation. Endotracheal intuba-
tion is typically completed orally, using a laryngoscope 
with a straight blade. Chapter 22 outlines the intuba-
tion procedure. Confirmation that the ETT is placed 
correctly is essential. A colorimetric CO2 detector or 
capnography can be used to differentiate an esophageal 
from a tracheal intubation. Observing symmetrical 
chest wall motion and listening for equal breath sounds, 
especially in the axillae, and for the absence of breath 
sounds over the stomach are secondary measures. How-
ever, a chest radiograph is currently the only method of 
verifying the depth of tracheal tube placement.

When a clinician skilled in endotracheal intubation 
is not readily available and bag-mask ventilation is in-
effective, an airway adjunct, such as a laryngeal mask 
airway, may be inserted to facilitate ventilation.22,23 Re-
cent international resuscitation guidelines recommend 
the use of a laryngeal mask airway when bag-mask 
ventilation is ineffective and endotracheal intubation 
is unsuccessful or not available in newborns at or older 
than 34 weeks’ gestation. Data are limited for their use 
in preterm infants delivered at fewer than 34 weeks 
of gestation or who weigh less than 2000 grams. Use 
of the laryngeal mask has not been evaluated during 
chest compressions or for administration of emergency 
 medications.2

Provide Chest Compressions
Chest compressions are indicated in newborns with a 
heart rate of fewer than 60 beats per minute after stimu-
lation and 30 seconds of positive pressure ventilation 
have been provided. Newborns with a heart rate of fewer 
than 50 beats per minute are likely hypoxic and acidotic, 
which can lead to depressed myocardial function and a 

FIGURE 7-6 An illustration of proper hand position during bag-mask 
ventilation.

Reapply the mask to the infant’s face.

Reposition the head to the sniffing position.

Suction the mouth and nose if secretions are present.

Open the newborn’s mouth slightly and lift the jaw forward.

Increase pressure gradually every few breaths until the heart rate 
and oxygen saturations improve.

Consider inserting an airway, such as a laryngeal mask airway or 
an endotracheal tube.

TABLE 7-9
Troubleshooting Techniques to Improve Manual 
Ventilation 

Provide Chest Compressions 85



decrease in cardiac output. Effective chest compressions 
must be coordinated with assisted ventilation.

Two different methods can be used to perform chest 
compressions in the newborn: the two-thumb technique 
and the two-fingers method;2,13 the literature reports that 
use of the two-thumb technique generates higher blood 
pressures and coronary perfusion pressure and reduces 
rescuer fatigue.24–26 To perform the two-thumb tech-
nique, place the thumbs of both hands on the lower third 
of the infant’s sternum, cradle the fingers around the in-
fant’s back and chest, and compress the sternum toward 
the spine with the thumbs. To perform the two-finger 
method, place the fingertips of the index and middle fin-
gers of one hand on the lower third of the sternum and 
compress the sternum toward the spine. Most clinicians 
prefer to use their dominant hand for the compressions, 
while the other hand is placed under the infant along the 
thoracic spine to provide a firmer surface to compress 
against. Figure 7-7 illustrates the hand position for both 
techniques. Compress the chest a distance equal to one-
third of the anterior-posterior diameter of the chest. 
Allow the chest to re-expand fully during relaxation, 
without removing the thumbs or fingers, depending on 
the technique used, from the chest. External cardiac 
compressions are performed at a rate of 120 per minute, 
accompanied by manual ventilation at 30 breaths per 
minute.2,27,28 The cadence for newborn compression to 
ventilation is usually verbalized by the clinician perform-
ing the cardiac compressions as “One and Two and Three 
(compressions) and breath,” with manual ventilation per-
formed each time the word “breath” is spoken.

Obtain Vascular Access
During resuscitation, medications may be adminis-
tered either by endotracheal instillation or intrave-
nously, though intravenous administration remains the 

most reliable route for medication delivery. For new-
borns, cannulation of the umbilical vein provides easy 
direct vascular access. An umbilical stump contains 
two arteries and one vein; the umbilical vein is the 
largest of the three vessels and has thinner walls, com-
pared to the umbilical arteries. Figure 7-8 shows the 
location of the umbilical vessels. The vein is located at 
the 11 or 12 o’clock position, compared to the arteries, 
which lie in close proximity to each other at the 4 and 
8 o’clock positions. The umbilical vein remains patent 
and viable for cannulation until approximately 1 week 
after birth.

During cannulation of term or near-term infants, 
the tip of the catheter should lie a short distance from 
the insertion point, or approximately 1 to 2 cm beyond 
the point at which good blood return is obtained. Cath-
eter malposition has been associated with morbidity 
and mortality. Low-lying venous catheters are associ-
ated with an increased incidence of intraventricular 
hemorrhage and death in preterm infants who are less 
than 29 weeks’ gestation.29 Catheters inserted too high 
may cause hepatic damage by infusing medications 
directly into the liver.30 Following resuscitation, the 
umbilical venous catheter (UVC) may either be removed 
or secured in place for continued venous access. If se-
cured in place, a chest radiograph should be obtained to 
confirm placement.

Intraosseous (IO) access also provides an accept-
able route for vascular access. Vascular access by this 
method may be easier and faster during newborn re-
suscitation if the direct care team lacks experience with 
umbilical venous placement.31

Administer Medications
Neonatal resuscitation drugs should be available in 
locations where births take place, including labor and 

FIGURE 7-7 CPR can be performed using the (A) two-finger method or the (B) two-thumb technique.

(A) (B)
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FIGURE 7-8 Position of the umbilical vein and arteries.

1 umbilical vein

Head

2 umbilical arteries Legs

Volume Expanders
Volume expansion (using crystalloids or red blood cells) 
is recommended when blood loss is suspected. Typ-
ically, these infants will have poor perfusion and pres-
ent as pale, with a weak pulse or low heart rate despite 
 effective resuscitation.2

Isotonic saline may also be used as a volume  
expander. Volume expanders are administered at the 
recommended dose of 10 mL/kg.2 It may be necessary 
to administer additional boluses of either crystalloids or 
red blood cells. During the resuscitation of a premature 
infant, care should be taken to avoid rapid administra-
tion of volume expanders, as rapid infusion of large 
 volumes of fluid have been associated with intraven-
tricular hemorrhage.2,3

Postresuscitation Care
Newborns receiving delivery room resuscitation require 
frequent assessment, cardiopulmonary monitoring, and 
comprehensive care to support their nutritional, hemody-
namic, and ventilatory needs. The mnemonic STABLE is 
used to represent the six parameters essential to newborn 
assessment in the aftermath of resuscitation. The core as-
sessment parameters include blood Sugar monitoring and 
treatment, Temperature stabilization and maintenance, 
maintaining a patent Airway, normalizing Blood pressure, 
obtaining Lab work to assess acid–base and electrolyte 
balance, and providing the family with Emotional sup-
port.34 The essential elements of assessment and compre-
hensive care should be provided in preparation for, during 
transport to, and during admission to a neonatal care unit.

delivery rooms, operating rooms, and the emergency 
department (ED). Personnel responsible for the direct 
care of the newborn must be familiar with medica-
tions and their concentrations, dosages, and routes 
of administration. Resuscitation drugs currently 
recommended include epinephrine (1:10,000) and 
isotonic sodium chloride solution (0.9%) as an intra-
vascular volume expansion agent. During cardiopul-
monary resuscitation of a newborn, as medications 
are prepared for administration, positive pressure 
ventilation and chest compressions should remain 
uninterrupted.

Epinephrine
Epinephrine remains the primary vasopressor for use in 
neonatal resuscitation. Epinephrine is recommended for 
a heart rate of fewer than 60 beats per minute after 30 
seconds of adequate positive pressure ventilation with 
100% oxygen and chest compressions. Epinephrine in-
creases coronary perfusion pressure primarily through 
peripheral vasoconstriction, which increases blood flow 
to the brain and coronary arteries.

Current neonatal resuscitation guidelines recom-
mend prompt IV administration of epinephrine in a 
dose of 0.01 to 0.03 mg/kg (1:10,000 solution) by umbili-
cal venous catheter or IO.2 Endotracheal administration 
results in unpredictable absorption and may require 
higher doses than those administered by an  
IV route.32 High-dose epinephrine poses additional risks 
to premature and asphyxiated newborn infants and 
does not result in better long-term survival than con-
ventional doses.33
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Case Study
A respiratory therapist is called to attend the delivery 
of a term infant. The mother has had no prenatal care 
and reports that her “water broke” several days ago. 

Immediately following vaginal delivery, the infant 
was placed on a preheated radiant warmer and dried 
with warmed towels. The infant was placed in a sniff-
ing position and assessed. The following data are 
available at 1 minute of age:

 � Respiratory rate: 15 breaths per minute, with 
weak, irregular effort 

 � Color: Pale, with central cyanosis

 � Response to stimuli: Grimace

 � Muscle tone: Limp

 � Heart rate: 97 beats per minute

1. Which of the following should the respiratory 
therapist do first?
a. Provide 100% free-flow oxygen
b. Intubate the trachea
c. Provide bag-mask ventilation
d. Initiate chest compressions

2. What is the 1-minute Apgar score?
a. 0
b. 1
c. 3
d. 5
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OBJECTIVES
1. Discuss the neonatal expiratory diseases and associated 

respiratory distress.
2. Identify and differentiate causes of neonatal respiratory 

distress.
3. Discuss clinical symptoms and differential diagnosis for 

apnea of prematurity, transient tachypnea of the newborn, 
respiratory distress syndrome, neonatal pneumonia, 
meconium aspiration syndrome, and persistent pulmonary 
hypertension of the newborn.

4. Understand management techniques for respiratory 
diseases of the newborn.

5. Describe outcomes associated with respiratory diseases of 
the newborn.

KEY TERMS
air leak syndrome
apnea
apnea of prematurity
bronchopulmonary 

dysplasia (BPD)
chronic lung disease  

(CLD)
meconium aspiration 

syndrome (MAS)

neutral thermal 
environment

persistent pulmonary 
hypertension of the 
newborn (PPHN)

respiratory distress 
syndrome (RDS)

transient tachypnea of 
the newborn (TTN)
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Introduction
In the immediate newborn period, neonatal respiratory 
disorders are the most common reason for an infant 
to be admitted to the intensive care unit. Respiratory 
distress affects up to 7% of all newborn infants and is 
more common as the level of prematurity increases. 
Newborns with respiratory distress must be evaluated 
promptly, as they can progress to respiratory failure and 
cardiopulmonary arrest.

There are several different respiratory disorders that 
can cause respiratory distress, insufficiency, and failure. 
Outcomes are directly related to the accuracy and timing 
of the differential diagnosis as well as to the implementa-
tion of appropriate management. Neonatal respiratory 
diseases can affect infant survival or mortality and the 
occurrence of chronic disorders that may have a signifi-
cant effect on the developing infant and their family.

Apnea of Prematurity
Apnea of prematurity is a developmental disorder 
 common to infants born before term, or before  
40 weeks’ gestation, that results from immature 
 respiratory control. Apnea of prematurity is defined as 
apneic events that last more than 20 seconds or shorter 
apneic periods associated with oxygen desaturation 
and/or bradycardia.1 Approximately 70% of infants 
born prior to 34 weeks’ gestational age will have clini-
cally significant apnea, bradycardia, and oxygen de-
saturations.1 The frequency and severity is inversely 
proportional to gestational age, with almost all infants 
born at less than 28 weeks’ gestation and extremely low 
birthweight infants (birthweight less than 1000 grams) 
being affected.1 Periodic breathing with short breath-
ing pauses of 5 to 10 seconds are normal in preterm 
infants and some full-term infants.1 Periodic breathing 
is different from apnea of prematurity because it is not 
pathologic, is not associated with significant hypoxia 
or bradycardia, and will resolve without the need for 
intervention.1

Etiology and Incidence
In utero, fetal breathing is intermittent. In healthy in-
fants, breathing becomes continuous immediately after 
birth. The regulatory neurologic mechanisms respon-
sible for this transition are not completely understood; 
however, the immaturity of breathing response associ-
ated with apnea of prematurity affects all levels of respi-
ratory control.2 Most apneic spells in preterm infants 
are central, with absent inspiratory efforts, or mixed, 
with upper airway obstruction that precedes or follows 
a central apnea.3

Pathophysiology
The factors that affect central apnea in preterm in-
fants are associated with hypercapnia due to a blunted 

ventilatory response to CO2; hypoxia due to a biphasic 
response of hyperventilation followed by hypoventila-
tion; and hyperbilirubinemia, a condition where there 
is too much bilirubin in the blood, which can cross the 
blood–brain barrier and cause a further decrease in re-
sponse to hypercarbia or hypoxia.

The mixed apnea is affected by the factors associ-
ated with central apnea as well as those associated 
with obstructed apnea. Pharyngeal tone is poor in 
preterm infants and can cause airway collapse, espe-
cially during rapid eye movement (REM) sleep. Dur-
ing REM sleep, hypotonia of the chest wall and upper 
airway muscles, as well as reductions in pharyngeal 
tone, often occur. Head position also affects an in-
fant’s ability to maintain a patent airway, as flexion 
of the neck makes the airway susceptible to collapse. 
Upper airway reflexes may also contribute to apnea, 
but the mechanism is poorly understood. Newborn 
infants are obligate nose breathers, so they depend 
on nasal patency for adequate ventilation. Apnea may 
also be stimulated with nasal swelling or obstruction.4 
Table 8-1 outlines the factors associated with central 
and mixed apnea.

Clinical Presentation
Apnea in preterm infants breathing spontaneously with-
out respiratory support will appear within the first 2 to 
3 days of life. The apnea will usually be accompanied by 
bradycardia and hypoxemia.5 Preterm infants receiv-
ing mechanical ventilatory support may have episodic 
desaturation and bradycardia; however, this may not 
be considered apnea of prematurity until the neonate 
is liberated from respiratory support. Independent of 
the need for mechanical ventilation, the frequency of 
episodic desaturation usually increases in frequency 
after the 2nd or 3rd week of life and persists for several 
weeks. Apnea of prematurity typically resolves before  
37 weeks’ postmenstrual age in infants born after  
28 weeks’ gestation. In infants born at or before  
28 weeks’ postmenstrual age, the apnea will frequently 
persist until term (40 weeks’) postmenstrual age.

Factors Associated with 
Central Apnea 

Factors Associated with  
Mixed Apnea

Hypercapnia Factors associated with central 
apnea

Hypoxia Hypopharyngeal muscle tone

Hyperbilirubinemia Upper airway reflexes

Nasal obstruction

Laryngeal edema

TABLE 8-1
Factors Associated with Apnea of Prematurity
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Diagnosis
Other causes of apnea need to be excluded before the 
diagnosis of apnea of prematurity is made as apnea is 
a common symptom of many other conditions. The 
following disorders should be considered: respiratory 
distress syndrome, other pulmonary conditions, hypo-
glycemia, other metabolic diseases, infections, and cen-
tral nervous system pathology.

When all other causes are ruled out, then the diag-
nosis of apnea of prematurity can be made. If infection 
is suspected, laboratory studies, such as complete blood 
count, urinalysis, and spinal fluid analysis, are per-
formed. Hypoglycemia and metabolic disorders can be 
confirmed or eliminated by obtaining glucose and elec-
trolyte levels. Chest radiographs are used to evaluate the 
presence of underlying pulmonary conditions. There may 
be additional studies performed to determine if a patho-
logic condition associated with the upper airway exists.

Management
Cardiorespiratory monitoring should be used for any 
patient at risk of apnea. Treatment of apnea of prema-
turity should be instituted if the apneic spells are fre-
quent, prolonged, or associated with bradycardia and 
frequent desaturations or if they require interventions 
with bag-mask ventilation and frequent tactile stimula-
tion.6,7 There are no conclusive studies to indicate how 
the severity of apnea should be measured; therefore, 
each clinical center needs to develop a system to mea-
sure severity. Factors often used to measure the severity 
of apnea include the number of events per day and the 
amount of intervention that is needed to relieve each 
event. Clinical guidelines or protocols are helpful in de-
fining a system for escalating treatments, if necessary.

There are three major treatment approaches for 
apnea of prematurity, which are used either alone or 
in combination: (1) general measures to reduce risk of 
apnea and hypoxemia, (2) methylxanthine therapy, and 
(3) nasal continuous positive airway pressure (CPAP). 
General measures should be applied to any infant born 
at less than 37 weeks’ gestational age. The goal is to 
decrease factors contributing to the increased risk for 
apnea and associated hypoxemia. Body temperature 
fluctuations can also precipitate apnea episodes; as 
such, preterm infants should be cared for in an envi-
ronmentally controlled setting by placing the infant in a 
radiant warmer or incubator.

When a new onset of apnea or increased severity 
occurs, other diagnoses that are highly associated with 
apnea, such as neonatal sepsis, should be considered. 
Infants should be positioned to avoid extreme flexion or 
extension and to maintain upper airway patency. Nasal 
patency is maintained through bulb suctioning of the 
nares as indicated. Pulse oximetry is used to monitor 
SpO2 and supplemental oxygen is administered to avoid 
hypoxemia.

Methylxanthines cause stimulation of the respira-
tory neural output and are the primary pharmacologic 
therapy used to treat apnea of prematurity. Theophyl-
line and caffeine have both been studied and effectively 
used as well. Studies comparing methylxanthines to 
placebo demonstrated that methylxanthine treatment 
resulted in fewer apneic episodes.8 Caffeine, however, 
has become the preferred drug because it has a longer 
half-life, wider margin of safety, and lower frequency of 
adverse effects.8 Treatment with therapeutic caffeine is 
usually reserved for those patients who require interven-
tion with bag-mask ventilation or multiple episodes of 
tactile stimulation. Some newer but limited data suggest 
that early prophylactic caffeine for very preterm infants 
may be beneficial.8 Caffeine is given as a loading dose 
of 20 mg/kg caffeine citrate, followed in 24 hours by a 
daily maintenance dose of 5 to 10 mg/kg, administered 
intravenously or orally. Therapeutic levels of caffeine 
are measured 5 to 7 days after the drug is started. The 
acceptable therapeutic range is 5 to 25 mg/L, although 
continued monitoring of serum caffeine levels is not 
considered helpful in management.9 Discontinuation of 
caffeine is individualized because the data to support a 
standardized approach are not available. A common plan 
is to discontinue the caffeine when the infant reaches a 
postmenstrual age of 32 to 34 weeks if there have been 
no apneic periods requiring intervention for 5 to 7 days.9

Nasal CPAP with pressures of 4 to 6 cmH2O may 
be initiated if the apnea is significant. The suggested 
advantage is that the CPAP splints the upper airway 
open and reduces obstruction.10 CPAP is typically used 
in conjunction with methylxanthines. Some centers 
are using a heated high-flow nasal cannula to provide 
supplemental oxygen and CPAP. Current studies have 
shown that CPAP levels are unpredictable with a heated 
high-flow nasal cannula and further studies are needed 
to validate its use for CPAP administration. An infant 
who continues to have apnea may need to progress to 
noninvasive ventilation (NIV) or intubation and me-
chanical ventilatory support.11 Some infants will need to 
continue to receive methylxanthines after discharge. In 
these cases, adequate discharge education needs to be 
provided, to include cardiopulmonary resuscitation and 
stimulation techniques. The infants will be placed on an 
impedance monitor at home, which will alarm for apnea 
and bradycardia events and can store event data to be 
downloaded and reviewed by the medical team to help 
decide further treatment needs.

Complications and Outcomes
Infants with obstructive apnea exceeding 20  seconds 
have an increased incidence of intraventricular 
 hemorrhage, hydrocephalus, prolonged mechanical 
ventilation, and abnormal neurologic development after 
their first year of life.1 Apnea of prematurity resolves  
in 98% of infants by 40 weeks’ postmenstrual age.  
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Preterm infants are known to have an increased risk of 
sudden infant death syndrome, but there is no evidence 
to link this with apnea of prematurity. Caffeine therapy 
has been shown to decrease the risk of cerebral injury 
and bronchopulmonary dysplasia and to decrease the 
length of mechanical ventilation.

Respiratory Distress Syndrome
Respiratory distress syndrome (RDS), formally known 
as hyaline membrane disease (HMD), remains a sig-
nificant problem for premature infants born at fewer  
than 28 weeks’ gestation. Although management has 
evolved over the years, which has improved survival 
rates for the smallest infants, the potential for comor-
bidities, such as bronchopulmonary dysplasia (BPD) in 
this patient population, is at risk to increase.12 The main 
cause of RDS in premature infants is a surfactant de-
ficiency resulting from pulmonary insufficiency soon 
after birth. However, not all infants born prematurely 
develop RDS, suggesting that there may be susceptibil-
ity factors. Because multiple factors can contribute to 
the pathogenesis of RDS specifically in premature in-
fants, the etiology is considered to be multifactorial.13

In the United States, RDS has been estimated to  occur 
in 20,000 to 30,000 newborn infants annually, which 
accounts for approximately 1% of all pregnancies.14 
 Approximately 60% to 80% of the neonates born at 26 
to 28 weeks’ gestation develop respiratory distress syn-
drome, whereas fewer than 30% of premature neonates 
born at >32 weeks’ gestation develop the condition.14

Etiology and Incidence
The incidence and severity of RDS are inversely related 
to the gestational age of the newborn infant. In one re-
port, the National Institute of Child Health and Human 
Development Neonatal Research Network showed that 
the overall incidence rate of RDS was 42% in infants 
weighing 501 to 1500 grams; within that range, the high-
est rate, at 71%, was reported in infants weighing 501 
to 750 grams, with rates of 54%, 36%, and 22% reported 
in infants weighing 751 to 1000 grams, 1001 to 1250 
grams, and 1251 to 1500 grams, respectively.15 Antenatal 
corticosteroid administration to mothers in preterm la-
bor accelerates maturation of the neonate’s lung and sig-
nificantly reduces the incidence of RDS and mortality.16

Pulmonary surfactant is a lipoprotein complex sub-
stance (90% lipids, 10% proteins) produced by alveolar 
type II cells. Surfactant is essential to normal pulmo-
nary function. It is responsible for reducing surface 
tension and pressures of the alveolar air–liquid inter-
face, which in turn prevents pulmonary collapse during 
exhalation.17 Preterm newborns are unable to produce 
surfactant of adequate quality and quantity due to pul-
monary immaturity, the primary etiology of RDS. In 
utero, the fetal lung is filled with fluid. In preparation 
for birth and transition to air breathing, surfactant is ex-
pressed into the lung starting around the 20th week of 

gestation. Most surfactant is produced after 30 weeks’ 
gestation, with accelerated surfactant production start-
ing around week 36 in the prenatal period.18

Pathophysiology
In preterm infants, the immature pulmonary system 
impairs surfactant, contributing to the development of 
RDS. Surfactant deficiency causes high surface tension 
within the lung and decreased compliance. The low lung 
volumes lead to atelectasis, ventilation-perfusion (V/Q) 
mismatch, and hypoventilation, which result in hypox-
emia and hypercarbia. Surfactant deficiency also causes 
inflammation and subsequent respiratory epithelial in-
jury, which can lead to pulmonary edema and increased 
airway resistance.19 Respiratory and metabolic acidosis 
occur and cause pulmonary vasoconstriction and im-
paired endothelial and epithelial integrity. As a result, 
proteinaceous exudates leak into the alveoli and form 
hyaline membranes. In the absence of lung protective 
strategies and oxygen management, progressive atelec-
tasis, barotrauma or volutrauma, and oxygen toxicity 
damage the endothelial and epithelial cells lining these 
distal airways and result in exudation of fibrinous ma-
trix. The presence of hypoxia, acidosis, hypothermia, 
and/or hypotension may further impair surfactant pro-
duction and/or secretion. Oxygen toxicity, barotrauma, 
and volutrauma will occur in up to 25% of neonates 
with RDS, which causes damage to their structurally 
immature lungs and leads to BPD.20 Antioxidant defi-
ciency and free-radical injury worsen lung injury and 
contribute to chronic lung disease (CLD) (Figure 8-1).

Macroscopic evaluation reveals that the lungs of af-
fected newborns appear airless, requiring an increased 
critical opening pressure to inflate (Figure 8-2). Diffuse 
atelectasis of distal airspaces, along with distension of 
distal airways and perilymphatic areas, are observed 
microscopically. In larger premature infants, the epi-
thelium begins to heal at 36 to 72 hours after birth and 
endogenous surfactant synthesis begins. The recovery 
phase is characterized by regeneration of alveolar cells, 
including type II cells, with a resultant increase in sur-
factant activity.

Clinical Presentation
RDS typically presents within minutes of birth. Signs 
frequently include cyanosis, nasal flaring, grunting, 
retractions, and tachypnea or apnea. In some cases, 
infants may not appear ill immediately after delivery 
but will develop respiratory distress within the first 
few hours of life. If untreated, RDS progressively 
worsens over the first 48 hours of life, leading to re-
spiratory failure and, in some cases, multiple organ 
failure. On physical examination, auscultated breath 
sounds are decreased, and infants appear pale with 
diminished  peripheral pulses. Urine output often is 
low in the first 24 to 48 hours and peripheral edema is 
common.
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FIGURE 8-1 Schematic outlining the pathology of respiratory distress syndrome (RDS).
Infants may recover completely or develop chronic lung damage, resulting in bronchopulmonary dysplasia (BPD). FIO2 = fraction of inspired oxygen; HMD = hyaline membrane disease; 
V/Q = ventilation/perfusion.
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 demonstrates low lung volume and diffuse reticulogranu-
lar “ground-glass” appearance with air bronchograms 
(Figure 8-3).21 This radiographic pattern results from 
 alveolar atelectasis contrasting with aerated airways.  

40

80

60

20

0
1050 15 20 25 30 35

Deflation
stability

Maximal volume

Opening
pressure

Sheep surfactant

Control

Pressure (cm H2O)

Lu
ng

 v
ol

um
e 

(m
L/

cm
 H

2O
/k

g)

FIGURE 8-2 Difference in lung pressure opening in an animal model. 
The orange outline pressure volume curve represents sheep lungs with 
surfactant and the blue outlined pressure volume curve represents 
surfactant-deficient lungs.
Reproduced from Jobe AH. Lung development and maturation. In: Martin RJ, Fanaroff AA, 
Walsh MC, eds. Fanaroff & Martin’s Neonatal Medicine—Diseases of the Fetus and Infant.  
9th ed. St. Louis: Elsevier; 2011.

Diagnosis
The diagnosis of RDS is based on a clinical assessment 
of progressive respiratory failure immediately or shortly 
after birth, exhibited by increases in the work of breath-
ing and oxygen requirement. The chest radiographic 

FIGURE 8-3 Chest X-ray of a preterm infant with RDS. Decreased 
lung volumes and a diffuse reticulogranular “ground-glass” 
appearance of the lungs with air bronchograms are seen.
© Santibhavank P/Shutterstock.
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It is important to note that early administration of 
surfactant therapy has changed the classic “ground-
glass  appearance of the lungs with air bronchograms” 
 radiologic presentation of RDS from common to rare.22

The lecithin-to-sphingomyelin ratio (L:S) test is a 
standard for confirming RDS. Lecithin and sphingo-
myelin are phospholipids found in the amniotic fluid; 
lecithin levels increase as the lung matures and begins 
to produce surfactant while typically the sphingomyelin 
remains constant. A L:S ratio of 2.0 or greater indicates 
that RDS is unlikely because there is a sufficient amount 
of surfactant.23

Management
Prior to the use of exogenous surfactant, uncomplicated 
or mild RDS typically progressed for 48 to 72 hours. 
When hypoxemia was adequately addressed, respiratory 
function began to improve as the infant’s endogenous 
surfactant production increased, with complete resolu-
tion of the RDS by 1 week of age. Treatment with exog-
enous surfactant changed the expected history of RDS. 
Within minutes of administration, exogenous surfactant 
dramatically improves pulmonary function, improves 
work of breathing, and reduces hypoxemia. In most 
cases, the use of exogenous surfactant shortens the 
clinical course of RDS. There are two types of surfactant 
used clinically: natural and synthetic. Although both 
types effectively treat RDS, research shows that natural 
surfactant is better at reducing pulmonary air leaks and 
mortality.24

The use of CPAP and/or NIV also improves the clini-
cal course of RDS, even in infants who did not receive 
surfactant therapy.25 Early intervention with NIV can 
reduce the need for mechanical ventilation. The use 
of NIV with early extubation also reduces the need for 
re-intubation.

Mechanical ventilatory support is used to recruit 
and stabilize surfactant-deficient alveoli, either by es-
tablishing the appropriate mean airway pressure using 
high-frequency oscillatory ventilation or optimal re-
cruitment using adequate positive end-expiratory pres-
sure (PEEP) while avoiding overdistention.26 Permissive 
hypercapnia (pH <7.22) is an acceptable practice and 
can lead to a reduction in ventilator days.26 Supplemen-
tal oxygen therapy with hyperoxemia is linked to the 
development of retinopathy of prematurity (ROP).27 In 
very low birthweight babies, SpO2 should be maintained 
between 85% and 92% and the partial arterial oxygen 
pressure (PaO2) maintained between 50 and  
80 mm Hg. Wider fluctuations in SaO2 should be 
avoided because they are also associated with increased 
incidence of ROP.28

Supportive care for babies with RDS is essential. 
Radiant warmers should be used in the delivery room 
and in the neonatal intensive care unit to maintain the 
infant on their neutral thermal environment, or the 

environmental temperature that prevents heat and 
insensible water loss. It is important to note that incu-
bators are superior to radiant warmers in preventing 
insensible water loss. Fluid management is also impor-
tant in the care of the premature infant but does not 
significantly influence the course of RDS.22 Nutritional 
support should start at birth in order to reduce weight 
loss and to minimize long-term postnatal growth re-
strictions. Low systemic blood flow and treatment for 
hypotension are important predictors of poor long-
term outcomes. In patients with RDS, low systemic 
blood pressure may be due to hypovolemia, a large 
left-to-right ductus, or an atrial shunt. Understanding 
the cause of a low systemic blood pressure can indicate 
the most appropriate treatment plan. A patent ductus 
arteriosus (PDA) may cause clinical problems for the 
very preterm infant with RDS. Although there is limited 
evidence to support a specific recommendation, when 
there is poor perfusion due to the existence of a left-
to-right shunt and weaning from respiratory support is 
difficult, prophylactic indomethacin has been shown to 
be efficacious.29 Table 8-2 summarizes current recom-
mendations for the management of infants with RDS.

Complications and Outcomes
There have been significant improvements in the prog-
nosis of RDS. However, acute complications can occur 
and include pneumothorax, pulmonary interstitial 
emphysema, intraventricular hemorrhage, necrotiz-
ing enterocolitis, PDA, and sepsis. To improve out-
comes and minimize the presence or severity of RDS, 
administration of antenatal steroids to mothers in 
preterm labor and the use of surfactant replacement, 
volume-targeted mechanical ventilation, and/or NIV 
are recommended.

It is also essential to optimize supportive care, in-
cluding maintenance of normal body temperature, 
proper fluid management, sufficient nutritional support, 
appropriate management of the ductus arteriosus, and 
circulation support to maintain adequate tissue perfu-
sion.22 Advances in medical care have increased the 
survival of extremely premature infants. As a result, a 
higher incidence of long-term complications, such as 
CLD, ROP, neurologic impairment, and learning dis-
abilities, occurs. RDS also increases the likelihood of 
developing pulmonary abnormalities, such as asthma, 
reactive airway disease, and respiratory infection, as the 
infant matures.30

Transient Tachypnea  
of the Newborn
Transient tachypnea of the newborn (TTN) was first 
described in 1966 by Avery and colleagues.31 It has also 
been known as transient RDS, type II RDS, wet lungs, 
and retained fetal lung liquid syndrome.
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Etiology and Incidence
TTN is considered a parenchymal lung disease, caused 
by pulmonary edema, resulting from a delay in the 
clearance and reabsorption of fetal lung fluid. The in-
cidence of TNN is 5.7 per 1000 live births in term de-
liveries of 37 to 42 weeks’ gestation.31 There is a higher 
incidence of TTN among term infants born by cesarean 
section without active labor.31 Macrosomia, maternal 
diabetes, maternal asthma, and multiple gestations have 
also shown an increased risk for TTN. It is considered a 
self-limiting disease because the fetal lung fluid is even-
tually absorbed and the symptoms disappear.

Pathophysiology
Fetal lung fluid clearance normally begins before term 
birth and continues during labor and postnatally. In late 
gestation, the lung epithelium switches from secret-
ing chloride and fluid into the air sacs to reabsorption 
in response to catecholamine and other hormones. 
Increased oxygen tension at birth augments the ca-
pacity of the epithelium to transport sodium. Fluid is 
passively reabsorbed after birth due to changes in the 
oncotic pressures in the alveoli, interstitium, and blood 
vessels.32

A disruption in any of the aforementioned normal 
mechanisms will delay reabsorption and lead to a failure 
to remove fluid, which will result in fluid accumulation  
in the alveolar spaces and interstitium. Lung fluid can 
pool into perivascular tissues and interlobar fissures 
until it is eventually cleared by the lymphatic system 
or absorbed into small blood vessels. The excess lung 
fluid decreases compliance and increases the work of 

breathing. Tachypnea develops to compensate for the 
increased work of breathing that occurs with changes  
in pulmonary compliance. Fluid accumulation can 
also result in partial collapse of the bronchioles, air  
trapping, and ventilation/perfusion mismatch. Clini-
cally, ventilation/perfusion mismatch manifests in 
 hypoxemia and potentially hypercapnia.

Clinical Presentation
The onset of symptoms usually occurs at the time of 
birth or within 2 hours after delivery. Infants present 
with tachypnea (respiratory rates of 60–100 breaths 
per minute) and an increased work of breathing mani-
fested by nasal flaring, mild intercostal and subcostal 
retractions, and expiratory grunting.34 Blood gas 
analysis often reveals hypoxemia and respiratory aci-
dosis.34 The anterior-posterior diameter of the chest 
will be increased when air trapping is present. Breath 
sounds in affected infants are typically clear. Infants 
with mild to moderate TTN are symptomatic for 12 
to 24 hours, but symptoms can last up to 72 hours in 
severe cases.

Diagnosis
The diagnosis of TTN is made clinically after other 
common neonatal diseases have been ruled out. Clini-
cal and radiographic presentation for TTN overlaps 
with other neonatal disorders. However, symptoms 
associated with TTN generally last for fewer than 
72 hours. Additionally, infants with TTN do not fre-
quently require an FiO2 above 0.60 or mechanical ven-
tilatory support.

Prenatal care •	 Babies at risk should be born in centers where appropriate care can be delivered, including mechanical ventilation.
•	 Birth should be delayed to allow for maximum benefit of prenatal corticosteroid therapy.

Delivery room 
stablization

•	 Stabilize baby with warmer to prevent heat loss.
•	 Avoid excessive tidal volumes and exposure to 100% oxygen.
•	 For extreme preterm infants, consider intubation for prophylactic surfactant administration if antenatal steroids 

have not been given; administer CPAP early.

Respiratory support 
and surfactant

•	 Surfactant should be given as early as possible in the course of RDS.
•	 Repeat doses of surfactant may be required.
•	 Older babies can often be extubated to NIV following surfactant administration; assessment should be made to 

determine the course of care.
•	 For preterm infants who require mechanical ventilation, avoid hyperoxia, hypocarbia, and volutrauma.
•	 Caffeine therapy should be used to minimize the need for mechanical ventilation.
•	 Babies should be maintained on NIV instead of mechanical ventilation when possible.

Supportive care •	 Antibiotics should be started until sepsis has been ruled out, unless risk of infection is low.
•	 Maintain body temperature in the normal range.
•	 Careful fluid balance is required with early aggressive nutritional support.
•	 Blood pressure should be monitored regularly, aiming to maintain normal tissue perfusion; if necessary, use 

inotropes.
•	 Consideration should be given to whether pharmacologic closure of the ductus arteriosis is indicated.

TABLE 8-2
A Summary of the Management of Infants with RDS
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Characteristic findings on chest radiograph include 
increased lung volumes with flattened diaphragms, in-
terstitial edema appearing as fluffy infiltrates, and prom-
inent vascular markings with streaky perihilar markings 
(Figure 8-4).33 Pleural effusions and mild cardiomegaly 
can also be present. Radiologic findings are symmetrical 
and typically resolve in approximately 48 hours.33

Management
Because TTN is a benign, self-limiting condition, man-
agement is supportive, and treatment is directed at 
preventing hypoxemia and hypercapnia. In most cases, 
supplemental oxygen by a nasal cannula at low flows 
can be used; rarely does an infant with TTN require 
supplemental oxygen concentrations greater than 0.40. 
Some patients may require the use of noninvasive nasal 
CPAP. If the infant is found to require more respiratory 
support than previously described, TTN is most likely 
not the diagnosis.

Supportive measures include maintaining a neu-
tral thermal environment. Infants with a high work 
of breathing should be provided nutritional support 
through intravenous fluids or orogastric tube feedings. 
In order to rule out pneumonia, a complete blood count 
is often performed.

Complications and Outcomes
TTN is self-limiting. Symptoms generally resolve within 
24 to 72 hours, and patient outcomes are good. Air trap-
ping may pose the risk of developing air leaks. There is 
newer evidence to suggest that TTN is associated with 
wheezing (asthma) later in life.35

Neonatal Pneumonia
Neonatal pneumonia is an infection of the lung in a 
newborn. This inflammatory pulmonary process can 
originate in the lung or be a focal complication of a 
systemic inflammatory process. It is estimated that 
 neonatal pneumonia accounts for up to 10% of child-
hood mortality worldwide, with the highest case 
mortality rates in developing countries.36 Early-onset 
pneumonia is associated with generalized sepsis and 
first manifests at or within hours of birth. Late-onset 
pneumonia usually occurs after 7 days of age, most 
commonly in neonatal ICUs among infants who 
 require prolonged invasive ventilation for unresolved 
lung  issues and is often a result of a hospital-acquired 
 infection, such ventilator-associated pneumonia.37

Etiology and Incidence
The incidence of neonatal pneumonia varies accord-
ing to gestational age, intubation status, race, and 
 socioeconomic status. Other factors influencing inci-
dence include the diagnostic criteria used to detect the 
pneumonia, the setting in which the infant receives care 
(i.e., level designation of the neonatal ICU), and the 
standard of care delivered to the infant. In resource-rich 
settings, the estimated incidence of pneumonia is <1% 
among full-term infants and approximately 10% in pre-
term infants.38 In resource-limited settings, pneumonia 
is a major contributor to infant mortality. In 2015, the 
World Health Organization estimated that pneumonia 
caused >900,000 deaths worldwide in children younger 
than 5 years of age, with the majority of deaths occurring 
in infants younger than 1 year of age.39 Group B strep-
tococcus (GBS) accounts for most cases of early-onset 
pneumonia. Conversely, the most common bacteria caus-
ing late-onset pneumonia are gram-negative bacilli, such 
as Escherichia coli or Klebsiella.40 Pneumonia from GBS 
may progress quickly and lead to shock or death; mor-
tality in this patient population is high at 20% to 50%.41 
Congenital pneumonia is a common cause of mortality 
among extremely low birthweight infants (<1000 grams), 
with the literature reporting a 30% mortality rate.36 Pneu-
monia caused by maternal enteric organisms frequently 
accompanies chorioamnionitis and/or funisitis and is 
considered a congenital infection. Table 8-3 lists the bac-
terial organisms that are commonly found in early- and 
late-onset neonatal sepsis and pneumonia.

Pathophysiology
Neonatal pneumonia can be acquired in a variety of 
ways: intrauterine or congenital (infection transmitted 
through the placenta or as the infant ascends through 
the birth canal), intrapartum (aspiration of infected am-
niotic fluid), or postnatal (environmental, healthcare-
acquired infection) routes. The pathologic changes vary 
with the type of organism. Bacteria most frequently 
are the causative agent (i.e., GBS, E. coli), followed 

FIGURE 8-4 Chest radiograph showing streaky markings and mild 
cardiomegaly as seen in TTN.
Case courtesy of Radswiki, Radiopaedia.org, rID: 12032.
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by viruses, then fungi (i.e., Candida, Chlamydia 
trachomatis).

Bacterial pneumonia is characterized by pulmonary 
inflammation, injury of bronchopulmonary tissue, 
and leakage of proteinaceous exudate into the alveoli, 
 bronchi/bronchioles, and interstitium.37 Viruses typically 
cause an interstitial pneumonia, characterized by infil-
tration of mononuclear cells and lymphocytes. The liter-
ature suggests that respiratory insufficiency in neonatal 
pneumonia is likely due to the inhibition of surface ten-
sion–lowering properties of surfactant rather than sur-
factant deficiency.37 Extensive inflammation occasionally 
occurs with hyaline membrane formation, followed by 
varying degrees of interstitial fibrosis and scarring.37

Clinical Presentation
Neonatal pneumonia is commonly classified as either 
of early or late onset. Early-onset pneumonia occurs 
within the first 7 days of life while late-onset occurs 
after the 7th day of life. Clinical signs include respira-
tory distress beginning at or soon after birth. Tachypnea 
is present in a majority of the cases (60–89%). Infants 
may have associated lethargy, apnea, tachycardia, and 
poor perfusion. Their clinical course may progress to 
septic shock. Other signs include cough, temperature 
instability, poor feeding, metabolic acidosis, and ab-
dominal distention.37 Persistent fever has been reported 
in neonates with viral pneumonia. Chest radiographic 
appearance can vary depending on the infectious agent; 
reticulogranular-nodular infiltrates appearing as streaky 
or hazy are commonly associated with viral disease 
while patchy parenchymal infiltrates and consolidations 
are more common when a bacterial infection is present 
(Figure 8-5). There may also be hyper-aeration in areas 
of the lung that are free of infiltrates.37

Diagnosis
Because signs of pneumonia are nonspecific, the diag-
nosis can be challenging. Neonates with sudden onset 
of respiratory distress or other signs of illness should be 

Early Onset  
(7 or fewer days)

Late Onset  
(more than 7 days)

•	 Group B streptococcus (g+)
•	 Escherichia coli (g–)
•	 Staphylococcus aureus (g+)
•	 Listeria monocytogenes (g+)
•	 Enterococcus spp. (g+)
•	 Ureaplasma urealyticum (g+)

•	 Escherichia coli (g–)
•	 Staphylococcus 

epidermidis (g+)
•	 Klebsiella or Enterobacter 

species (g–)
•	 Pseudomonas aeruginosa 

(g–)
•	 Chlamydia trachomatis

g+: Gram positive; g–: Gram negative

TABLE 8-3
Bacterial Organisms Responsible for Early-  
and Late-Onset Neonatal Pneumonia

FIGURE 8-5 A chest X-ray of neonatal pneumonia showing 
consolidation, especially in the right upper lobe.
Case courtesy of Dr. Jeremy Jones, Radiopaedia.org, rID: 23898.

evaluated for pneumonia in addition to a complete sepsis 
evaluation. The diagnosis of neonatal pneumonia is based 
on a combination of clinical, radiographic, and microbio-
logic findings, including chest X-ray, pulse oximetry, blood 
cultures, gram stain, and culture of tracheal aspirate.

Management
In early-onset pneumonia, broad-spectrum antibiotics 
are administered intravenously, mirroring the antimicro-
bial therapy used to treat neonatal sepsis. Vancomycin 
is frequently the initial treatment of choice for most 
late-onset healthcare-associated pneumonia. Local pat-
terns of infection and bacterial resistance should always 
be used to help guide empiric antimicrobial choices. The 
antimicrobial agent may be changed once the pathogen 
is identified and sensitivity results are available.

Complications and Outcomes
The prognosis of neonatal pneumonia depends upon 
the severity of disease, the gestational age of the infant, 
underlying medical conditions, and the infecting or-
ganism. Increased mortality is associated with preterm 
birth, preexisting CLD, or immune deficiencies. Most 
term neonates managed in resource-rich settings re-
cover well without long-term consequences.

Meconium Aspiration Syndrome
Meconium is fetal bowel content, which is normally 
passed by a newborn within 48 hours after birth. 
This viscous, sticky, odorless, dark-green substance 
is composed of intestinal secretions, mucosal cells, 
solid elements of swallowed amniotic fluid, and water. 
Meconium aspiration syndrome (MAS) occurs when the 
infant passes meconium prior to or during birth.
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whether partial or complete airway obstruction oc-
curs. When a partial obstruction is present, a ball-valve 
mechanism occurs in the airway. This is due to changes 
in thoracic pressures with breathing. During inspiration, 
the airway diameter increases, and airways elongate, 
which allows inspired gas to flow around the obstruc-
tion (Figure 8-6a). When expiration occurs, the  
airway diameter decreases, causing gas to be trapped 
(Figure 8-6b).46 As the trapped gas increases, air leak  
syndrome with pneumothorax, pneumomediastinum, 
and/or pneumopericardium can occur. Because me-
conium aspiration causes regional atelectasis, air leaks 
can complicate an already existing ventilation/perfusion 
mismatch. The presence of meconium in the alveoli also 
decreases the production of and inactivates surfactant, 
which increases surface tension and decreases lung 
compliance and inspired tidal volumes.

Meconium is an irritant to the lung tissue and causes 
chemical pneumonitis. It also increases interleukins and 
tumor necrosis factors, which induce an inflammatory 
response. Hypoxia often ensues, which plays a signifi-
cant role in exacerbating the inflammatory response 
seen in MAS infants.

Clinical Presentation
The clinical presentation initially occurs in the de-
livery room. The key is to observe the presence of 
MSAF with or without meconium staining of the 
infant upon delivery. The severity of MAS depends 
on the amount and viscosity of the meconium the 
infant aspirates. Often there is a history of fetal stress 
during the pregnancy. When chronic fetal stress oc-
curs, babies may be small for gestational age and 
present with lower birthweights and lengths. There 
is early onset of respiratory distress, either depres-
sion at birth, which can occur in up to 33% of infants 
born through MSAF, or within 2 hours of birth. 
Symptoms of respiratory distress include tachypnea, 

Etiology and Incidence
Meconium passed prior to birth or during the birth 
process will cause the amniotic fluid to have a green 
discoloration. Depending on the amount of meco-
nium passed, the color of amniotic fluid can range 
from light to dark green and is often referred to as 
 meconium-stained amniotic fluid (MSAF). The pres-
ence of MSAF signals a concern at delivery because 
there is the potential for the infant to aspirate the 
fluid. Meconium passed prior to birth can be as-
sociated with fetal hypoxic distress, precipitated by 
placental insufficiency, maternal hypertension, pre-
eclampsia, oligohydramnios, and maternal drug abuse. 
Fetal hypoxic distress not only stimulates the passage 
of meconium in utero but also stimulates fetal gasping 
movements, which can result in meconium movement 
into the lung. In postterm infants, MSAF is consid-
ered a physiologic occurrence due to maturation of 
the gastrointestinal tract.

Fetal gasping movements increase the likelihood that 
the infant will aspirate MSAF, which can lead to MAS. 
There are a variety of factors that increase the risk for 
MAS, including the presence of MSAF, fetal hypoxic 
distress, gestational age greater than 41 weeks, and 
 African American and Pacific Islander descent.

It is uncommon for meconium to be found in the 
amniotic fluid prior to 34 weeks’ gestation because 
the gastrointestinal tract does not mature prior to that 
gestational age. Therefore, MSAF is primarily seen 
in near-term or term infants, with a marked increase 
in incidence after 41 weeks’ gestation. The reported 
incidence of MSAF as a percentage of live births and 
MAS as a percentage of infants with MSAF varies with 
gestational age. The incidence of MSAF and MAS sig-
nificantly increases at term (40 weeks’ gestation) and 
postterm (41-42 weeks’ gestation).42

The timing of the initial insult resulting in MAS is 
controversial. Some studies have suggested that chronic 
in utero insult may be responsible for the development 
of severe MAS, while the infant who suffers an acute 
insult during the birth process may develop mild to 
moderate MAS.43 MAS occurs in an estimated 25,000 
to 30,000 cases per year, with 1000 deaths, or an overall 
mortality of 1.2%, attributed to MAS annually in the 
United States.44 Thirty percent of patients with MAS re-
quire intubation and ventilation. Risk factors associated 
with mortality include myocardial dysfunction, lower 
birthweight, and a higher oxygen requirement.45

Pathophysiology
There are three major pathophysiologic effects associ-
ated with MAS: acute airway obstruction, surfactant 
dysfunction, and chemical pneumonitis.

Acute airway obstruction occurs because of the pres-
ence of thick meconium in the airways. The visco sity 
and amount of meconium aspirated have an effect on 

FIGURE 8-6 An illustration of the ball-valve effect. (A) During 
inspiration, because the airways expand, the inspired gas is able to 
pass through the airway. (B) During expiration, the airways return 
to their resting state; air is unable to pass around the obstruction, 
causing air trapping and air leaks.
Data from Harris TR, Herrick BR. Pneumothorax in the Newborn. Biomedical 
Communications, Arizona Health Sciences Center: Tucson, AZ, 1978.

(A) (B)
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cyanosis, grunting, accessory muscle use, and na-
sal flaring. Blood gas analysis can show hypoxemia, 
and in patients with significant respiratory distress, 
hypercarbia and acidosis will be present. Blood gas 
analysis is generally used to manage care rather than 
to diagnose disease, as the presence of metabolic aci-
dosis will depend upon the severity of hypoxia prior 
to birth. Rales and rhonchi are the most common ad-
ventitious breath sounds heard.

Infants with severe MAS have up to a 57% chance of 
developing persistent pulmonary hypertension of the  
newborn (PPHN).48 When fetal asphyxia is associated with 
MAS, there can be a failure of transition to extrauterine 
circulation, which predisposes the infant to PPHN.

Diagnosis
The diagnosis is primarily based on the presence of 
meconium in the amniotic fluid and an infant with the 
signs and symptoms of respiratory distress at or shortly 
after birth. Presence of meconium in the trachea dur-
ing intubation would further support a diagnosis of 
MAS. The initial chest X-ray typically shows streaky, 
linear densities. As the disease progresses, the lungs 
typically appear hyperinflated with a flattening of the 
diaphragms. Regional atelectasis can be seen as dif-
fuse patchy infiltrates, alternating with areas of expan-
sion. When the disease is severe, the lungs develop an 
appearance of homogeneous density (Figure 8-7). If 
pulmonary air leaks exist, pneumothorax, pneumome-
diastinum, and/or pneumopericardium can be seen.47 
Chest X-ray findings are similar to other neonatal dis-
eases and are used to support the diagnosis and guide 
disease management. Therefore, the diagnosis of MAS 
must be differentiated from other causes of neonatal 
respiratory distress. Table 8-4 outlines the other dis-
eases that also occur for infants born through MSAF. In 
order to rule out cardiac disease or pulmonary hyper-
tension, an echocardiograph is often performed.

FIGURE 8-7 A chest radiograph showing patchy infiltrates, 
hyperinflation, and flattened diaphragms representative of MAS.
Case courtesy of Dr. Shailaja Muniraj, Radiopaedia.org, rID: 49835.

•	 Transient tachypnea of the newborn

•	 Delayed transition from fetal circulation

•	 Sepsis or pneumonia

•	 Persistent pulmonary hypertension of the newborn

TABLE 8-4
Differential Diagnoses for Infants Born with 
Meconium-Stained Amniotic Fluid

Mild MAS Requires <40% oxygen for <48 hours

Moderate MAS Requires >40% oxygen for >48 hours 
without air leak

Severe MAS Requires assisted ventilation for 
>48 hours; often associated with 
persistent pulmonary hypertension of  
the newborn

TABLE 8-5
Pathways for Meconium Aspiration Syndrome

Management
The most important aspect of management of MAS is 
prevention. Since 1990, the rate of MAS has decreased 
dramatically due to changes in obstetric practice, spe-
cifically reduced postterm deliveries, improvements in 
fetal monitoring, and a quicker response to an abnormal 
fetal heart rate.44 The rate of MAS is higher in develop-
ing countries, where the availability of prenatal care is 
less. Historically, all infants born with MSAF were intu-
bated after delivery of the head and suctioned to remove 
meconium in the airway before delivery of the infant’s 
body continued. However, research demonstrated that 
this practice did not improve outcomes when compared 
to oropharyngeal suction with appropriate resuscitation 
postdelivery.49

Management varies based on clinical presentation. 
MAS can be divided into mild, moderate, and severe 
pathways (Table 8-5).50 Appropriate postdelivery assess-
ment of the infant should be performed, which directs 
the course of treatment. The American Academy of 
Pediatrics Neonatal Resuscitation Steering Committee 
and the American Heart Association have established 
guidelines for the postdelivery treatment of the infant 
with MSAF (Table 8-6).51 Resuscitation should follow 
the same principles for infants with MSAF as for those 
with clear fluid.51 Research does not support the use of 
intrapartum intubation and suction until clear of meco-
nium, intrapartum nasopharyngeal or nasopharyngeal 
suction, administration of corticosteroids, or amnioin-
fusion, which have not been proven to provide benefit 
or improve outcomes.

The treatment of mild MAS may only involve 
 supplemental oxygen therapy to minimize hypoxemia. 
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The targeted SpO2 is as high as 99% to help in the pre-
vention of hypoxia and associated airway obstruction 
and vascular remodeling of the pulmonary bed. If the 
infant develops respiratory distress and hypoxemia, in-
tubation and mechanical ventilation are required. Every 
attempt should be made to keep the peak inspiratory 
pressure low, inspiratory time short, expiratory time 
long, PEEP moderate, and rates high.52

High frequency ventilation (HFV) is often used. 
The delivery of tidal volumes, which are less than dead 
space, results in less barotrauma and increased mo-
bilization of secretions. Although there have been no 
prospective randomized trials comparing conventional 
ventilation to HFV, the use of lower mean airway pres-
sures and higher rates with HFV would theoretically 
minimize barotrauma and potentially reduce air leak 
syndrome.

Because meconium interferes with surfactant by 
altering and inactivating it, surfactant replacement 
therapy can be used to replenish inactivated or altered 
surfactant and can work to help remove meconium. 
Surfactant replacement therapy reduces the severity of 
disease and prevents the need for extracorporeal mem-
brane oxygenation (ECMO), but it has not been shown 
to improve mortality.53 Studies did not show a signifi-
cant decrease in mortality, hospital stay, length of venti-
lation, supplemental oxygen use, or lung injury with the 
use of surfactant replacement but did show a decrease 
in the need for ECMO.50

As meconium presence induces an inflammatory re-
sponse in the lung, multiple clinical trials have investi-
gated the potential benefits of administering steroids to 
these infants. Presently, the evidence is not conclusive 
and further research needs to be performed.54

Severe MAS may lead to PPHN. Administration of 
inhaled nitric oxide (iNO) to decrease pulmonary hy-
pertension has led to a small decrease in the need for 

ECMO in these infants.55 ECMO is used in patients 
when all other therapies have failed and has a high sur-
vival rate for infants with MAS, at 90%.52 Table 8-7 sum-
marizes the current treatment for MAS and provides a 
list of unsupported practices that should not be used to 
treat this condition.

Complications and Outcomes
MAS has a clinical course dependent on the severity  
of illness. When MAS is mild, it typically resolves in 2 
to 4 days; in more severe cases, the disease course and 
complications from treatment may last much longer. 
Older studies have shown a wide range of mortality for 
MAS, from 5% to 40%, with newer studies reporting 
rates of <15%.56 Complications associated with MAS 
can include air leak associated with volutrauma or the 
ball-valve effect producing air trapping. The need for 
mechanical ventilation and ECMO increases the oc-
currence of CLD, with the degree dependent upon the 
extent and duration of volutrauma and need for supple-
mental oxygen. The presence of hypoxia, either pre-
natally or postnatally, and acidosis increase the risk of 
neurologic deficits that can last through life. Despite the 
improvements in avoiding meconium passage prior to 
birth, those infants presenting with meconium staining 
have a higher mortality than those without.57

Persistent Pulmonary Hypertension 
of the Newborn
At birth, fetal circulation is required to transition to post-
natal circulation. The transition to postnatal circulation 
depends on the removal of the placenta, the catechol-
amine surge associated with birth, the initial filling of the 
lungs with air during the first breath(s), adjustment to a 
cold extrauterine environment, successful clearance of fe-
tal lung fluid, and the infant’s ability to achieve and main-
tain adequate alveolar ventilation and oxygenation. When 
conditions interfere with the change to postnatal circula-
tion, the transitional circulation will continue and persis-
tent pulmonary hypertension of the newborn will result.

Supported Interventions Unsupported Interventions

Surfactant lavage Intrapartum intubation and 
suctioning to clear meconium

HFV Intrapartum oropharyngeal or 
nasopharyngeal suctioning

Nitric oxide Corticosteroids

ECMO Amnioinfusion

TABLE 8-7
A Review of Supported and Unsupported 
Therapeutic Interventions for the Treatment of MAS

Presentation/Assessment Action

Baby is vigorous (defined as 
normal respiratory effort, 
normal muscle tone, and heart 
rate >100 beats/min)

Allow the baby to stay 
with the mother for normal 
newborn care.
Gently suction the mouth and 
nose with a bulb syringe. 

Baby is not vigorous (defined as 
depressed respiratory effort and 
poor muscle tone)

Place the baby on the radiant 
warmer, clear secretions 
from the mouth and nose with 
a bulb syringe.

If after these initial steps baby 
is still not breathing or the heart 
rate is <100 beats/min

Administer positive pressure 
ventilation.

TABLE 8-6
Current Resuscitation Guidelines for Infants with 
Meconium-Stained Amniotic Fluid at Birth
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Etiology and Incidence
PPHN occurs in approximately 2 in 100 live births af-
fecting near-term (greater than 34 weeks’ gestational 
age) to full-term infants.58 It is rarely seen in preterm 
infants but has a higher risk in these infants when there 
is fetal growth restriction and after prolonged rupture 
of membranes before birth. Epidemiologic studies 
have demonstrated black and Asian maternal race and 
male sex are associated with a significantly higher risk 
for PPHN.59 Maternal high body mass index or dia-
betes mellitus; maternal use of aspirin, nonsteroidal 
anti-inflammatory drugs (NSAIDs), or selective sero-
tonin reuptake inhibitors (SSRIs); and cesarean delivery 
are also risk factors associated with PPHN.59

There are three major abnormalities associated 
with the pulmonary vasculature that are understood 
to precipitant the delay in full transition to postnatal 
circulation: underdevelopment or structural anoma-
lies of the pulmonary vasculature, idiopathic PPHN or 
PPHN that occurs in the absence of lung disease, and 
hypoxia associated with parenchymal lung disease.60,61

Underdeveloped pulmonary vasculature causes a 
reduction in the cross-sectional area and will elevate pul-
monary vascular resistance (PVR). Underdevelopment is 
associated with conditions responsible for pulmonary hy-
poplasia, such as congenital diaphragmatic hernia, con-
genital pulmonary (cystic adenomatous) malformation, 
renal agenesis, oligohydramnios, and fetal growth restric-
tion. There is a limitation to development after birth and 
therefore a limit to the degree of postnatal pulmonary va-
sodilatation that can occur, resulting in the highest mor-
tality rate for infants with the aforementioned conditions 
responsible for pulmonary hypoplasia.62

Maldevelopment of the pulmonary vasculature oc-
curs in lungs that are structurally normal, having the 
correct amount of alveolar development and pulmo-
nary vessels. In these patients, there is an abnormal 
thickening of the muscle layer of the pulmonary arter-
ies (PPHN4), resulting in an increased PVR at birth. 
There appears to be vasculature remodeling occurring 

over the first 7 to 14 days of life, which decreases PVR. 
Vascular mediators, including the cyclic NO/cGMP 
pathway, are thought to be the cause.63 Conditions as-
sociated with maldevelopment include postterm de-
livery, meconium staining, and meconium aspiration 
syndrome. Disorders that produce excessive circulation 
may also influence vascular maldevelopment. These 
would include premature closure of the ductus arte-
riosus, which can be caused by the mother consuming 
NSAIDs, aspirin (prostaglandin inhibitor), and SSRI 
antidepressants during the second half of pregnancy. 
When premature closure of the ductus is the cause of 
PPHN, it is termed idiopathic PPHN.

Maladaptation of the pulmonary vascular bed occurs 
in a normally developed vasculature. Perinatal condi-
tions cause active vasoconstriction and compromise the 
normal fall in PVR that occurs postnatally. The condi-
tions associated with maladaptation include perinatal 
depression, pulmonary parenchymal diseases, and bac-
terial infections, especially those caused by GBS.

The most common cause of PPHN is hypoxia associ-
ated with parenchymal lung disease, such as RDS and 
bronchopulmonary dysplasia.

Pathophysiology
In fetal life the placenta performs the functions associ-
ated with gas exchange. The lungs are filled with fluid 
and the fetal PaO2 is low with a resultant high PVR. In 
the late gestational period, the fetus will prepare for the 
birth transition by increasing factors that promote pul-
monary vasodilation, including the NO/cGMP pathway 
and the prostacyclin pathway. At the time of birth, the 
placenta is clamped, elevating systemic vascular resis-
tance, and the lungs become air filled, the PaO2 and pH 
increase, and vasoactive substances are released, result-
ing in a reduction of PVR. These changes happen rap-
idly, with 80% of the transition occurring by 24 hours of 
age and the remainder completing within another  
2 weeks. Figure 8-8 illustrates the circulator transi-
tion occurring with the adaptation form uterine to 

FIGURE 8-8 An illustration of the circulatory changes that occur as an infant transitions from uterine to extrauterine life.
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ventilation should raise the level of suspicion, especially 
when it is out of proportion to the level of pulmonary 
disease. Clinically, PPHN is most often recognized in 
term or near-term neonates, but it can infrequently oc-
cur in premature neonates.

The definitive diagnosis of PPHN is made by echo-
cardiography: The echocardiogram will show normal 
heart structure and eliminate the differential diagnosis 
of cyanotic congenital heart disease. Doppler studies 
will show right-to-left shunting through the patent duc-
tus arteriosus and/or foramen ovale.

Although dependent on the cause of PPHN, often 
the infant will have an initial period where the PaO2 
does reach >100 mm Hg. After birth, or generally 
within 12 hours, arterial blood gas analysis will show 
a low PaO2, frequently even with high FiO2 adminis-
tration. Preductal (right radial artery) and postductal 
(umbilical artery and arteries in lower extremities) 
blood gas analysis that shows a greater than 10- to  
20-mm Hg difference will confirm the presence of a 
ductal shunt. SpO2 monitoring comparing the right 
hand with either foot may also be used, and a dif-
ference of 5% to 10% is considered significant and 
 consistent with ductal shunting. Use of the left upper 

extrauterine life. If the PVR fails to fall, this can result 
in significant hypoxemia, hypercapnia, acidosis, and 
PPHN. Right atrial pressure is high, causing the fora-
men ovale to stay open with right-to-left shunting to the 
left atria and further decreased pulmonary blood flow. 
The ductus arteriosus will stay open in response to hy-
poxia and alterations in normal vasoactive substances, 
creating an additional right-to-left shunt.

Clinical Presentation
Some infants will have a delay in transition from fetal cir-
culation and will usually only present with mild PPHN, 
manifested by mild hypoxemia and no respiratory dis-
tress. As the transition to extrauterine life continues in 
this group of infants, their clinical course will improve.

PPHN will usually present within 12 hours of birth 
and, when severe, will worsen rapidly, with significant 
hypoxemia and cardiopulmonary instability. PPHN is 
associated with signs of respiratory distress, tachypnea, 
cyanosis, grunting, nasal flaring, and retractions. More 
than half of the infants will be born with low Apgar 
scores and will need immediate intervention in the 
delivery room.63 Typically, cyanosis and hypoxemia 
respond poorly to normal interventions and require 
continued escalations in care (labile hypoxemia). The 
majority of infants will have other respiratory condi-
tions associated with PPHN. Table 8-8 lists the condi-
tions most frequently associated with PPHN.63

Diagnosis
PPHN should be considered when the infant has a his-
tory that includes the associated risk factors listed in 
Table 8-9.62 Risk factors combined with hypoxemia 
that is unresponsive to oxygen therapy and mechanical 

Condition
Relative Frequency 
of Occurrence

MAS 41%

Idiopathic with no respiratory condition 
observed 

17%

Pneumonia 14%

Combined or indistinguishable RDS/
pneumonia 

14%

RDS 13%

Congenital diaphragmatic hernia 10%

Pulmonary hypoplasia 4%

TABLE 8-8
Conditions Commonly Associated with PPHN  
and Their Relative Frequencies

Prenatal Conditions
Fetal hypoxia
Maternal asthma
Maternal obesity
Maternal diabetes
Poor prenatal care
Cesarean delivery
Maternal use of SSRIs
Maternal use of NSAIDs
Abnormal fetal heart rate
Term or near-term gestation
Maternal tobacco smoke exposure
Maternal use of prostaglandin inhibitors

Antenatal Conditions
Sepsis
Pneumonia
Hypothermia
Polycythemia
Pneumothorax
Hypoglycemia
Birth asphyxia
Myocardial failure
Low Apgar score
Pulmonary hypoplasia
Large for gestational age
Respiratory distress at birth
Meconium aspiration syndrome
Transient tachypnea of the newborn

Reproduced from Barnhart S. Neonatal and pediatric respiratory care. In: 
Hess D, McIntyre NR, Galvin WF, Mishoe SC, ed. Respiratory Care Principles 
and Practice. 3rd ed. Boston, MA: Jones & Bartlett Learning: 1073-1112.

TABLE 8-9
Conditions That Predispose an Infant to PPHN
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extremity must be avoided because it can represent 
either pre- or postductal values.

Chest X-rays will generally not be helpful in diag-
nosis of PPHN, as it will be consistent with the un-
derlying condition resulting in PPHN, but are more 
helpful in the management of the disease process. 
When the infant has idiopathic PPHN, the X-ray 
will be radiolucent with a lack of vascular markings 
(Figure 8-9).

Management
The treatment strategy for PPHN is aimed at main-
taining adequate systemic blood pressure, decreasing 
pulmonary vascular resistance, ensuring adequate oxy-
genation, and minimizing complications caused by high 
levels of inspired oxygen and ventilator high-pressure 
settings. General cardiorespiratory management prin-
ciples include the following: (1) continuous monitoring 
of oxygenation, blood pressure, and perfusion; (2) main-
taining a normal body temperature; (3) correcting meta-
bolic acidosis and electrolyte and glucose abnormalities; 
(4) nutritional support; (5) clustering care to minimize 
stimulation and/or handling of the newborn; and  
(6) minimal use of invasive procedures, such as 
suctioning.

The oxygenation index (OI) assesses the severity 
of PPHN and helps to guide the timing of interven-
tions. The OI is calculated by the following formula: 
OI = (MAP x FiO2 / PaO2) x 100. A high OI will indi-
cate severe hypoxemic respiratory failure. A term or 
late-term infant with an OI of >25 should be receiv-
ing care in a center that has HFV, iNO,64 and ECMO 

FIGURE 8-9 A chest radiograph of an infant with idiopathic PPHN. 
Note that the lungs appear black with no vascular markings.
Reproduced with permission from Stevenson D, Cohen RS, and Sunshine MD. Neonatology: 
Clinical Practice and Procedures. New York, NY: McGraw-Hill; 2015. Figure 26-1, p. 363.  
© McGraw-Hill Education.

available.62 An OI of >25 has a 50% risk of requiring 
ECMO and mortality if pulmonary vasodilators are 
not used.65 High concentrations of supplemental oxy-
gen delivery should be administered to help relieve 
hypoxemia and reduce PVR. Preductal SpO2 should be 
targeted at >95% and continuous pre- and postductal 
monitoring of saturations will identify if ductal shunt-
ing continues. Mechanical ventilation is initiated in an 
attempt to resolve hypercarbia and acidosis in order to 
decrease PVR. PaCO2 is targeted at 35 to 45 mm Hg. 
The ventilator strategy used will depend on the underly-
ing cause of PPHN and the infant’s response to therapy. 
Idiopathic PPHN will usually not require high mean 
arterial pressure (MAP) or PEEP levels. In contrast, in-
fants with parenchymal lung disease may require high 
MAP and PEEP. HFV is often needed to achieve higher 
MAP while reducing potential lung injury caused by 
volutrauma. High-frequency oscillatory ventilation also 
has been shown to improve the treatment outcomes and 
response to iNO.66

iNO is a powerful pulmonary vasodilator with the 
advantage of having minimal systemic effects that im-
prove oxygenation and reduce the need for ECMO in 
infants with PPHN.66 Exogenous nitric oxide regulates 
vascular tone by relaxing the vascular smooth muscle. 
iNO is normally started at a concentration of 20 ppm 
and is lowered as quickly as possible to the lowest 
concentration that achieves effect. In patients who re-
spond, there is typically a 20% increase in PaO2 or ar-
terial saturation within 15 to 20 minutes. Higher doses 
have not been associated with improved effect but 
have resulted in elevated methemoglobin levels and 
nitrogen dioxide levels. Measurement of methemoglo-
bin levels is no longer routinely performed as studies 
have verified safety with the use of <20 ppm. Approx-
imately 30% of infants will not respond to iNO. If lung 
recruitment and hemodynamic stability are achieved 
and iNO is still not effective, ECMO should be con-
sidered.67 Rebound pulmonary hypertension has been 
reported after removal of iNO after prolonged admin-
istration but usually reverses after 60 minutes. Studies 
have shown that weaning iNO gradually will prevent 
the rebound effect.67

Other vasodilatory agents have been studied and 
used. Sildenafil is a phosphodiesterase inhibitor that 
has been shown to selectively reduce PVR and has been 
successful in treating infants with PPHN.68

Treatment for any associated disease process should 
also be provided. Surfactant therapy can be effective in 
infants with parenchymal lung disease associated with 
surfactant inactivation or deficiency but is not effective 
if PPHN is the primary diagnosis. Sedation and analgesia 
with opioids are often necessary to achieve adequate 
mechanical ventilation and should be used after ap-
propriate ventilator synchronization has been achieved. 
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Neuromuscular blockade is avoided but may be needed 
when asynchronous breathing and severe hypoxemia 
persist. Cardiac output is maintained with the use of ino-
tropic agents and with judicious volume replacement.

When mechanical ventilation and iNO are not suf-
ficient to improve oxygenation and ventilation and the 
OI is >40, ECMO should be considered. ECMO will 
prevent further induced lung injury, provide oxygen-
ation, relieve acidosis, and allow time for the lung and 
pulmonary vasculature to heal. Figure 8-10 highlights 
the general management principles for PPHN.

Complications and Outcomes
The mortality rate of PPHN has improved with the use 
of iNO and ECMO. Mortality rates were nearly 40% in 

the early 20th century, but the use of iNO and ECMO 
have resulted in survival rates overall of approximately 
80%.63,64 The range of survival varies based on the un-
derlying pathophysiologic cause—diaphragmatic hernia 
survival is near 50% and MAS is near 90% with the use 
of ECMO. Neurodevelopmental disabilities have been 
reported in up to 60% of infants. In a report of 109 
school-age survivors of PPHN (77 of whom received 
iNO and 12 who required ECMO), 24% had chronic 
respiratory problems, 60% had abnormal chest X-rays, 
and 6.4% had some degree of hearing loss.69 Neurode-
velopmental outcomes were very encouraging, with 
no difference seen between these PPHN survivors 
and the control group in IQ, behavior, or academic 
achievement.69

FIGURE 8-10 General principles used for the management for PPHN.
Reproduced with permission from Lakshminrusimha, S, Keszler, M. (2015) Persistent Pulmonary Hypertension of the Newborn. NeoReviews. 2015;16(12). Figure 5. Copyright ©2018  
by the AAP.
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OBJECTIVES
1. Describe the abnormalities underlying major congenital 

malformations of the lungs.
2. Discuss the etiology and pathophysiology of the various 

congenital disorders in newborns and infants.
3. Recognize and manage choanal atresia or other upper 

airway disorders.
4. Define the complications and outcomes primarily 

associated with the development of choanal atresia.
5. Examine the etiology and pathophysiology of a 

tracheoesophageal fistula.
6. Identify and manage a tracheoesophageal fistula.
7. Explain the complications and outcomes primarily associated 

with the development of a tracheoesophageal fistula.
8. Review the development, etiology, and pathophysiology of 

a congenital diaphragmatic hernia.
9. Understand and manage a congenital diaphragmatic hernia.

10. Describe the complications and outcomes primarily 
associated with the development of a congenital 
diaphragmatic hernia.

11. Understand the etiology, diagnosis, and management of 
surfactant protein deficiencies.

12. Explain the complications and outcomes of surfactant 
protein deficiencies.

13. Distinguish and manage various congenital pulmonary 
anomalies.
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FIGURE 9-1 An illustration of the lack of continuity between the 
nasal cavity and the pharynx that occurs with choanal atresia.

Abnormal 
septum

Introduction
In order to provide effective patient care to neonates, 
it is fundamental for clinicians to have knowledge of 
the etiology and pathophysiology of various congeni-
tal disorders of the respiratory system. Recognizing, 
managing, and treating these disorders requires an 
understanding of how the disorder presents, the pre-
disposed clinical condition, and the treatment options 
available.

This chapter will focus on the etiologic and patho-
physiologic characteristics of the most common con-
genital disorders of the respiratory system. It will focus 
on providing information on several complex disorders 
and engage the reader in management strategies de-
signed to improve clinical outcome.

Choanal Atresia
Choanal atresia, which occurs in approximately 1 in 
7000 live births and is more predominant among fe-
males, has been recognized for more than 200 years.1,2 
It is a congenital disorder in which there is a narrowing 
of the back of the nasal cavity (choanae), resulting in 
a lack of continuity between the nasal cavity and the 
pharynx (Figure 9-1). Choanal atresia is the most com-
mon form of congenital nasal obstruction, and infants 
often present with difficulty breathing.

Very few risk factors have been identified for this 
disorder. Two suspected risk factors for the devel-
opment of choanal atresia are molecular models, 
including abnormalities in vitamin A metabolism 
and prenatal drug treatments for hyperthyroidism, 
and genetic causes.1 Newborn infants are commonly 
described as obligate nasal breathers, as they prefer 
breathing through their noses rather than their mouths. 
Evidence suggests that there is potential loss of nasal 
humidification in infants who mouth breathe, which 
can lead to alterations in lung surfactant and mucocili-
ary clearance as well as decreased lung compliance.3 

Because mouth breathing is not a normal response in 
newborn infants, this anatomical closure or obstruc-
tion of the nasal cavity could result in immediate re-
spiratory distress or potential death. Choanal atresia 
may be unilateral or bilateral, meaning it can affect one 
or both sides of the nasal airway. Because partial or 
complete obstruction is a potential outcome, close at-
tention must be paid on screening, management, and 
treatment for all infants at risk.

Etiology
Choanal atresia causes unilateral or bilateral blockage 
or obstruction of the posterior nasal cavity. This disor-
der is the leading cause of nasal surgery among infants, 
although its etiology is largely unknown. Recently, mo-
lecular model theories have been developed.

Vitamin A metabolism abnormalities have been asso-
ciated with choanal atresia. Retinoic acid is metabolized 
from vitamin A, and maternal deficiency in retinoic acid 
during the gestational period has been linked to cranio-
facial malformations in many clinical cases.2 A simple 
prenatal treatment plan to restore vitamin A levels was 
effective in preventing choanal atresia.2

Choanal atresia cases have also been identified in 
thionamide-exposed infants. Thionamides are most of-
ten used to treat overactive thyroids. Pregnant women 
diagnosed with hyperthyroidism and the prenatal use 
of anti-thyroid medication increase the risk for choanal 
atresia.2

Genetic causes for choanal atresia were first de-
scribed in 1979. These genetic causes, also known as the 
CHARGE association (Table 9-1),2 describe multiple 
congenital anomalies, including choanal atresia, that 
affect many areas of the body. Infants with CHARGE 
syndrome have a cluster or combination of anomalies, 
including coloboma, heart defects, choanal atresia, 
retarded growth and development, genital hypoplasia, 
and ear deafness.2 Many infants with bilateral choanal 
atresia have other associated CHARGE congenital 

anastomosis
atretic plate
bronchogenic cyst
choanal atresia
congential diaphragmatic 

hernia (CDH)
congenital pulmonary 

airway malformation
congenital pulmonary 

anomalies
distraction osteogenesis
esophageal atresia
glossoptosis
macroglossia
mandibular hypoplasia
mitomycin C
oligohydramnios

paradoxical cyanosis
Pierre Robin syndrome
polyhydramnios
pseudomacroglossia
pulmonary agenesis
pulmonary aplasia
pulmonary hypoplasia
pulmonary sequestration
stridor
surfactant
surfactant protein 

deficiencies
tracheoesophageal 

fistula (TEF)
Treacher Collins 

syndrome (TCS)
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defects as well, so the CHARGE mnemonic can be 
used to alert clinicians to look for these other poten-
tial abnormalities. Tracheostomy is often used in the 
course of treatment. Although early tracheotomies in 
patients with CHARGE syndrome cause nonnegligible 
morbidity and mortality, this treatment option is often 
preferred to delay hypoxic events and to lessen develop-
mental disturbances.4

Pathophysiology
Choanal atresia is a developmental problem of the 
neonatal airway. This condition can consist of a bony 
obstruction, a membranous obstruction, or, as in the 
majority of cases, a combination of the two. Recent evi-
dence suggests that mixed bony/membranous obstruc-
tions occur in 70% of infants diagnosed with choanal 
atresia while pure bony obstructions occur in 30% of 
infants.2 The exact pathophysiologic origin of choanal 
atresia is unknown, but it is postulated that failure of 
the oronasal membrane to rupture or the misdirection 
of mesodermal flow leads to malrotation of nasal pits 
in the developing fetus.5 The nasal openings are not 
formed, which causes lack of communication between 
the nasopharynx and the remainder of the infant’s air-
way. There are four main anomalies associated with this 
congenital disorder: (1) narrowing of the nasal cavity, 
(2) lateral obstruction by the atretic plate, (3) medial 
obstruction by the vomer (nasal septum), and (4) mem-
branous obstruction.5

Diagnosis
Choanal atresia can be diagnosed by a comprehensive 
examination of the nose. Appropriate delivery room 
management, including assessment of and support to 
the infant’s airway, breathing, and circulation, must 

be provided before diagnostic evaluation for this 
disorder occurs. During initial airway management, 
choanal atresia may be suspected when there is an 
inability to pass a nasogastric tube (NG) or suction 
catheter through each nare. Additionally, placing a 
shiny metal object or mirror under the nose to ob-
serve fogging is a frequently used tool; lack of nasal 
fogging suggests a unilateral or bilateral obstruction 
of flow from the airway through the nasopharynx 
and/or nares.

The definitive diagnosis is established through more 
sophisticated tests, including computed tomography 
(CT) scan or nasal endoscopy.1 A CT scan of the pa-
ranasal sinuses and skull base helps to identify the 
extent, type, and severity of the disorder as well as the 
estimated size of the nasopharynx (Figure 9-2).1 A CT 
scan can also differentiate unilateral nasal obstructions, 
such as a nasal foreign body, septal deviation, or nasal 
tumor, and may also be helpful in identifying secondary 
anomalies. However, awareness of potential imaging 
pitfalls can help to avoid misdiagnoses or unnecessary 
surgery. Scanning at an angle that defines the perma-
nence of the choanae with the nasopharynx will help 
to differentiate choanal atresia from other potential 
diagnoses.6 Proper imaging skills, knowledge of the dis-
ease process, and awareness of the normal ossification 
sequence of facial structures can play a pivotal role. 
Disadvantages to using CT in infants include high po-
tential for radiation exposure and the need for sedation 
to prevent movement artifacts. Local contrast is useful 
and helps to augment the thickness of the atretic plate 
and vomer in addition to defining the condition of the 
nasal mucosa.6

Major Factors Minor Factors

Ocular coloboma Cardiovascular malformations

Choanal atresia Genital hypoplasia

Characteristic ear 
abnormalities

Cleft lip/palate

Cranial nerve abnormalities, 
including sensorineural hearing 
loss (SNHL)

Tracheoesophageal fistula

Hypothalamo-hypophyseal 
dysfunction

Distinctive CHARGE facies

Developmental delay

TABLE 9-1
Major and Minor Characteristics Associated with 
CHARGE Syndrome

FIGURE 9-2 A CT scan demonstrating a lack of communication  
of the nasopharynx as indicated by the red arrows.
Case courtesy of Dr. Jeremy Jones, Radiopaedia.org, rID: 12385.
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Nasal endoscopy is also described as both a diagnos-
tic and a therapeutic tool for the evaluation and treat-
ment of choanal atresia. Endoscopic imaging provides 
exceptional visualization of the nasal area. Research has 
shown that endoscopic examination is able to accurately 
define nasal malformations, facilitating efficient surgical 
procedure planning.7

Clinical Presentation
Nasal or airway obstruction is not easily diagnosed 
prenatally. Infants with choanal atresia often pres-
ent with respiratory distress and stridor. Stridor, an 
abnormal, high-pitched breathing sound caused by 
a blockage or narrowing in the upper airways, can 
occur during inspiration, expiration, or both. Upon 
examination, an infant with this malformation will 
present with an increase in work of breathing, severe 
stridor, or cyanosis, which are signs of impending air-
way obstruction.8

The presentation of choanal atresia depends on three 
factors: whether the obstruction is unilateral, bilateral, 
or associated with other craniofacial abnormalities 
(Figure 9-3).

Infants with unilateral obstruction often present 
with symptoms later (between 5–24 months of age) 
with  persistent nasal discharge, nasal obstruction, or 
occasional ear infections.1 Occasionally, the diagnosis 
of unilateral choanal atresia can be acknowledged after 
unsuccessful septal surgery in adulthood. Chronic up-
per airway obstruction in infants can also present as 
obstructive sleep apnea syndrome.3 In severe cases, 
nasal obstruction causes hypoxemia and hypercarbia, 
which can lead to changes in the pulmonary vascu-
lature and cause cor pulmonale and/or pulmonary 
hypertension.3

Bilateral obstruction presenting at birth causes air-
way compromise. As infants are obligate nasal breath-
ers, more than 50% of those with bilateral obstruction 
due to choanal atresia will have oxygen desaturata-
tion.1 The occurrence of bilateral nasal obstruction 

presents as a neonatal airway emergency, and resusci-
tation efforts are often needed to stabilize the infant. 
The clinical presentation of bilateral choanal atresia 
includes obvious airway obstruction, stridor, and 
paradoxical cyanosis (the relief of airway obstruction 
when crying occurs).1 Establishing and protecting an 
airway is often required prior to definitive management 
of this disorder.

Craniofacial abnormalities make up a minor, but 
critical, subgroup of the infants and children with cho-
anal atresia. These complex patients have defective skull 
bases, abnormal cranial cavities, and thickened choanae 
tissues.1 Important discussions surrounding related ab-
normalities, additional airway obstruction sites, muscle 
tone, and feeding concerns need to be considered in 
this subgroup.1

Management
A variety of care strategies are available for the man-
agement of choanal atresia. A patent nasal cavity is the 
ultimate outcome measure for surgical management 
strategies. Although there is substantial literature pub-
lished on the surgical management of choanal atresia, 
the intervention or technique used to alleviate the ob-
struction depends on clinician preference and the thick-
ness of the atretic plate.

There are four “classical” surgical approaches: (1) 
trans-nasal endoscopy and puncture, (2) trans-palatal 
resection, (3) trans-septal approach, and (4) sub-labial 
approach, each with varying degrees of success. More 
recently, the trans-nasal endoscopic procedure has been 
reported as the best possible treatment option for cho-
anal atresia.

Trans-nasal puncture is a traditional and safe tech-
nique to establish a patent airway. The trans-nasal 
puncture technique consists of making a perforation 
in the atretic plate,1 or the anatomical thin tissue plate 
that separates the nasal cavity from the pharynx. The 
major disadvantage associated with this approach is the 
limited field of vision, which often results in inadequate 
removal of bone/membrane.7 This treatment technique 
lost favor due to a high recurrence rate of restenosis,1 
so, when used, it is useful to combine this method with 
other techniques.

Trans-palatal resection provides excellent exposure 
of the abnormality, allowing for direct correction of the 
area with a surgical drill. Unfortunately, increases in 
operating times, growth disturbance complications, and 
subsequent orthodontic abnormalities are associated 
with the use of this technique.1 As a result, this repair 
technique is rarely used today.

The trans-septal and sub-labial approaches have been 
used specifically in patients with craniofacial deformi-
ties. These methods allow for the preservation of the 
nasal septum and maxillary crest, which minimizes the 
propensity for nasal bone growth disruption.5

FIGURE 9-3 CT scans demonstrating bilateral presentations of 
choanal atresia. The arrows point to the bony structures causing the 
obstruction.
Hellerhoff, used under CC BY-SA 3.0.
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Technical advances allow for enhanced  visualization,  
providing more opportunity to use the trans-nasal 
endoscopic instrument route (Figure 9-4). Recently, 
endoscopic resection has become a popular surgical 
repair technique. This technique uses an endoscope to 
visualize and perforate the atretic plate. Once a passage 
is created, dilators are used to enlarge the area. The   
 advantages to this approach include clear visualization 
of the nasal field; accurate removal of the atretic  
plate; the ability to perform the technique in a wide 
variety of patients, from infants to adults; and a shorter 
recovery time.7

Stenting is often used after performing a surgical 
procedure to keep the nasal cavity patent. However, it is 
not clear whether the use of stents following endoscopic 
surgery prevents stenosis from reoccurring after their 
removal.1 In neonates with bilateral choanal atresia, 
however, stents are essential and recommended in order 
to maintain a sufficient airway in the early periods fol-
lowing surgery.

Complications and Outcomes
Major complications can occur following surgical repair 
of choanal atresia and include cerebrospinal fluid leaks, 
midbrain trauma, and palate perforation.5 The use of 
more advanced surgical equipment has reduced the 
incidence of major complications. Minor complications 
can often be seen following stent placements.

Postoperative stenosis is the most common compli-
cation encountered with surgical repair, occurring in 
up to 50% of patients. The literature suggests that the 
presence of gastroesophageal reflux disease (GERD), 
patient age (<10 days old), and insufficient postopera-
tive revisions are predictive factors for restenosis.9 
Mitomycin C is a topical agent aid used intra-operatively 

to prevent the formation of scar tissue and restenosis 
following choanal atresia repair.5 Mitomycin C is an an-
tibiotic that inhibits cell division, protein synthesis, and 
fibroblast proliferation, resulting in reduced granulation 
formation in patients undergoing nasal reconstruction.5 
Although it is recommended as an adjunct therapy for 
choanal atresia repair, its efficacy outcomes remain 
controversial.

Postoperative care of these infants should include, 
as needed, prophylactic oral antibiotics, patient/family 
education on nasal irrigation for cleansing the naso-
pharynx, and proper use of home suction devices.10 
Follow-up care consists of nasal breathing assessments 
and comprehensive examinations of the nose and naso-
pharynx patency. Surgery is considered successful when 
bilateral normal nasal breathing is restored and there 
is no evidence of airway obstruction during feeding or 
rest.10 Patient prognosis after nasal reconstruction is 
excellent.

Mandibular Hypoplasia
Mandibular hypoplasia is a frequently encountered 
craniofacial disorder in neonates, occurring in ap-
proximately 14,000 live births per year.11 This congeni-
tal syndrome, also known as micrognathia, strawberry 
chin, or hypognathia, is characterized by an under-
sized facial jaw, specifically a small mandible and 
receding chin. There are varying degrees of severity, 
which are shown in Figure 9-5. This disorder also in-
volves abnormal or arrested development of the man-
dible. Infants with markedly hypoplastic mandibles 
are at high risk for potential abnormalities, including 
glossoptosis, or retraction of the tongue, and upper 
airway obstruction. Because mandibular hypoplasia 
not only causes facial disfigurement but also signifi-
cant functional impairments, care must be used when 
treating these children.

Etiology
Genetic conditions and environmental factors make the 
mandible a common location for fetal deformities. In 
utero, the complex, multistep formation process makes 
the development of the mandible highly vulnerable to 
genetic mishaps.12 Infants born with mandibular hy-
poplasia were also found to have decreased fetal move-
ment.12 In addition to jaw abnormalities, the infant’s 
mouth may also be paralyzed.12

Pathophysiology
The pathophysiology of mandibular hypoplasia may 
include such conditions as chromosomal or neuro-
muscular abnormalities, gene disorders, and other 
syndromes.13 The mandibular changes likely follow a 
hereditary pattern and often occur in conjunction with 
other congenital diseases.

FIGURE 9-4 An endoscopic view of unilateral choanal atresia. The 
nasal passage in this image is completely obstructed.
Reproduced from Singh V. Unilateral choanal atresia in adult: Case report. International 
Journal of Science and Research. 2016;4(11). Licensed under CC BY 2.0.
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Diagnosis
Any syndrome associated with abnormal cranio-
facial anatomy can lead to airway difficulties and 
life-threatening problems in infants. Prenatal screen-
ing by ultrasound imaging helps identify mandibular 
hypoplasia and can distinguish it from other malfor-
mations, which better prepares clinicians to pres-
ent the parent(s) with treatment options.14 With the 
fetal head in a favorable position, the mandible can 
be studied by ultrasonography as early as 10 weeks’ 
gestation.12 Both subjective and objective diagnoses 
of the fetal mandible can be made. A subjective diag-
nosis can be conducted by assessing the mandible in 
relation to the rest of the face via a midsagittal facial 
profile.12 Two methods have also been reported to 
assist in objective diagnosis: the inferior facial angle 
and the jaw index measure ratios of the facial profile.12 
Both are proven effective in diagnosing mandibular 
hypoplasia.

Polysomnography (sleep study) is another standard 
assessment tool used to determine the presence and se-
verity of airway obstruction in children with mandibular 
hypoplasia. Polysomnography is useful in determining 
the presence of hypoxemia and CO2 retention and is 
often used to compliment clinical and radiologic assess-
ment of children diagnosed with mandibular hypoplasia 
or similar syndromes.15

Important steps to consider when diagnosing man-
dibular hypoplasia include assessing for the presence of 
other associated anomalies; determining if there are any 
abnormal structure arrangements, such as Pierre Robin 
syndrome; and determining the risk of recurrence.12

Clinical Presentation
In addition to the mandibular abnormality, infants 
and children present with loud snoring, daytime 

somnolence, oxygen desaturations (<85%), and an 
elevated apnea/hypopnea index (>5).15 Clinical mor-
bidities result from the airway obstruction and hypox-
emia and often include failure to thrive, developmental 
delays, GERD, feeding difficulties, CO2 retention, heart 
failure, brain damage, and sudden infant death syn-
drome.11 There are many other syndromes associated 
with impaired mandibular development in infants. 
Mandibular hypoplasia is commonly found in conjunc-
tion with such anomalies as Pierre Robin syndrome or 
Treacher Collins syndrome.

Pierre Robin syndrome is a set of facial abnormalities 
consisting of mandibular hypoplasia, cleft palate, and 
glossoptosis (Figure 9-6). This triad of deformities may 
potentially contribute to respiratory distress, airway 
obstruction, and hypoxia. This condition is now being 
described as a “sequence” to reflect the developmental 
succession of these three anomalies. Diagnosis is made 
through physical examination of signs and symptoms. 
Possible management or treatment alternatives include 
glossopexy (tongue-lip adhesion), nasoesophageal intu-
bation, tracheostomy, or use of a modified airway with 
a Kirschner wire (K-airway).16 Placing the infant in the 
prone position with dorsiflexion (upward direction) of 
the head provides a short-term medical management 
option.16

Treacher Collins syndrome (TCS) is a genetic disor-
der that affects the ears, eyes, cheekbones, and chin of 
infants. Figure 9-7 illustrates the facial abnormalities 
associated with TCS. This congenital deformity alters 
the development of facial bones and tissues and is gen-
erally associated with a bilateral cleft and craniofacial 
disease. The primary clinical characteristics of Treacher 
Collins syndrome include prominent eye dysmorphia, 
middle and external ear deformity, distinctive midfacial 
malformations, and maxilla-mandibular abnormali-
ties.17 In addition to having backward displacement, the 

FIGURE 9-5 An illustration of the varying degrees of severity associated with mandibular hypoplasia.
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mandible can be significantly underdeveloped and mal-
formed. CT imaging demonstrates a diminished man-
dibular size and shape.17 Treacher Collins syndrome can 
be also diagnosed using three-dimensional ultrasound 
imaging. Surgical treatments include palatoplasty to 
repair the cleft palate, oral surgery, ear reconstruction, 
and eyelid correction.17 Midface tissue resuspension 
may also be considered as the child grows and devel-
ops.17 Bone-assisted hearing aids may be necessary, 
as auditory loss results in a majority of children with 
Treacher Collins syndrome.17

Management
Diseases associated with anatomical restriction of the 
upper airway, including mandibular hypoplasia, Pierre 

Robin syndrome, and Treacher Collins syndrome, can 
affect upper airway musculature and promote airway 
obstruction.3 Management options include stabilizing 
the airway, waiting for normal growth to resolve, or per-
forming facial advancement surgery.8

Ongoing assessment includes evaluation of airway 
patency, feeding and/or swallowing difficulties, and 
growth and development milestones. Initially, infants 
and children require continuous apnea monitoring, 
oxygen-saturation monitoring, prone positioning, 
nasopharyngeal tubes, and in some cases continuous 
positive airway pressure (CPAP).11,17 Airway suction-
ing and positioning are part of the infant’s and child’s 
routine care. Parenteral nutrition should begin as 
soon as possible, and parents should be educated on 
appropriate feeding techniques, patient assessment 
skills, and strategies to minimize the likelihood for 
aspiration.17

A tracheostomy may be an effective chronic manage-
ment option for infants with mandibular hypoplasia. 
Despite its effectiveness, high costs, increased morbid-
ity, speech delays, and psychological problems often 
accompany tracheostomy tube use. Therefore, it is 
 important for clinicians to investigate alternatives and 
to provide the parents or caregivers with options.

Surgical procedures, such as lip-tongue adhesion, 
suture transfixion, various sling procedures, and dis-
traction osteogenesis, are performed to correct the 
underlying defect.15 Distraction osteogenesis is a fairly 
common and important treatment option to correct 
mandibular hypoplasia by making a longer bone out 
of a very short bone. A distractor is used to pull the 
two pieces of bone apart slowly and, over time, new 
bone grows to fill in the gap and allows the tongue to 
move away from the posterior hypopharynx, reliev-
ing upper airway obstruction.18 Figure 9-8 shows 
how the distractor is slowly moved and the angle of 
the jaw changed as the bone is lengthened. This pro-
cedure is intended to improve oral and craniofacial 
deformity and also helps to maintain a patent airway 
in patients, especially in those with obstructive sleep 
apnea syndrome (OSAS).18 During sleep, patients with 
mandibular hypoplasia tend to have difficulty main-
taining a patent airway, and hypopnea or apnea usually 
results.18 The small mandible obstructs the airway by 
pushing the tongue closer to the pharyngeal wall.19 A 
noncontrast CT scan can be done to assess bone stock 
and facial structure prior to surgery.11 Correcting the 
mandible and improving airway patency can help to 
prevent growth retardation and prolonged need for a 
tracheostomy tube as well as improve quality of life. 
Evidence has shown that distraction osteogenesis is 
the best method for mandibular lengthening.18 One of 
the most essential aspects in mandibular reconstruc-
tion is preoperative planning. It is important to assess 
the extent of the mandible defect, determine proper 

FIGURE 9-6 A frontal and lateral view of an infant with Pierre Robin 
syndrome.
Sesenna E, Magri A, Magnani C, Brevi B, Anghinoni M. Mandibular distraction in neonates: 
Indications, techniques, results. Italian Journal of Pediatrics. 2012;38. 7. 10.1186/ 
1824-7288-38-7. Courtesy of Dr. E. Sesenna.

FIGURE 9-7 An illustration of the facial abnormalities seen with 
Treacher Collins syndrome.
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orientation to the site, and perform a skeletal assess-
ment to gain a better understanding of the type of re-
construction that needs to be performed.20 Distraction 
osteogenesis has a 92% to 100% success rate in treating 
mandibular hypoplasia.11

Additionally, the presence of OSAS in patients with 
mandibular hypoplasia may also warrant the potential 
management with nasal CPAP (nCPAP).19 The success-
ful use of this noninvasive therapy may avoid the need 
for more aggressive surgical intervention. Quality of 
life is much improved for infants and children under-
going surgical reconstructive or mandibular growth 
treatment.

Complications and Outcomes
Aplasia of the mandibular condyles, a rare orthopedic 
abnormality that results in the underdevelopment or 
nondevelopment of various craniofacial structures, is a 
complication associated with distraction osteogenesis.17 

In some children, distraction may need to be delayed 
until later childhood, with a tracheostomy used in 
the interim to achieve and maintain a patent airway. 
Additionally, despite surgical efforts to correct facial 
abnormalities, there is a possibility of relapse. This 
complication can lead to latent airway obstruction and 
repeat distraction may be necessary.17 The presence of 
secondary airway anomalies, such as tracheomalacia, 
subglottic stenosis, or tracheal rings, may reduce surgi-
cal success; these can be detected by laryngoscopy and/
or bronchoscopy.11 The average complication rate for 
the treatment of mandibular hypoplasia is 34%, with 
the majority being minor or moderate incidents.11 The 
most common complications include infections, scar-
ring, and dental or nerve injury.11 Effective interven-
tions and the use of validated evaluation protocols are 
essential for standardizing care and improving patient 
outcomes.

Determining the pathology of these complex disease 
processes is an important step in the plan of care.

FIGURE 9-8 (A) An illustration of how the distractor is used to pull the two pieces of surgically cut bone apart. (B–D) As the distractor is slowly 
moved, the angle of the jaw changes and the bone is lengthened.
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118 CHAPTER 9 Congenital Disorders of the Respiratory System in the Neonate



Macroglossia
Macroglossia, or an enlarged tongue, can create 
chewing, speech, and airway management problems 
(Figure 9-9). Macroglossia can be associated with 
dentomusculoskeletal deformities as well as with 
other disorders, including Beckwith Wiedemann and 
Down syndrome.21 The incidence of macroglossia 
is unknown. Pseudomacroglossia is another condi-
tion in which the tongue may be normal in size but is 
forced to sit in an abnormal position due to anatomical 
associations.21 Pseudomacroglossia must be distin-
guished from true macroglossia because the clinical 
management strategies vary. However, clinicians need 
to understand the signs and symptoms associated with 
both of these congenital disorders in order to improve 
airway function, facial aesthetics, and the overall 
health of those affected.

Etiology
There are two etiologic classifications currently used to-
day: true macroglossia and relative macroglossia.22 True 
macroglossia may be caused by a wide array of congeni-
tal and acquired conditions, including infant muscular 
hypertrophy (enlargement), glandular hyperplasia, 
hemangioma (noncancerous skin growths), lymphan-
gioma (lymphatic system lesions), and, most commonly, 
muscular enlargement.21 Acquired causes include but 
are not limited to amyloidosis (amyloid buildup), dental 
cysts or tumors, and neurologic injury.21

Pathophysiology
The pathophysiologic classification of macroglossia is 
divided into generalized and localized disease group-
ings.23 The pathophysiologic classifications are further 
subdivided into congenital, inflammatory, traumatic, 
metabolic, and neoplastic categories.23 This taxonomy is 
distinguished through physiologic exam and is usually 

the result of tissue abnormality or from the presence of 
abnormal development of the oropharynx.23 Molecular 
and chromosomal analyses, as well as thyroid function 
testing, are also used in the pathophysiologic evalua-
tion of macroglossia.24 Thyroid dysfunction, abnormal 
genetic testing, and unique familial syndromes have 
contributed to characteristics seen in infants with mac-
roglossia.24 Evaluation includes a careful history and 
thorough physical examination in order to identify po-
tential underlying syndromes.

Diagnosis
Clinical, radiographic, and functional assessments are 
used in the evaluation and diagnosis of macroglossia. 
The evaluation should begin with a medical history, in-
cluding a family history of at least three generations.22 
A complete physical examination of the infant should 
also be performed and include an evaluation of the site 
and severity of the oral impendence.22 In addition to 
an inspection of the oropharynx, airway fluoroscopy 
and magnetic resonance imaging (MRI) are both help-
ful in the diagnosis (Figure 9-10).23 Functional tests 
to identify variations in speech, chewing, and airway 
patency should also be performed.22 Polysomnography 
should be used to evaluate the degree of the airway 
obstruction and the urgency for intervention.23 Lab-
oratory analysis, including thyroid function, metabolic 
screening, and expanded lab studies, will help to sup-
port the diagnosis and are essential in guiding clinical 
intervention.22

Clinical Presentation
There are several clinical and radiographic features that 
can help clinicians recognize macroglossia. All these 
features are not always present, and their existence 

FIGURE 9-9 A child with macroglossia.
Courtesy of Cleft and Craniofacial Center at Cincinnati Children’s Hospital Medical Center.

FIGURE 9-10 Radiologic imaging showing macroglossia in a 
small child.
Courtesy of Dr. Javier Salguero, Radiopaedia.org, rID: 22204.
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does not guarantee confirmation of this congenital mal-
formation. Clinical features include a grossly enlarged 
tongue, open bite, mandibular protrusion, teeth mis-
alignment, speech problems, difficulty eating and chew-
ing, drooling, airway difficulties, and obstructive sleep 
apnea.21 Radiographic findings may include the tongue 
filling the oral cavity, mandibular protrusion, dispropor-
tional mandibular growth, and a decreased size of the 
oropharyngeal airway.21

Management
Macroglossia management is intricate. Conservative 
management measures may be used to reduce inflam-
mation, bleeding, and trauma in patients. These man-
agement actions try to correct complications while 
preserving tongue abilities.22 The type and size of the 
malformation will dictate medical or surgical manage-
ment. Surgical intervention is indicated to alleviate air-
way obstruction. Various surgical methods can be used 
to reduce the size of the tongue and include tongue 
resection surgery (reduction glossectomy), tongue 
excision, and orthognathic (corrective jaw) surgery.21 
Indications for surgery can include repeated airway or 
chewing distress, psychological concerns, and imped-
ance of orthodontic appliances.21 Surgical sequencing 
through partial resection of the tongue, in combina-
tion with orthognathic surgery, has several advantages 
and is the preferred and most common management 
option.21,23 Reducing the size of the tongue while main-
taining functional oral abilities is the main goal of this 
technique.23 The optimal age for surgical management 
is between 4 and 7 years; however, high risk associ-
ated with some complications may require earlier 
correction.22

Complications and Outcomes
Macroglossia-associated morbidity includes feeding 
difficulties, respiratory distress, laryngomalacia, tra-
cheomalacia, speech disturbances, and developmental 
delay.24 Potential postsurgical complications include 
excessive bleeding, airway obstruction, loss of taste, 
motor dysfunction, tongue mobility deficiency, salivary 
duct injury, and speech and chewing problems.21 The 
most common complication associated with reduction 
glossectomy is incision breakdown:23 The more muscle 
removed, the greater the potential for tongue mobility 
restriction. Postoperative symptoms may be exacer-
bated before patient improvement occurs. Close patient 
monitoring is necessary, and possible short-term intu-
bation may be required.23 Severe surgical complications 
appear to be very infrequent.21 Postoperative airway 
assessment of the patient is important. Substantial im-
provement in functional (airway, speech, chewing) and 
aesthetic outcomes can be expected following surgical 
correction.21

Tracheoesophageal Fistula
Tracheoesophageal fistula (TEF) is a congenital mis-
communication between the trachea and the esopha-
gus.25 The prevalence of this congenital deformity is 
roughly 1 in 3500 live births.25

Etiology
The etiology of TEF is largely unknown but is thought 
to be multifactorial, involving genetic and environ-
mental factors.25 Environmental risk factors include 
exposure to certain medications (i.e., anti-thyroids) and 
infections during pregnancy and maternal diabetes mel-
litus.26 Many infants born with TEF are also diagnosed 
with chromosomal anomalies as well as with abnormali-
ties of the vertebra, gastrointestinal tract, cardiovascu-
lar system, renal system, or limbs (known as VACTERL; 
Table 9-2).25

Pathophysiology
An unknown in utero malformation best characterizes 
TEF. During the development of the fetus, the diges-
tive tract separates from the trachea; however, if these 
structures remain fused, tracheoesophageal irregulari-
ties occur. Anatomical classifications are used to de-
scribe the presence or absence of esophageal atresia, 
or incomplete communication of the esophagus, and 
whether an associated fistula is present.27 Figure 9-11  
provides an illustration of the different types or config-
urations the defect can take. The most common com-
bination is esophageal atresia with a distal TEF, with 
the fistula connecting between the lower pouch of the 
esophagus and the trachea.25 An isolated esophageal 

Potential Problem Tests Performed

V: Vertebral abnormality (butterfly 
vertebrae, hemi-vertebrae)

Spinal ultrasound, spinal 
X-rays

A: Anal anomaly (anal atresia) Physical examination

C: Cardiac/heart abnormality 
(ventricular septal defect [VSD], 
atrial septal defect [ASD], patent 
ductus arteriosis [PDA])

Cardiac echocardiogram

TE: Tracheoesophageal 
abnormality 

Physical examination

R: Renal/kidney abnormality 
(solitary kidney, horseshoe  
kidney)

Renal ultrasound

L: Limb deformity Physical examination, 
X-rays

TABLE 9-2
Anomalies Associated with VACTERL
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atresia with no TEF may also occur.27 Esophageal atre-
sia is not present with the H type tracheoesophageal 
fistula, in which the lateral connection between the 
tracheal and esophagus gives the appearance of the 
letter H.27 Children with an H-type defect are often di-
agnosed later in infancy; these infants are able to swal-
low but often choke and cough during the process.27 
Esophageal atresia with proximal and distal TEF is also 
known as dual TEF because TEF connections are pres-
ent at the upper and lower pouches of the esophagus 
and trachea.27 Esophageal atresia can also occur with 
an isolated proximal TEF; this involves a TEF connect-
ing the upper pouch of the esophagus and trachea, 
which allows gastric contents to easily travel directly 
into the lungs.27

Diagnosis
Detection of TEF is complex. The importance of early 
diagnosis and referral cannot be overstated. Prenatally, 
polyhydramnios of excess amniotic fluid, along with a 
small or invisible stomach on ultrasound, often sug-
gests the presence of TEF.25 More recently, ultrasound 
imaging improvements enhance the provider’s abil-
ity to detect developmental disorders and congenital 
malformations, including esophageal atresia and tra-
cheoesophageal fistula, in early pregnancy.25 Diagnosis 

by prenatal ultrasonography is more accurate later in 
pregnancy when the defective features are better visual-
ized.28 A new ultrasound technique allows for visual-
ization of the fetal esophagus between the trachea and 
the aorta, which is helping to improve TEF detection 
rates.25

Postnatally, the presence of oropharyngeal secre-
tions, respiratory difficulties, or the inability to pass a 
nasogastric tube may raise suspicions for a TEF diag-
nosis.25 Chest radiography can also help to confirm a 
postnatal diagnosis. A lateral chest X-ray and anterior 
posterior (AP) film also provide valuable insight into 
the status of the lungs.29 Radiography often confirms 
obstruction, the location of the nasogastric tube (either 
in the blind pouch of the esophagus or in the trachea), 
and the presence or absence of a gas bubble.29 Changes 
to the mediastinal structure as well as the aortic arch 
position are extremely relevant and help guide physician 
preference as to the surgical approach. Lastly, echocar-
diography helps detect or rule out cardiac defects.29

Clinical Presentation
TEF is the most common neonatal disorder resulting 
in respiratory distress, which is caused by flooding 
of the tracheobronchial tree with aspiration of saliva 
and/or gastric contents.29 Shortly after birth, infants 
present with frothing at the mouth, drooling, choking 
during attempted feeds, or signs of aspiration pneumo-
nia.29 Episodes of cyanosis and associated respiratory 
distress may be severe and progressive. If symptoms 
are noted, an immediate assessment is required. An 
isolated TEF or H-type fistula may also present later 
in life with subtle symptoms, including wheezing and 
recurrent respiratory infections.27 Upon physical ex-
amination, there is noteworthy abdominal distention 
caused by excessive air movement.26 Murmurs or de-
creased breath sounds may be heard during ausculta-
tion of the chest.26

Management
The management of esophageal atresia and TEF is 
challenging. The surgical approach chosen should be 
individualized to each patient based on the type of de-
fect and the infant’s or child’s clinical stability. If severe 
respiratory distress presents, intubation and mechanical 
ventilation are warranted. Timely surgical intervention 
is required in order to avoid tracheal aspiration and in-
testinal overdistention.27

The two most common surgical options are im-
mediate transpleural TEF ligation, postponing the 
esophageal repair until the infant is older, and immedi-
ate transpleural TEF ligation in combination with an 
esophageal anastomosis.28 A surgical anastomosis is a 
new connection between two body structures. It is vital 
to ligate the TEF as soon as possible because it poses a 

FIGURE 9-11 An illustration of the different types or forms TEF and 
esophageal atresia can take and the defect prevalence.
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great risk for continued pulmonary sequelae if left un-
treated.28 Dramatic improvements in infant respiratory 
status occur after TEF ligation.28 More recently, there 
has been a rise in the number of minimally invasive sur-
gical procedures performed in infants with TEF, which 
often provide better aesthetic results and decreased 
postoperative complications.30 Surgical goals are aimed 
at disconnecting or ligating the communication be-
tween the trachea and esophagus and reestablishing 
esophageal permanence.

Postoperative care should emphasize maintaining 
good pulmonary hygiene, which includes nasopharyn-
geal suctioning, position changes, head elevation, and 
bronchoscopy if needed.31

Complications and Outcomes
Morbidity results from postoperative complications 
of the airway, additional congenital malformations, 
and prematurity.25 Postoperative complications may 
include anastomotic constriction or leaks, recurrent 
TEF, GERD, and post-thoracotomy scoliosis or tho-
rax asymmetry.25 Infants with severe GERD may have 
recurring aspiration pneumonias and need additional 
medical treatment. Persistent tracheomalacia may also 
result.32 Recurrent or undiscovered fistulas are com-
monly the source of repeated respiratory compromise.32 
Determinants of overall survival in infants with TEF are 
birthweight, preoperative ventilator dependence, and 
associated anomalies.28 Term and near-term infants 
and those with fewer associated anomalies have a better 
chance of survival.31 A multidisciplinary team approach 
and parental counseling are ongoing important compo-
nents of care.

Congenital Diaphragmatic Hernia
Congenital diaphragmatic hernia (CDH) is a complex 
congenital disorder with high mortality. Incidence of 
CDH is roughly 1 in 2500 live births.33,34 The primary 

characterization of CDH is a hole in the diaphragm that 
allows abdominal organs to move into the chest, which 
hinders lung development (Figure 9-12).34 As a result, 
CDH infants suffer a combination of various degrees of 
insufficient lung growth and pulmonary hypertension.34

Etiology
During normal gestation, the diaphragm is fully formed 
by the 12th week. In infants with CDH, a portion of the 
diaphragm does not form correctly, resulting in a defect 
that causes the contents of the abdomen to enter the 
thoracic cavity.33 Classification of CDH is based upon 
the anatomical location of the defect: posterolateral, 
anteriorlateral, or central.33 Posterolateral defect, also 
termed a Bochdaleck hernia, makes up 90% of CDH 
cases, with the remaining 10% comprising anteriolateral 
defects (Morgagni hernias) and relatively rare forms of 
total diaphragm absence.35 The majority of CDH cases 
occur on the left side, with fewer incidences on the right 
side or bilaterally.34,35

Pathophysiology
CDH has a very complex pathophysiology that remains 
weakly understood. The literature demonstrates incom-
plete growth of the lungs, or pulmonary hypoplasia, that 
occurs prior to diaphragm shortcomings.33 This demon-
strates that lung growth is already affected prior to the 
development of the diaphragmatic hernia.36 The dual-hit 
hypothesis postulates that CDH is the result of devel-
opmental compromises. The first hit, or compromise, 
affects both lungs and occurs before diaphragm develop-
ment as a result of genetic and environmental factors.36 
The second hit affects only the ipsilateral lung and oc-
curs after development of the defect, causing herniation 
of organs into the thorax.36 Retinoid signaling distur-
bances, or signaling disturbances in compounds chem-
ically related to vitamin A, may play a significant role in 
the pathophysiology of CDH.33 Studies have also shown 

FIGURE 9-12 An illustration of the lungs and gastrointestinal system in a healthy infant and an infant with congenital diaphragmatic hernia.
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an increased risk for CDH in association with various 
maternal factors, including alcohol use, smoking, low 
intake of retinol, obesity, and consumption of antimi-
crobial drugs.33 Genetics may also play a role, as genetic 
syndromes, chromosome abnormalities, and congenital 
anomalies have all been identified in CDH infants.33

Diagnosis
Prenatally, CDH is diagnosed by an ultrasound examin-
ation. Polyhydramnios is commonly present in pregnan-
cies complicated by CDH.37 Postnatally, the diagnosis 
of CDH is confirmed by radiographic imaging. Chest 
radiography will show abdominal organs in the thorax 
as well as an abnormal cardiac axis or mediastinal shift 
away from the defect (Figure 9-13).33,37 Pulmonary hy-
poplasia can be measured by the severity of fetal breath-
ing movements.37

Clinical Presentation
Postnatal clinical symptoms soon after birth also help 
in the diagnosis and management of CDH. The onset of 
symptoms may differ depending on the volume of organs 
in the thorax and the severity of pulmonary hypoplasia 
present.29 Undiagnosed patients may present with acute 
respiratory distress, barrel-shaped chest, concave abdo-
men, absence of breath sounds, shifted cardiac sounds, 
and bowel sounds in the chest.33 Some infants with CDH 
remain asymptomatic and present later in life with gas-
trointestinal symptoms.37 Prenatal diagnosis is advanta-
geous as it can help in better postnatal management of 
the infant and mother through individualized patient ed-
ucation and planned delivery at a tertiary care facility.33,37

Management
Parental counseling is an essential component in 
family-centered care. It is important for the parents to 
understand the severity of the disorder, disease process 
expectations, and potential outcomes. Prenatal man-
agement consists of routine ultrasound surveillance, 
which can diagnose this disorder and other potential 
complications.33

Postnatal management has evolved to include lung 
protective strategies during invasive ventilation; permis-
sive hypercapnia; and the use of inhaled nitric oxide 
(iNO), high frequency ventilation (HFV), or extracor-
poreal membrane oxygenation (ECMO) to stabilize 
the infant prior to surgical repair.33 Delivery room 
management is aimed at achieving adequate oxygen-
ation and ventilation. A nasogastric tube should be 
placed to prevent further bowl enlargement.37 Infants 
with severe respiratory distress should be immediately 
intubated and mechanically ventilated. Ventilatory 
strategies should consist of lung protection principles, 
maintaining a SpO2 of at least 85%, allowing for permis-
sive hypercapnia, and stimulating spontaneous breath-
ing.33 Bag-mask ventilation should be avoided because 
it can lead to bowel distension and further respiratory 
distress.33,37 Arterial blood gas values should be used as 
ventilatory management determinants.29

Once the cardiopulmonary functions are stabilized, 
usually in the 1st week of extrauterine life, surgical 
repair can be accomplished. The operating approach 
consists of either an open or minimally invasive surgical 
technique.33 The transabdominal approach is preferred 
and is the standard technique for repair of the CHD.38 
If the abdominal cavity is inadequate, the transthoracic 
approach can be used, which typically allows the sur-
geon adequate exposure to the defect.38 Generally, the 
closure method depends on the size and severity of the 
defect. Smaller diaphragmatic defects are repaired with 
permanent sutures, whereas larger defects require a 
patch.33,37 In recent years, experimental surgical treat-
ment approaches for CDH have been developed and 
used. Fetal tracheal occlusion therapy is an improved 
technique of fetal surgery.33,39 Outcomes vary, with 
some studies reporting reduced pulmonary hypoplasia 
while others fail to show improved survival.33,39 HFV 
and ECMO can be used as rescue therapies when con-
ventional ventilation fails, with some studies report-
ing improved survival rates when these therapies are 
used.33,37 Recent advancements in neonatal intensive 
care unit protocols have significantly helped to reduce 
CDH mortality in hospital centers.36

Complications and Outcomes
Despite the continuous improvement in knowledge and 
management of this disease, CDH still carries a mor-
tality rate of greater than 50%. Pulmonary hyperplasia 
and persistent pulmonary hypertension of the newborn 

FIGURE 9-13 Chest radiograph of an infant with CDH. There are 
multiple gas locules within the lower left chest, and the majority of 
the rest of the left lung has been opacified. The left hemidiaphragm 
cannot be seen. The mediastinum and the heart are deviated to the 
contralateral right side.
Courtesy of Dr. Hani Salam, Radiopaedia.org, rID: 9512.
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are chief complications following the repair of CDH.37 
Histologically, there is increased musculature in the 
pulmonary vasculature.36 Continued contraction of the 
vasculature produces chronic constriction of the arteri-
oles, resulting in pulmonary hypertension.36 Traditional 
therapies, including pulmonary vasodilators, phar-
macologic paralysis, HFV, and ECMO, have all shown 
potential but have made no noteworthy impact on the 
pulmonary hypertension issues facing these patients.37 
Presently, iNO therapy, a potent pulmonary vasodila-
tor, is the most common treatment for pulmonary hy-
pertension in CDH infants.33 However, the benefits of 
blood pressure enhancement are debatable.

The long-term outcomes and quality of life of infants 
with CDH varies. Those who survive surgical interven-
tion are at risk for long-term morbidities,  including 
pulmonary diseases, gastrointestinal disorders, growth 
failure, neurologic impairment, and chest wall defor-
mities.33 Because morbidity prevalence rates are high, 
close follow-up and long-term care are required for in-
fants who survive surgical correction of the defect.

Surfactant Protein Deficiencies
Pulmonary surfactant is a mixture of lipids and proteins 
that reduces surface tension at the alveolar interface 
in the lung. Surfactant is composed of phospholipids 
and four surfactant proteins: A, B, C, and D.40 Con-
genital disorders that disturb normal surfactant trans-
formation cause respiratory insufficiency and failure 
in infants and children.41 The disorders are known 
as surfactant protein deficiencies and are caused by 
mutations in the gene proteins that are critical for the 
production and function of pulmonary surfactant.41 
Surfactant deficiency is one of the principal causes of 
respiratory distress in premature infants. Although 
 uncommon, these deficiencies can cause significant 
morbidity and mortality.

Etiology
This genetic disorder involves the surfactant protein B 
gene, surfactant protein C gene, and the ABCA3 gene, 
all of which are critical for surfactant production and 
proper function of the infant lung.41,42 As a result of 
this genetic dysfunction, there is abnormal quantity, 
composition, and metabolism of surfactant as well as 
surfactant inactivation, which collectively contribute 
to respiratory distress and acute lung injury.42 Clinical 
studies addressing alterations in surfactant compos-
ition report a reduction in overall surfactant proteins, 
a marked decrease in phosphatidylglycerol levels, as 
well as significant reduction in the quantities of phos-
phatidylcholine, both of which are indicators of fetal 
lung maturity.43 Animal models suggest that surfactant 
metabolism may also be affected in acute lung injury as 
evidenced by poor surface tension properties, increased 
levels of peptidases, and alterations in surfactant den-
sity.43 Inactivation of pulmonary surfactant is the most 

common surfactant disorder seen in acute lung injury. 
Surfactant dysfunction results from the abnormal pres-
ence of competitive proteins displacing surfactant, 
which impairs its ability to reduce surface tension and 
adversely affects gas exchange.44 Substances that can 
cause surfactant inactivation include albumin, hemoglo-
bin, proteases, meconium, and bilirubin.44 These sub-
stances are strong inactivators of surfactant and lead to 
diminished lung compliance, increase intrapulmonary 
shunting, and atelectasis.44

Pathophysiology
Surfactant protein B deficiency has become increasingly 
recognized as the most common cause of severe res-
piratory distress in infants.45 This deficiency is caused 
by a genetic disorder, congenital alveolar proteinosis, 
in which an error occurs during surfactant metabolism 
that leads to the buildup of surfactant-derived matter in 
the lung.46 The incidence of this congenital deficiency 
is roughly 1 in 100,000 live births.45 Diagnosis is con-
firmed through lung biopsy, bronchoalveolar lavage 
 analysis, and DNA testing.46

Diagnosis
The lung disorders associated with these gene muta-
tions may have significant overlap in clinical and histo-
logic presentation. Genetic analysis may be helpful in 
distinguishing these genetic disorders and is a definitive 
diagnostic tool.41 High-resolution CT may also be used 
to aid in the diagnosis. Radiographic characteristics 
are similar to those found with interstitial lung disease 
and include the appearance of ground-glass opaci-
ties, septal thickening, scarring, and irregular aeration 
(Figure 9-14).45 Chest radiographs can also aid confir-
mative diagnosis. Common findings include pulmonary 
interstitial emphysema and atelectasis (Figure 9-15).43 
Histologic findings include interstitial inflammation 
throughout the lung, pulmonary edema, interstitial 
pneumonitis, and diffuse alveolar damage.43,44

FIGURE 9-14 Surfactant protein C deficiency in an 8-month-old 
girl presenting with respiratory distress syndrome. CT scan shows 
extensive ground-glass appearance of the lungs.
Courtesy of Dr. Maurizio Zompatori.
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Clinical Presentation
Affected infants experience respiratory insufficiency 
and respiratory distress shortly after birth, which often 
advances to respiratory failure.43 Infants typically pres-
ent with an increased work of breathing, decreased 
aeration is noted on auscultation of the lungs, cyanosis, 
and poor peripheral perfusion.47

Management
Infants presenting with respiratory distress require 
intubation and mechanical ventilatory support. Ventila-
tory strategies include the use of high levels of positive 
end-expiratory pressure, higher respiratory rates, and 
low tidal volumes. HFV has also been successful in 

supporting infants until pulmonary transplantation can 
occur.45

Lung transplantation offers the most viable op-
tion for infants born with this congenital anom-
aly. Outcomes following lung transplantation in 
surfactant-deficient patients are similar to those in 
infants requiring lung transplant for other indications.45 
Severe bronchomalacia, rejection, and pulmonary ve-
nous obstruction are posttransplant complications, 
which may result in infant death.45

Exogenous surfactant has a recognized role in the 
management of infants with respiratory distress syn-
drome (RDS) and in neonates diagnosed with surfactant 
inactivation.48 Many large clinical trials have demon-
strated that the use of exogenous surfactant is effective 
in the prevention and treatment of RDS due to surfac-
tant inactivation.49 FDA-approved surfactants currently 
available for use in the United States include surfaxin, 
beractant, poractant alpha, and calfactant.50 Surfactants 
can be administered by direct instillation, or lavage, and 
aerosolization.49 Surfactant directly instilled into the 
lungs should be administered slowly. The infant should 
be monitored during surfactant replacement therapy and 
observed for adverse effects, such as transient hypoxia, 
bradycardia, reflux, and mucus plugging.49 Clinical trials 
have shown that preventive surfactant treatment has 
reduced the incidence of RDS and well as neonatal mor-
tality.51 Early rescue surfactant therapy reduces the need 
for mechanical ventilation and reduces morbidity, such as 
the incidence of bronchopulmonary dysplasia (BPD) and 
pneumothoraces.52 Until recently, infant RDS due to sur-
factant inactivation was managed with a combination of 
surfactant therapy and mechanical ventilation. Noninva-
sive ventilation (NIV), such as nCPAP, has more recently 
been recognized as an alternative to surfactant instillation 
after birth. Research comparing conventional methods to 
noninvasive methods showed decreased risk of BPD and 
mortality with the use of early nCPAP in infants.53

Complications and Outcomes
Surfactant has revolutionized the management  process 
of respiratory diseases that affect the neonatal lung. 
Surfactant deficiency diseases, as well as RDS, are now 
uncommon causes of death in infants as a result of 
advances in medical management and surgical (lung 
transplantation) techniques. Prognosis has improved in 
recent years with the increased early use of surfactant 
therapy, use of lung protective strategies, and develop-
ments in lung transplant surgery techniques.49 Surfac-
tant replacement therapy offers promise to infants with 
disorders contributing to surfactant inactivation (i.e., 
premature birth, meconium aspiration).

Congenital Pulmonary Anomalies
Congenital pulmonary anomalies affect the structural 
development of the lung in utero. They represent a col-
lection of uncommon lung deformities that affect the 

FIGURE 9-15 Chest radiographs of infants with respiratory distress 
secondary to surfactant deficiency. (A) Changes consistent with mild 
respiratory distress syndrome. Diffuse ground-glass opacities can be 
seen. The pulmonary vasculature appears normal and the borders 
of the heart and diaphragm can be seen. (B) A chest radiograph 
showing changes consistent with severe surfactant deficiency. There 
is a diffuse ground-glass opacification of the lungs. The heart borders 
and diaphragm are silhouetted.
(A) Courtesy of Dr. Shailaja Muniraj, Radiopaedia.org, rID: 50267.; (B) Courtesy of 
Dr. Jeremy Jones, Radiopaedia.org, rID: 56411.
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airway, parenchyma, and vasculature of infants.54 The 
lung abnormalities discussed in this section represent 
~15% of all congenital anomalies.54 Most of these lung 
malformations are discovered during prenatal ultra-
sounds. Sometimes these congenital abnormalities 
cause no abnormal clinical symptoms and only require 
monitoring at predetermined or regular intervals. How-
ever, in most cases, pulmonary complications result, 
requiring intervention at birth or later in life.

Pulmonary Hypoplasia
Pulmonary hypoplasia, or incomplete development of 
the lung tissue, is a common lung abnormality occur-
ring secondary to a number of other disorders.55 This 
disorder is characterized by underdeveloped bronchi-
oles and reduced amounts of lung tissue. It can present 
unilaterally or bilaterally and results in a decrease in 
lung cells, airways, or alveoli, impairing gas exchange.55 
A deficiency in thoracic space, breathing movement, or 
amniotic fluid volumes can lead to pulmonary hypo-
plasia.56 Intrathoracic causes can include lung lesions, 
congenital diaphragmatic hernia, or decreased arterial 
perfusion.56 Extrathoracic causes can include renal dys-
plasia, ascites, osteogenesis imperfecta, and neuromus-
cular conditions.57

Lung compression in utero inhibits proper develop-
ment of the conducting airways, terminal airways, 
or both.55 This reduces the weight and size of the af-
fected lung, most frequently by nearly half. An inad-
equate amniotic fluid is another common cause of poor 
neonatal lung growth. Oligohydramnios, or too little 
amniotic fluid, is commonly caused by early leaking 
from premature rupture of the membranes surround-
ing the fetus.56,57 Prenatal ultrasonography provides 
early predictors of pulmonary hypoplasia and is the 
preferred diagnostic examination.58 MRI, CT scanning, 
and radiography show disease progression and are used 
to assess lung volume and vascular abnormalities.58 
Doppler testing may also be used to measure blood 
flow velocities, as pulmonary arterial resistance is often 
elevated in pulmonary hypoplasia.58

Respiratory distress, including tachypnea, hypoxia, 
hypercapnia, and acidosis, is the main clinical presen-
tation of infants with pulmonary hypoplasia. Prenatal 
interventions can include delaying labor to allow for lung 
maturation.57 Following birth, the infant will need respi-
ratory support, which, depending on the extent of the 
disease, ranges from supplemental oxygen administration 
to ECMO.57 Treatment and prognosis of pulmonary hy-
poplasia in infants will significantly depend on the sever-
ity level as well as the presence of underlying anomalies.56

Pulmonary Aplasia
Pulmonary aplasia, or absence of lung tissue, is a rare 
congenital malformation and is usually associated with 
other congenital abnormalities, mainly cardiovascu-
lar.59 It is characterized by the presence of a bronchus 

without any lung tissue. It usually occurs unilaterally. 
However, bilateral pulmonary aplasia can occur, but the 
infant will not be viable.

Abnormal blood flow due to the absence of the 
pulmonary artery during gestation causes pulmonary 
aplasia.59 Prenatal ultrasound screening will reveal lung 
cavity abnormalities as well as prominent mediastinal 
shifts.60 Postnatal chest radiography can be used to 
evaluate the lung. Pulmonary aplasia presents radiologi-
cally as a hemithorax whiteout, substantial lung volume 
loss, or contralateral lung hyperinflation.60 A CT scan 
can confirm the absence of lung tissue. Pulmonary apla-
sia clinically presents as neonatal respiratory distress 
with variable intensity.60 It can also predispose infants 
to subsequent pulmonary infections.

Pulmonary Agenesis
Pulmonary agenesis, or complete absence of bronchus, 
lung tissue, and vasculature, is a very rare congenital 
anomaly of the lung that is also commonly associated 
with other congenital malformations of the cardiovas-
cular, skeletal, gastrointestinal, or urinary systems.61 It 
is characterized by the total absence of bronchus and 
lung and has no vascular supply to the affected area. 
Figure 9-16 illustrates the various ways that this  disorder 
may affect the lung and pulmonary vasculature. Diagnosis 
can be difficult depending on the side of the absent lung. 
Chest radiography often reveals hemithorax opaqueness, 
vertebral anomalies, dextrocardia, crowding of ribs, and 
a deviated trachea and mediastinum.61,62 Bronchoscopy 
can confirm the malformation’s severity.62 Additionally, 
cardioangiography can be used to determine anomalies of 
the pulmonary artery and remains the gold standard for 
diagnosis of pulmonary artery agenesis.61

The onset of clinical symptoms is remarkably variable. 
Upon physical examination, flattening of the chest on 
the affected side accompanied by impaired airway move-
ment can be observed.62 Chest asymmetry may become 
more noticeable later in life. Other signs and symptoms 
include cyanosis at birth, dyspnea, markedly diminished 
breath sounds, and recurrent respiratory infections.62

Pulmonary agenesis can be managed medically and 
surgery is rarely required. The side of the agenesis af-
fects prognosis. Pulmonary agenesis has a poorer prog-
nosis when the right lung is absent, typically due to the 
associated system anomalies.62

Bronchogenic Cysts
A bronchogenic cyst is an abnormal growth of lung tis-
sue characterized as a malformation of the bronchial 
tree. Although rare, it represents the most common 
cystic lesion in the mediastinum.63 Lung bud cysts arise 
from abnormal budding of the tracheobronchial tree 
during fetal development.63 Bronchogenic cysts are usu-
ally single but may multiply and can be filled with fluid, 
mucus, or blood products.63 Cysts can originate either 
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within or outside the thoracic cavity.63 Intrathoracic 
cysts can be found in the bronchial wall, the pleura, the 
mediastinum, or the parenchyma of the lung.63 They 
present as masses that may enlarge and cause compres-
sion of the infant’s lung.63

Infants are usually asymptomatic, but diagnosis may 
be evident radiographically in infants presenting with 
respiratory distress.64 An alternative clinical presenta-
tion may arise if the cyst enlarges or becomes infected.63 
Diagnostic tools may include a plain radiograph, CT 
scan, or MRI testing (Figure 9-17). Typically the cyst 
appears as a dense, circular mass with smooth edges. 
Occasionally, lung compression occurs, which can lead 
to air trapping or a hyperlucent hemothorax.64

Management is somewhat controversial. Some re-
search advocates for surgical excision, and the location 
of the cyst(s) will determine the extent of resection 
performed.65 More recently, percutaneous drainage by 
imaging guidance is used to treat the cyst(s).65 Compli-
cations can include fistula formation, infection recur-
rence, or severe pulmonary hemorrhage.

Congenital Pulmonary Airway Malformation
Congenital pulmonary airway malformation, formally 
known as congenital cystic adenomatoid malformation, 
is a rare, disorganized overgrowth of fetal lung tissue.65 
The entire lung lobe is replaced by a nonfunctional 
lung mass, which results from a maturation defect 
with a proliferation of pulmonary tissues.65 Pathol-
ogy progresses with multicystic communications that, 
unlike bronchogenic cysts, can have a connection to 
the tracheobronchial tree.65 In most cases, congenital 

pulmonary airway malformation is usually unilateral 
and involves a single lobe.

Prenatal ultrasonography may be used to detect the 
malformation, which appears as an isolated cyst or solid 
intrathoracic mass.65 Accumulation of fetal fluid and 
excessive amniotic fluid volume may also be detected on 
the prenatal ultrasound.65 Postnatally, chest radiography 
and CT scans play significant roles in the diagnosis and 
presurgical evaluation of the defect by depicting mass 
location and extent of lesion.65

Clinical presentation is similar to that of a broncho-
genic cyst. Larger lesions, depending on their extent, may 

FIGURE 9-17 A CT scan showing a bronchogenic cyst.
Case courtesy of Dr. Mohammad A. ElBeialy, Radiopaedia.org, rID: 28198.

FIGURE 9-16 An illustration of the various ways pulmonary agenesis may present and affect the lung and pulmonary vasculature.
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be associated with pulmonary hypoplasia, hypertension, 
and cardiomyopathy.65,66 Surgery, usually a lobectomy 
and occasionally a pneumonectomy, is the treatment op-
tion of choice. Unless there are unusual operating com-
plications, postsurgical prognosis is excellent.66

Pulmonary Sequestration
Pulmonary sequestration, or accessory lung, is lung 
tissue that has no connection to the bronchial tree or 
pulmonary arteries.67 This disorder is divided into two 
types: intralobar sequestration and extralobar seques-
tration.67 Intralobar sequestration is normal lung tissue 
without its own visceral pleura neighboring the adjacent 
normal lung; extralobar sequestration has its own dis-
tinct visceral pleura and is completely separated from 
the adjacent normal lung (Figure 9-18).67Additionally, 
with intralobar sequestrations, venous drainage com-
monly occurs through the pulmonary veins, and with 
extralobar sequestrations, venous drainage is usually 
into the systemic (azygos) veins.67

The etiology of sequestrations is described as the for-
mation and migration of accessory lung buds prior to the 
separation of the systemic and pulmonary circulations.68 
Generally, pulmonary sequestrations favorably affect the 
lower lobe regions. Ultrasound is recommended as the 
first diagnostic tool to evaluate the pulmonary seques-
tration. Chest radiography often shows triangular opaci-
ties, cystic spaces, and air bronchograms.68 Doppler 
ultrasound can be used to define arterial anatomy.68

Surgical resection is the traditional treatment 
method of pulmonary sequestration.68 Extralobar 

sequestrations can be extracted without removing nor-
mal lung tissue; however, an intralobar sequestration 
may require segmental resection or even a lobectomy.68

Conclusion
Precise and timely recognition of congenital disorders 
often makes a profound difference in outcome for infants 
affected with congenital pulmonary anomalies. These 
respiratory system deficiencies illustrate the importance 
of why clinicians must carefully choose appropriate diag-
nostic modalities and properly assess symptoms in order 
to effectually and appropriately diagnosis and determine 
a medical and/or surgical plan of care.

Intralobar sequestration Extralobar sequestration

FIGURE 9-18 An illustration of intralobar and extralobar 
sequestrations.

Case Study 1
A 1000-gram, 28 weeks’ gestational age male neonate 
was born following a premature labor. The infant did 
not have a respiratory rate of effort at birth despite 
resuscitation efforts. An orogastric tube was placed to 
decompress the stomach, the infant was intubated, 
mechanically ventilated and transferred to the NICU. 
Upon admission mechanical ventilation was provided. 
On day 2 of life, the patient was noted to have signifi-
cant abdominal distension. Chest radiograph revealed 
a pneumoperitoneum and the orogastric tube was 
noted to terminate in the proximal stomach. On day 
3 of life, significant distention was noted on examin-
ation. An abdominal X-ray demonstrated persistent 
intraperitoneal air. The stomach was distended, and 
air was seen to be leaking from the stomach with 
each mechanical breath delivered. A TEF was sus-
pected. Bronchoscopy was then performed which 
confirmed the diagnosis. A bedside thoracotomy 
was then performed, with the infant placed in the 

left lateral position. The infant was found to have a 
proximal esophageal atresia through which the initial 
orograstric tube had perforated and was lying on top 
of the diaphragm. The TEF was identified and ligated. 
A primary esophageal anastomosis was performed 
over a 5 Fr feeding tube. The area between the anasto-
mosis and the tracheal fistula closure was reinforced 
surgically. The patient received ventilatory assistance 
and supportive care in the NICU post-operatively. The 
patient was weaned from mechanical ventilatory sup-
port on day 95 of life, and was discharged home on 
day 110 of life with a weight of 2830 grams. He was 
doing well and tolerating full feeds through a gastros-
tomy tube.

1. Describe a tracheoesophageal fistula.

2. What are the two types of surgical options 
for TEF?

3. Explain the clinical manifestations of TEF.
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OBJECTIVES
1. Describe a risk factor primarily associated with the 

development of retinopathy of prematurity.
2. List the factors contributing to the development of 

bronchopulmonary dysplasia.
3. Describe the diagnostic criteria for bronchopulmonary 

dysplasia.
4. Explain the strategy used for management of 

bronchopulmonary dysplasia.
5. List the mechanisms that contribute to the pathogenesis of 

pulmonary artery hypertension.
6. Differentiate among pneumothorax, pneumomediastinum, 

pneumopericardium, and pulmonary interstitial 
emphysema.

7. Describe the risk factors associated with pulmonary air 
leaks.

8. Explain the role of chest radiography in the diagnosis of 
pulmonary air leaks.

KEY TERMS
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pulmonary interstitial 
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retinopathy of 
prematurity (ROP)

transillumination
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Introduction
Medical advances enable us to provide safer and more 
effective care of our most fragile patients. However, 
acute complications still occur when caring for infants 
born prematurely. Complications range from sponta-
neously life-threatening events, such as pulmonary air 
leaks and pulmonary artery hypertension, to subacute 
complications, such as retinopathy of prematurity and 
chronic lung disease. This chapter will present the com-
plications associated with providing critical care to in-
fants whose cardiorespiratory and nervous systems are 
still developing after birth.

Retinopathy of Prematurity
Retinopathy of prematurity (ROP), formerly known as 
retrolental fibroplasia, is an aberrant development of 
the blood vessels supplying the retina within the eye. 
The primary risk factor for the development of ROP is 
prematurity and the subsequent incomplete vascular-
ization of the retina at the time of birth.1 Additionally, 
oxygen has been shown to play a critical role in the 
growth response of the retinal vasculature after birth.2 
Approximately 66% of infants weighing ≤1250 grams at 
birth develop some degree of ROP, and among infants 
weighing ≤750 grams, 90% develop disease, with sever-
ity inversely proportional to birthweight.3 Because com-
plete, irreversible loss of vision is a potential outcome of 
ROP, much attention is focused on screening and treat-
ment, as well as prevention, for all infants at risk.

Etiology
In the 1940s and 1950s, oxygen was routinely used at 
what would now be considered to be excessive levels to 
treat apnea of prematurity. Although the use of oxygen 
therapy contributed to survival, a landmark study pub-
lished in 1956 provided evidence that excessive  oxygen 
use was responsible for the development of ROP.4 
 Subsequent changes in practice, namely decreased use 
of supplemental oxygen, led to a near complete eradica-
tion of ROP. It was not until technologic and medical 
practice advances allowed for survival of progressively 
more premature infants that use of oxygen increased, 
and therefore ROP returned as a significant concern 
among infants with respiratory disease.1

Pathophysiology
Retinal vascular development is incomplete in infants 
born prematurely. Early in gestation, the developing 
retina receives oxygen and nutrients through diffusion 
from the adjacent choroid. However, at the 16th week 
of gestation, this source becomes insufficient for the 
increasing demand of the retina and capillaries begin 
to form at the optic disk, or the most posterior por-
tion of the retina.5 Over time, capillary growth pro-
ceeds anteriorly and symmetrically from the posterior 
retina. Three-dimensionally, this could be imagined as 

vascular development initiating at one pole of a globe 
and  advancing on multiple longitudinal lines toward the 
opposite pole. Retinal vascularization is generally com-
plete by 35 weeks’ gestation at the nasal ora serrata and 
by 44 weeks’ gestation at the temporal ora serrata.

For infants born prematurely, retinal vascular de-
velopment must then proceed in an environment of 
hyperoxia relative to the in utero environment. Addi-
tionally, multiple other potential insults, including sep-
sis, compromised perfusion, necrotizing enterocolitis, 
and intraventricular hemorrhage, frequently complicate 
the postnatal medical course. Any of these medical chal-
lenges results in a delay in the normal vascular prolif-
eration. This insult and subsequent delay are identified 
as the primary stage of ROP development. Beginning 
at 31 weeks’ gestation, the primary stage is followed by 
abnormal hypergrowth or neovascularization (second 
stage).6 This phase of excessive vascular proliferation 
results in an increase in the number of vessels as well 
as prohibition of the forward progression of the vessels 
within the retina. In order for the neovascularization 
phase to be initiated, adequate levels of vascular endo-
thelial growth factor (VEGF) and insulin-like growth 
factor-1 (IGF-1) must be present within the avascular 
retina. VEGF is produced within the avascular retina 
in response to the hypoxic environment created by an 
insufficient nutrient supply. Although IGF-1 levels are 
initially low in preterm infants, with maturation IGF-1 
levels increase to reach a critical threshold, after which 
new vascular development is signaled. Unfortunately, 
the vascular development can be excessive, with the 
new vessels growing out of the developing retina and 
into the vitreous, forming a vascular “ridge” on the sur-
face of the retina, or forming dilated, tortuous vessels. 
This aberrant blood vessel development is the initial 
step in the development of ROP. If appropriate treat-
ment is not initiated at this point, retinal detachment 
and blindness could develop.6

The role of oxygen in the development of ROP has 
been studied in both animal models and humans. In 
fact, the earliest randomized multicenter trial involving 
neonates was designed to determine the role of oxygen 
in the subsequent development of ROP.7 In the 1950s, 
when the study was initiated, supplemental oxygen was 
used to counter the effects of apnea of prematurity. 
In the study arm, the use of oxygen for apnea of pre-
maturity at ~50% FiO2 for 28 days was compared with 
an experimental group in which supplemental oxygen 
was used only to treat clinical cyanosis. Results of this 
study showed a dramatic decrease in the presence and 
severity of ROP in those infants exposed to a restricted 
oxygen regimen. Subsequent changes in clinical practice 
led to a near extinction of ROP. However, as changes in 
technology in the 1970s allowed for survival of smaller 
and less mature infants, ROP re-emerged and with 
higher prevalence than had previously been seen. New-
found concern for ROP led to focused efforts on deter-
mining etiology and risk factors. Important associations 
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between ROP and low birthweight, low gestational age, 
high severity of illness, and longer duration of oxygen 
use were uncovered and verified.7

Diagnosis
Diagnosis of ROP is made through visualization of 
the retinal vasculature using indirect ophthalmologic 
examination. The International Classification of ROP 
(ICROP) is the accepted classification system used to 
describe the location, severity, and extent of abnormal 
blood vessel development.8

In order to describe the location or zone of retinal 
vascular development, the retina can be divided into 
three zones, which are formed by concentric circles 
(Figure 10-1). Vascular development is first seen in 
zone 1, which is the most posterior portion of the 
retina. The center of zone 1 is the optic nerve and has a 
radius that is twice the distance from the optic nerve to 
the macula. Zone 2 completely encircles zone 1, extend-
ing anteriorly from the border of zone 1. On the nasal 
side of the orbit, zone 2 extends to the edge of the retina 
or ora serrata. On the lateral side, zone 2 extends ap-
proximately half the distance between the lateral border 
of zone 1 and the lateral ora serrata. Zone 3 includes the 
space anterior to zone 2, extending to the ora serrata. 
During vascularization of the retina, vessels are first 
seen in zone 1, extending into zone 2, and then zone 3 
with further development. Mature vascular develop-
ment is seen only when vessels extend through zone 3.

The stage of retinopathy is used to describe the se-
verity of abnormal vascular development. Figure 10-2 
shows the appearance of ROP as the retina is visualized 

by indirect ophthalmologic examination. As ROP ad-
vances, severity progresses from stage 1 through stage 
5. Stage 1 is the first stage of vascular maldevelopment 
and is typically described as a line of demarcation 
separating the normally developing vascular retina 
from the avascular retina. This line is flat, without 
three-dimensionally rising from the surface of the 
retina. Mildly abnormal vessel growth is characteristic 
of stage 1. With stage 2 ROP, the line of demarcation 
develops height and width, rising from the surface of 
the retina. Stage 2 represents moderately abnormal 
vessel growth. The onset of extraretinal fibrovascular 
proliferation marks the onset of stage 3 ROP and can be 
visualized as the extension of abnormal blood vessels 
and fibrous tissue into the vitreous within the center of 
the eye. In stage 3, vascular growth is severely abnor-
mal. As the fibrous tissue and vessels grow further from 
the surface of the retina, physical traction can cause 
partial detachment of the retina, the hallmark of stage 4. 
Complete detachment of the retina marks stage 5, with 
resulting severe visual impairment or blindness.

Clock hours are used to describe both the position 
of abnormal vessel development within any of the zones 
and the extent of disease. The extent of disease is typ-
ically described as the number of clock hours affected. 
By ICROP convention, clock hours are used to describe 
the most severely abnormal portion of the retina. Al-
though not currently used as criteria for treatment, the 
number of clock hours is essential to understand the 
extent and progression of disease.

The final component used to describe retinopathy of 
prematurity is the presence or absence of plus disease. 
Plus disease is a tortuous and dilated appearance of the 

FIGURE 10-1 An illustration of the retina, divided into three concentric circles or zones centered on the optic disc. The zones define the area of 
retina covered by physiologic retinal vascularization The lower the zone, the more severe the disease.
The three zones seen in this illustration are as follows:
•	 Zone 1: The posterior pole, consisting of a circle whose radius is twice the distance from the optic disc to the macula.
•	 Zone 2: A doughnut-shaped area of retina that extends from the edge of zone 1 to a position tangential to the nasal ora serrata and around an area near the 

temporal anatomic equator.
•	 Zone 3: The outermost residual crescent of retina anterior to zone 2.
Modified from Kashani AH, Drenser KA, Capone A Jr. Retinopathy of prematurity. In Yanoff M, Duker JS, Ophthalmology: Expert Consult: Online and Print. 4th ed. Elsevier Health Sciences; 
2013:537, Fig. 6.20-8.
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vessels at the optic disk in zone 1. The presence of plus 
disease is a mandatory precursor to the development of 
retinal detachment. Therefore, its identification is crit-
ical and demonstrates the need for treatment.

Clinical Presentation
At the time of indirect ophthalmologic examination, 
infants can be placed in a number of diagnostic cat-
egories. Infants described as having immature retinal 
development have no identified vessel disease. However, 
because retinal development is incomplete, there is still 
potential for the identification of abnormality. Con-
tinued monitoring of vessel development is essential to 
ensure appropriate vessel growth.

Type 1 ROP, as described in the CryoROP3 study, 
identifies those infants in need of treatment in order to 
avoid progression of disease to retinal detachment. Cri-
teria for Type 1 ROP are as follows:

1. Zone 1 with plus disease, any stage
2. Zone 1 without plus disease, stage 3
3. Zone 2 with plus disease, stage 2 or 3

“Pre-threshold” disease describes the presence of 
abnormal vessel development. Disease is typically not 
severe enough to trigger initiation of treatment; how-
ever, infants identified as having pre-threshold disease 
require frequent monitoring to identify disease progres-
sion. Because there are implications to visual develop-
ment, any retinopathy seen in zone 1 is considered to 
be pre-threshold, unless qualifications for treatment 
are met. ROP in zone 2 is also considered pre-threshold 
when plus disease is identified or when stage 3 is seen.

The timing of the development of ROP is dependent 
on the gestational age, which provides an estimation of 
the maturity of the retinal vasculature. Although degree 
of prematurity at birth is the primary indicator of need 

FIGURE 10-2 Stages 3 and 4 of retinopathy of prematurity in preterm infants. The images were obtained with a neonatal retinal imaging  
system (RetCam, Clarity Medical Systems). (A) A thickened ridge with aberrant intravitreal angiogenesis (stage 3); (B) Partial retinal detachment 
(stage 4), which is most evident at the right lower portion of the image where the underlying choroidal vascular detail is out of focus.
Data from The Hospital for Sick Children. (2018). Retinopathy of prematurity (ROP). Retrieved from https://www.aboutkidshealth.ca/Article?contentid=834&language=English.
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for evaluation, all infants with a birthweight of <1500 
grams or a gestational age at birth of less than or equal 
to 30 weeks are candidates for screening.9 Addition-
ally, older or larger infants may electively be evaluated 
if significant risk factors are present, including a need 
for a high level of respiratory support, or high levels of 
oxygen, or who have had unstable clinical courses.9 The 
timing of the initial ROP evaluation is either at 31 weeks’ 
corrected gestational age, or 4 weeks after birth, with 
preference given to the later date.9 The timing of follow-
up evaluation is dependent on the findings of the initial 
exam but typically ranges from 3 weeks to 1 week or less.

Management
The standard of care for ROP is currently in transi-
tion. Current traditional management uses diode laser 
ablation to create burn in all areas of the avascular 
retina anterior to the border of abnormal vascular de-
velopment. By destroying part of the retinal tissue, the 
oxygen requirement and the production of VEGF are 
decreased. Because VEGF is an essential growth fac-
tor to stimulate vascular growth, a decrease in VEGF 
leads to a decreased drive for further vessel growth, 
which then allows for more normal subsequent vascular 
development.5

Injection of anti-growth factors directly into the 
orbit is a treatment option that is rapidly gaining favor. 
Bevacizumab is a monoclonal antibody that prevents 
angiogenesis by blocking the effect of VEGF. In a com-
parison study, bevacizumab showed better outcomes 
as compared with laser for infants with zone 1 stage 3 
ROP with plus disease.10 There are risks associated with 
this therapeutic option. Subsequent studies have shown 
that after anti-VEGF therapy, persistent avasculariza-
tion of the peripheral retina, recurrent ROP disease, and 

(A) (B)

134 CHAPTER 10 Neonatal Disorders Resulting from Respiratory Care



progression to complete retinal detachment can occur.11 
Additional research is necessary to find options to treat 
ROP with fewer risks of complications.

Complications and Outcomes
As infants mature, retinal vascular development is 
assessed. For those who develop ROP, a sequential 
advancement through the defined stages of ROP is 
anticipated until progression to the point of needing 
treatment or spontaneous regression. Infants born at 
25 weeks’ gestation or fewer have >90% chance of de-
veloping ROP. The rate of ROP decreases to approxi-
mately 45% for infants born at 30 weeks’ gestation.3 
Fortunately, most infants with ROP have mild disease, 
as fewer than 90% do not progress or require treatment. 
Progression to advanced disease is best predicted by the 
presence of abnormalities in zone 1 at the time of initial 
assessment, presence of plus disease, rapid progression, 
or extensive (>9 clock hours) stage 3 disease.3

Infants with mild ROP (stage 1 or 2, no plus disease) 
and with spontaneous regression have higher rates of 
myopia, strabismus, and amblyopia, compared with 
infants with no history of ROP.12 Severe myopia and 
glaucoma are common complications for infants who 
develop more significant ROP.13

Treatment options may affect the complications as-
sociated with ROP. Myopia is less frequent after treat-
ment with bevacizumab as compared with laser among 
those treated for ROP.14,15 However, there is risk for late 
occurrence of retinal detachment for those treated with 
bevacizumab.11 Progression to retinal detachment is un-
common, less than 2% for both groups combined, after 
either treatment modality.15

Although the exact parameters to be used con-
tinue to be a subject of discussion as the risks and 
balances of competing outcomes are evaluated, it is 
clear through multiple reports that higher oxygen 
saturation limits are associated with higher rates of 
ROP. The SUPPORT Study16 showed a decrease in 
ROP from 17.9% to 8.6% for surviving infants <28 
weeks’ gestation when oxygen saturation targets were 
decreased from a goal of 91–95% to 85–89%. Unfortu-
nately, the lower targets were also associated with a 
higher risk for death. The BOOST II Study17 demon-
strated similar risk reduction when lower oxygen satu-
ration levels were targeted. These findings emphasize 
the importance of avoiding excessively high oxygen 
saturation targets.

Bronchopulmonary Dysplasia  
and Chronic Lung Disease
There have been considerable advancements in the field 
of neonatal-perinatal medicine that have increased the 
survival of extremely premature infants, yet broncho-
pulmonary dysplasia continues to be one of the most 
common complications in these infants.

Etiology
Bronchopulmonary dysplasia (BPD) is a complication 
of premature infants originally described over 40 years 
ago by Northway and colleagues.18 The initial descrip-
tions and clinical presentation of BPD have evolved, 
along with improvements in the care of premature in-
fants, resulting in a complex and multifactorial etiology. 
Table 10-1 lists the factors contributing to the develop-
ment of BPD.

Prematurity
Premature birth is the most significant determinant of 
an infant’s risk of developing BPD. The lungs of infants 
born between 23 and 32 weeks’ gestation are in the can-
alicular and saccular phases of lung development and 
are surfactant deficient and poorly developed for gas 
exchange. Birth during this time, along with supportive 
respiratory therapies, can cause injury and an arrest of 
normal development.

Ventilator Injury
The use of mechanical ventilation to administer high 
concentrations of oxygen and peak inspiratory high 
pressures is one of the most important contributing 
factors in the development of BPD. Northway and col-
leagues18 reported BPD in infants requiring high sup-
plemental oxygen requirements. Increased risk for BPD 
has been reported in centers with more frequent use 
of mechanical ventilation.19 Studies in preterm lambs 
demonstrate that prolonged mechanical ventilation dis-
rupts lung development and produces pulmonary histo-
pathologic changes that were similar to preterm infants 
who died with BPD. In a study of human infants who 
died of BPD, the length of time on mechanical ventila-
tion correlated better with the severity of outcome than 
did either gestational age at birth or length of time with 
>60% oxygen.20,21

Ventilator-induced lung injury is multifactorial.22,23 
Injury caused by ventilatory support causes damage to 

Prematurity

Ventilator injury

Oxygen toxicity

Fetal and neonatal inflammatory response 

Patent ductus arteriosus

Fluid maintenance

Nutrition

TABLE 10-1
The Most Common Factors Contributing to the 
Development of BPD
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the alveolar capillary bed, leading to seepage of fluid, 
plasma, and blood into airways, alveoli, and the intersti-
tium, inactivating surfactant. Higher ventilator settings 
are often needed to compensate, leading to an increase 
in inflammatory mediators and cells in the lung.22,24

Barotrauma, volutrauma, and atelectotrauma can oc-
cur from mechanical ventilatory support, all of which 
contribute to lung injury and the subsequent develop-
ment of BPD. Volutrauma refers to the damage caused 
by overdistension of the lung by the delivery of high 
volumes of gas. Barotrauma is caused by the delivery 
of excessive pressure to the lung. Atelectotrauma refers 
to the damage caused by continual opening and clos-
ing of lung units, or recruitment and de-recruitment 
of the lung. Animal studies have confirmed that vo-
lutrauma is more detrimental to the newborn lung, 
causing more lung injury compared with barotrauma 
and atelectotrauma.24–26 Ventilation with low positive 
end-expiratory pressure (PEEP) creates atelectotrauma 
and lung injury in animal models.27

Oxygen Toxicity
One of the primary causes of BPD was originally 
thought to be supplemental oxygen administration. Al-
though it may be a contributing factor, currently it is 
not identified as a principal inciting factor. Recent in-
vestigations identify prenatal factors as a primary cause 
in the development of BPD before the administration of 
supplemental oxygen.28 Not long after Northway et al.18 
first reported their findings of BPD in babies requiring 
an FiO2 of 0.80 or greater for as little as 6 days, other 
investigators noted the development of BPD at lesser 
amounts of supplemental oxygen administration.29–31 
Recent animal models with chronic oxygen exposure to 
the developing lung reveal that premature lungs have a 
reduced capacity to limit oxygen damage, which correl-
ates with increasing immaturity.32,33

Studies to determine optimal oxygen saturations 
have shown that higher saturation targets increased the 
number of babies requiring oxygen at 36 weeks’ gesta-
tion34 and also increased exacerbations of chronic lung 
disease and the need for oxygen and hospitalization at  
3 months of corrected age.35 These investigations dem-
onstrate a need to carefully expose infants to supple-
mental oxygen during clinical management.

Fetal and Neonatal Inflammatory Response
An area of recent considerable research is the effect of 
antenatal and postnatal lung inflammation and the sub-
sequent development of BPD. Just as proinflammatory 
mediators have been implicated in the onset of preterm 
labor, they are also considered as a factor associated 
with fetal onset of lung injury.36 Infection, which is often 
undetected in the antenatal period, plays an important 
role. Forty-five percent of infants delivered after pre-
term labor have been exposed to low-grade ascending 

infection.37 Microorganisms can penetrate intact mem-
branes, leading to asymptomatic bacterial invasion of 
the amniotic cavity.38 The fetus can swallow or aspirate 
the microorganisms, initiating the fetal inflammatory 
response syndrome.

Numerous investigators have shown direct evidence 
of an association between the fetal inflammatory  
response syndrome and the development of BPD.39–41 
Elevated markers of inflammation in amniotic fluid and 
tracheal aspirates taken soon after birth were associated 
with a higher incidence of BPD. These mediators induce 
pulmonary microvascular leakage and cause plasma 
proteins to flood the airspace, which inactivates surfac-
tant and perpetuates lung inflammation.42

Patent Ductus Arteriosus
Patent ductus arteriosus (PDA) occurs in up to 70% of 
preterm infants before 28 weeks’ gestation and is in-
versely related to gestational age. Left-to-right shunting 
of blood from the aorta to the pulmonary artery from a 
persistently patent ductus arteriosus causes an increase 
in pulmonary blood flow and pulmonary edema. Pul-
monary compliance is reduced and airway resistance 
increases, leading to increased supplemental respiratory 
needs. PDA has been associated with BPD,43,44 although 
a cause-and-effect relationship has not been definitively 
established. Additionally, there is no evidence that the 
use of medical treatments for the prevention and treat-
ment of PDA decreases BPD, despite successful closure 
of the PDA.45

Fluid Maintenance
Several studies demonstrate a relationship between ex-
cessive fluid and sodium intake as a risk factor for the 
development of BPD.46–49 In extremely low birthweight 
infants, body water content is very high and a large pro-
portion resides in the extracellular fluid  compartment. 
During the 1st week of life, there is a physiologic con-
traction of the extracellular fluid compartment with 
negative fluid and sodium balances. Because of this 
negative fluid balance, newborns have weight loss in 
the first week of life. The administration of excessive 
fluid and sodium during this critical period impairs the 
contraction. Retention of extracellular fluid in addition 
to the presence of a PDA can lead to worsening lung 
function and the need for supplemental respiratory sup-
port. A meta-analysis showed significant advantages to 
a restrictive fluid intake strategy for premature infants, 
with reductions in the risks for PDA and necrotizing 
enterocolitis; however, there was no significant reduc-
tion in the risk for BPD.50

Nutrition
Nutrition plays an important role in lung development 
and maturation. Malnutrition may negatively affect 
pulmonary function,51 and it may play a role in the 
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development of BPD. In premature infants, the combin-
ation of high caloric needs and low nutritional stores at 
birth may contribute to the development of BPD. Poor 
caloric intake during the initial and ongoing respiratory 
illness may contribute to respiratory muscle fatigue and 
prolong the duration of mechanical ventilation. In one 
case-control study, infants who developed BPD had 
significantly lower mean energy intakes than matched 
controls.52 Similar to many other nutritional compon-
ents, vitamin A stores in premature infants are lower 
at birth compared to infants born at term.53,54 The role 
of vitamin A in the promotion or orderly growth and 
differentiation of regenerating epithelial tissue makes 
vitamin A an important nutrient during recovery from 
lung injury. Vitamin A deficiency causes changes in the 
lower respiratory tract that are similar to those seen 
in BPD.55 Associations have been shown between low 
levels of vitamin A at birth and 28 days in infants who 
subsequently developed BPD.56

Pathophysiology
The pathology of BPD has changed over time. “Clas-
sic” descriptions of BPD encompassed marked cel-
lular necrosis, edema, inflammation, and subsequent 
fibroproliferation that leads to varying amounts of 
structural disruption. Maldistribution, obstruction, and 
air-trapping occur as a result of the widespread fibro-
proliferative activity, squamous metaplasia of epithelial 
linings, and accumulation of debris and hypertrophy of 
smooth muscle in the airways. The final radiographic 
picture is characterized by atelectasis in close proximity 
to emphysematous areas (Figure 10-3). It is less com-
mon to see these severe forms of BPD. Clinical advances, 
such as prenatal steroids, surfactant therapy, and venti-
lation strategies, have resulted in a newer, milder form 
of BPD.57 This newer form is described as having less 
inflammation, less structural destruction, minimal 

fibrosis, hypoalveolarization, and a radiographic picture 
of diffuse homogenous coarse opacities (Figure 10-4).

Inflammation
Animal models describe the active role that granulo-
cytes play in the pathogenesis of BPD.57,58 Neutrophils, 
found in bronchoalveolar lavage fluid of premature 
infants with respiratory distress syndrome (RDS), peak 
by the 4th day of life and decline rapidly thereafter in 
infants who recover uneventfully.59,60 This fall in neutro-
phil counts is delayed in infants who later develop BPD.

Proinflammatory mediators are elevated within the 
first 7 to 10 days after birth in infants who later develop 
BPD. Elevations in the mediators in umbilical cord 
blood and tracheal aspirates can be found in premature 
infants who later develop BPD.28,41,42,59,61

Structural Disruption
Granulocyte influx into the lung releases reactive oxy-
gen species and proteases, which can induce cellular 
injury and cause destruction. The release of prote-
ase causes an imbalance between lung protease and 
anti-protease, shifting the pendulum toward proteolysis. 
Proteolysis seems to predominate in the lungs of infants 
who develop BPD. Researchers found high levels of elas-
tase in the lungs of infants who subsequently develop 
BPD.59,62 Animal models of BPD also show an increased 
deposition and abnormal distribution of elastin.63

Fibroproliferation
Much of what is known about fibrosis in BPD stems 
from animal studies, specifically fibrogenic growth fac-
tors. In studies conducted with mice, those with an 

FIGURE 10-3 A chest radiograph showing the classic attributes 
of BPD. The chest radiograph shows areas of hyperinflation and 
emphysema with adjacent dense areas of atelectasis.
Published with permission from LearningRadiology.com.

FIGURE 10-4 Chest radiograph of the milder form of BPD, showing 
diffuse homogenous coarse opacities.
Courtesy of Dr. Benedikt Beilstein, Radiopaedia.org, rID: 52167.
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overexpression of fibrogenic growth factors have an 
arrest of lung development, alveolar enlargement, and 
fibrosis.64,65 The literature also reports an increase in 
smooth muscle actin, a marker for myofibroblasts, in 
the lung mesenchyme and a rise in collagen I gene ex-
pression in the distal airways in mice with BPD.66 Stud-
ies also demonstrate that elevation of fibrogenic growth 
factors in the lung fluid of premature infants lead to the 
development of BPD and mice deficient in fibrogenic 
growth factors are protected from fibrosis.67–69

Delayed Development
The arrest of lung development without signs of inflam-
mation or fibrosis is the most prominent finding of the 
new form of BPD.70 The first characterizations of the 
new BPD were based on pathologic findings of infants 
dying from BPD.71 The postmortem findings included 
fewer and larger alveoli, indicating an interference with 
septation.72 Septation and alveolarization develop-
mental regulation has been an area to determine the 
pathology of BPD. There is an imbalance between stim-
ulatory and inhibitory factors, most notably between 
fibrogenic growth factors and glucocorticoids. At physi-
ologic levels, glucocorticoids encourage the maturation 
of parenchymal structures and lung functions, such 
as surfactant production and lung water clearance.73 
In experimental models, a number of factors, such as 
hyperoxia, hypoxia, mechanical ventilation, and poor 
nutrition, can decrease lung septation.74 Despite the 
beneficial and important maturational effects, animal 
models have also shown that supraphysiologic doses 
of glucocorticoids can significantly inhibit alveolariza-
tion.75 These studies demonstrate that alveolarization 
can be regulated, but more research is needed to under-
stand the signaling pathways involved.

Vascular development is also disrupted in much the 
same way as septation.76,77 Lung microvasculature arises 
de novo from the mesenchyme underlying the airways 
and apposes itself progressively more closely to the 
epithelium as development progresses. VEGF, which is 
produced by the epithelium, guides this process.78 In 
animal models and humans with BPD, epithelial VEGF 
expression is reduced.76,79 Low levels of VEGF in human 
lung fluid during the first 10 days of life were associated 
with subsequent development of BPD.80 Inhibitors of 
angiogenesis have also shown to impede alveolarization, 
and it is postulated that angiogenesis is necessary for 
alveolarization during normal lung development.81

Diagnosis
BPD accounts for the vast majority of cases of neonatal 
chronic lung disease.82 Over the years, varying defin-
itions of BPD were used in an effort to predict future 
respiratory illness. BPD was originally diagnosed using 
a combination of clinical characteristics, radiographic 

findings, and the prolonged need or use of supplemental 
oxygen. However, some infants diagnosed with BPD had 
a full clinical and functional recovery while others de-
veloped pulmonary function abnormalities, despite not 
requiring prolonged supplemental oxygen use.

There is a lack of uniformity in the diagnostic cri-
teria for BPD among clinicians and in the literature. For 
example, the use of supplemental oxygen as a marker 
for pulmonary damage and BPD is problematic. The 
indications for supplemental oxygen vary from center 
to center because it is difficult to define optimal oxygen 
levels for these infants. Additionally, supplemental oxy-
gen requirements can be influenced by medications and 
the need for ventilatory support, which leads to a lack of 
accurate diagnostic markers for BPD.83 Making the ap-
propriate diagnosis of BPD helps to identify patients at 
risk for long-term respiratory problems.

Chest radiographs showing chronic pulmonary in-
volvement plus a clinical course that is compatible with 
BPD justifies the diagnosis with some degree of consist-
ency. It is important to note that infants with the new 
form of BPD have a less severe clinical course and that 
radiographs show diffuse haziness as their hallmark, 
making it difficult for the diagnosis of BPD.

The National Institutes of Health (NIH) organized a 
workshop in 2000 to address the inconsistencies in the 
diagnostic criteria of BPD and to improve the definition 
of BPD. The workshop’s recommendation was to use 
oxygen for ≥28 days and at 36 weeks’ postmenstrual 
age to identify different severities of BPD and also to 
include oxygen concentration at 36 weeks’ postmen-
strual age to further define the severity of lung injury. 
There was also agreement that a minimum of 28 days of 
supplemental oxygen use was needed to make the diag-
nosis of BPD.65 Table 10-2 outlines these criteria. Other 
etiologies, such as congenital heart disease, pulmonary 
lymphangiectasia, chemical pneumonitis from recur-
rent aspiration, cystic fibrosis, or disorders of surfactant 
homeostasis, could lead or contribute to lung damage 
and may be falsely labeled as BPD.

Clinical Presentation
BPD is more commonly seen in extremely low birth-
weight infants. The majority of infants with RDS ex-
perience a mild initial respiratory course because they 
respond favorably to surfactant administration and 
are not exposed to aggressive ventilatory support or 
high concentrations of inspired oxygen. Often a few 
days of minimal or no requirements for supplemental 
oxygen or respiratory support follow. Although some 
infants can be weaned off support, others may require 
prolonged ventilation due to apnea and poor respira-
tory effort.

Infants requiring prolonged support due to progres-
sive deterioration in lung function over time are at most 
risk for the development of BPD. Clinical deterioration 
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birth rate has slightly declined, although the rate of low 
birthweight infants is unchanged.85

Prenatal Treatments
The prenatal administration of glucocorticoids is the 
most widely used therapy to accelerate lung maturation 
in pregnancies at risk for preterm birth. Prenatal glu-
cocorticoids are the standard of care for women at high 
risk of preterm delivery prior to 34 weeks’ gestation. The 
recommendations come from the 1994 NIH Consensus 
Conference and were reinforced by a second NIH Con-
sensus Conference in 2000.86 A recent meta-analysis 
shows that preterm infants of mothers who received 
antenatal corticosteroids prior to preterm birth had an 
overall reduction in RDS.87 Despite improvements in 
neonatal morbidity and mortality, antenatal steroids 

can be triggered by systemic or respiratory infections 
or increased pulmonary blood flow due to a persistently 
patent ductus arteriosus. Initially, the functional and 
radiographic lung changes are mild, sometimes show-
ing only diffuse haziness, but in other cases the coarser 
changes of nonuniform inflation and cystic nature that 
is observed in the classic form of BPD may develop.

Management
As with all clinical conditions, the “ideal” management 
strategy for BPD would be to prevent BPD; once estab-
lished, the treatment for BPD remains mostly supportive. 
Medical care typically focuses on using respiratory ther-
apies that minimize further lung injury and optimize nu-
trition and growth, with varying degrees of success. As 
a result, considerable effort has been devoted to the pre-
vention of the disease. Some therapies may not entirely 
prevent BPD, but they may lessen the severity of the dis-
ease when it does develop. Table 10-3 lists the strategies 
used to prevent and/or lessen the severity of BPD.

Prevention of Prematurity
Given the importance of extreme prematurity in the 
pathogenesis of the new BPD, the obvious and most 
important preventive measure for BPD is preventing 
premature births. Maternal injections of 17 alpha hy-
droxyprogesterone during pregnancy have been shown 
to reduce the risk of recurrent preterm delivery by 
about one-third in women with a history of preterm 
delivery.84 This prevention strategy is hampered by in-
creasing numbers of multiple pregnancies. Infants in 
multigestation pregnancies are much more likely to be 
born earlier and smaller than those born in singleton 
pregnancies. It is reassuring that the overall preterm 

<32 Weeks’ Gestational Age >32 Weeks’ Gestational Age

Time point of the 
assessment

36 weeks’ postmenstrual age or discharge home, 
whichever comes first

>28 days’ but <56 days’ postnatal age or discharge 
home, whichever comes first

Treatment with oxygen >21% for at least 28 days plus

Mild BPD Breathing room air at 36 weeks’ PMA or discharge, 
whichever comes first

Breathing room air at 56 days’ postnatal age or discharge, 
whichever comes first

Moderate BPD Need for <30% oxygen at 36 weeks’ PMA or discharge, 
whichever comes first

Need for <30% oxygen at 56 days’ postnatal age or 
discharge, whichever comes first

Severe BPD Need for >30% oxygen and/or positive pressure (PPV 
or nCPAP) at 36 weeks’ PMA or discharge, whichever 
comes first

Need for >30% oxygen and/or positive pressure (PPV or 
nCPAP) at 56 days’ postnatal age or discharge, whichever 
comes first

PMA = postmenstrual age; PPV = positive pressure ventilation; nCPAP = nasal continuous positive airway pressure

Reproduced from Jobe AH, Bancalari E. Bronchopulmonary dysplasia. American Journal of Respiratory and Critical Care Medicine. 2001;163(7):1723-1729, Table 1.

TABLE 10-2
Definition and Diagnostic Criteria for BPD

Preventing premature births

Prenatal treatments

Surfactant therapy

Caffeine 

Vitamin A administration

Lung-protective strategies

Oxygen administration guideline use

Permissive hypercapnia

Use of noninvasive ventilation

TABLE 10-3 
Strategies Used to Prevent and/or Lessen the 
Severity of BPD
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have not been shown to decrease the overall rate of BPD 
by meta-analysis.87 Additionally, repeat courses of pre-
natal glucocorticoids during pregnancy does not appear 
to further decrease the rate of RDS88 and may increase 
the incidence of severe BPD by inhibiting normal lung 
growth.89 Nonetheless, based on the latest guidelines, 
prenatal glucocorticoids should be administered in a 
single course to any mother at risk of preterm delivery 
between 24 to 34 weeks’ gestation.86

Surfactant Therapy
Lack of endogenous surfactant is the primary cause of 
early respiratory disease in newborn premature infants. 
Animal studies and early clinical trials with exogenous 
surfactant for the prevention and treatment of RDS have 
shown improvements in pulmonary mechanics and pro-
tection against ventilator-induced lung damage. Exoge-
nous surfactants have significantly decreased the severity 
of and mortality from RDS among intubated infants 
when used very soon after birth.90 Although prenatal ste-
roids help to accelerate production of surfactant before 
birth, preterm infants continue to be at risk for RDS.

A reduction in the incidence of BPD was expected 
after the development of exogenous surfactant. However, 
recent meta-analyses do not show a reduction in rates of 
BPD with early surfactant use.91,92 Two additional strat-
egies were then developed by combining the benefits of 
early surfactant use and reduced ventilator use. The first 
method is to administer surfactant during a brief period 
of intubation without subsequent sustained mechan-
ical ventilation (intubation, delivery of surfactant, im-
mediate extubation). Although some studies with this 
approach show many benefits, meta-analysis93 did not 
demonstrate a decrease in the incidence of BPD at 36 
weeks’ gestation. The second method was to administer 
surfactant beyond the first postnatal week to infants in 
whom a secondary surfactant dysfunction may be pres-
ent and who are at a high risk for BPD.94 A randomized 
controlled trial of this method did show a reduction in 
mean fraction of inspired oxygen but no difference in the 
incidence of mortality or BPD between groups.95

Caffeine for Apnea of Prematurity
Caffeine is a methylxanthine used to treat apnea of 
prematurity. A large randomized controlled trial was 
designed to resolve the long-standing uncertainty about 
the short- and long-term efficacy and safety of meth-
ylxanthine therapy for apnea of prematurity. Initial 
findings showed a statistically significant reduction in 
oxygen use at 36 weeks’ postmenstrual age (the current 
consensus definition of BPD) and a reduction in days of 
positive airway pressure in infants who received early 
caffeine in the first 10 days of life compared to those 
who later received caffeine for apnea.95 The results 
indicate that caffeine may assist in reducing ventilator-
induced lung injury.

Postnatal Anti-Inflammatory Therapies
Systemic corticosteroids affect pulmonary function and 
lung disease by increasing surfactant synthesis; decreas-
ing recruitment of polymorphonuclear leukocytes to 
the lung; and reducing the production of prostaglan-
dins, leukotrienes, elastase, and other inflammatory 
mediators. They also decrease vascular permeability 
and pulmonary edema formation.96 Corticosteroids may 
also regulate lung repair after injury.

Initial studies of premature infants with a high risk 
for BPD (≤30 weeks’ gestation, ≤1250 grams, mech-
anical ventilation at 14 days) showed faster weaning 
from the ventilator and supplemental oxygen when a 
42-day tapering course of dexamethasone was given.97 
There were also significant adverse effects associated 
with systemic corticosteroid administration, including 
hypertension, hyperglycemia, gastrointestinal bleed-
ing, hypertrophic cardiomyopathy, and infection.98 
Subsequent studies with corticosteroids for the pre-
vention of BPD continued. Most have demonstrated 
short-term improvements in pulmonary function. Two 
meta-analyses, differing on the timing of administration 
of the corticosteroids, were published to provide infor-
mation on the effect of treatment with systemic steroids 
on the incidence of BPD. Early treatment was defined 
as the initial administration of the corticosteroid course 
before 8 postnatal days99 and late treatment was defined 
as beginning after 7 days’ postnatal age.100

Benefits of early treatment included lower extubation 
failure rates and decreased risks of BPD (supplemental 
oxygen use at 28 days’ and 36 weeks’ postmenstrual 
age), death or BPD at 28 days’ and 36 weeks’ postmen-
strual age, patent ductus arteriosus, and ROP, including 
severe ROP.99 However, in review of later outcomes, 
infants were found to have developmental delay, ce-
rebral palsy, and abnormal neurologic examination.99 
Therefore, it was concluded that the benefits of early 
postnatal corticosteroid treatment (≤7 days) may not 
outweigh the adverse effects of this treatment.

Infants enrolled in the late treatment trials had fewer 
extubation failure rates, lower rates of BPD at 28 days’ 
and 36 weeks’ postmenstrual age, reduced need for late 
rescue treatment with dexamethasone, fewer discharges 
on home oxygen, and a reduction in neonatal mortality 
at 28 days’ postmenstrual age.100 There was no increase 
in the risks of blindness, deafness, major neurosensory 
disability, or cerebral palsy, although there was an in-
creased rate of abnormal neurologic examination.100 The 
interpretation of the neurodevelopmental outcomes is 
difficult. The methodologic quality of the studies deter-
mining the long-term outcome is limited in some cases; 
surviving children were assessed predominantly before 
school age, which can cause difficulties diagnosing cere-
bral palsy. No study was sufficiently powered to detect 
important adverse long-term neurosensory outcomes. 
The use of late corticosteroids for infants who cannot be 
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weaned from mechanical ventilation after the 1st week 
of life may be beneficial, but it is important to limit the 
dose and duration of any course of treatment.101,102

Systemic postnatal corticosteroids have significant 
benefits and risks. Given the adverse long-term neuro-
developmental impairments, it is not recommended to 
use dexamethasone or hydrocortisone in the 1st week 
of life. After 7 days of life, dexamethasone was shown 
to decrease the rate of BPD at 36 weeks’ postmenstrual 
age with less impact on neurodevelopmental outcome. 
No trials have examined whether the benefits of cor-
ticosteroids outweigh the adverse effects for infants at 
high risk of, or with, severe BPD. Despite the continued 
risk of long-term neurodevelopmental impairments, 
there might be some populations of infants in which 
the benefits outweigh the risks based on the baseline 
risk of BPD. Infants at high risk of developing BPD 
treated with corticosteroids were shown to be more 
likely to survive without neurodevelopmental impair-
ment.103 This suggests that infants at a certain threshold 
risk for the development of BPD will have a net benefit 
(reduction in the risk for BPD without an increase in 
the risk of cerebral palsy) if corticosteroids are given to 
prevent BPD.

Inhaled corticosteroids have been evaluated as a 
prevention strategy for BPD, as there is an association 
between systemic corticosteroids and serious short- and 
long-term adverse effects. A meta-analysis examining the 
effect of early inhaled steroids beginning <2 weeks’ post-
natal age in ventilator-dependent infants did not find a 
significant effect on the prevention of BPD or mortal-
ity.104 Evidence does not support the use of inhaled corti-
costeroids for the prevention or treatment of BPD.

Inhaled Nitric Oxide
Animal studies have shown that inhaled nitric ox-
ide (iNO) decreased early lung inflammation and 
oxidant stress105 and improved lung structure in 
models of BPD.106 Inhaled nitric oxide may also have 
anti-inflammatory properties. Based on these obser-
vations, numerous studies were done to ascertain the 
effect of inhaled nitric oxide on the prevention of BPD 
in premature infants. A meta-analysis evaluated 11 
randomized controlled trials of iNO therapy in preterm 
infants. There was no overall evidence to support a clear 
role for iNO for the prevention of BPD. However, one of 
the larger trials, which enrolled intubated infants dur-
ing the 2nd postnatal week, demonstrated a reduction 
in BPD but not death. Given these results, it is possible 
that certain populations of infants with a baseline risk 
might benefit, but more studies are needed. In 2011, an 
NIH Consensus on the use of iNO in premature infants 
concluded that, taken as a whole, the available evidence 
does not support the use of iNO in the care of prema-
ture infants of <34 weeks’ gestation who require res-
piratory support.107

Medications
Vitamin A derivatives are critical in the regulation and 
promotion of growth and differentiation of lung epithe-
lial cells, particularly during repair after lung injury.108 
Preterm infants have low vitamin A levels at birth, and 
low levels of vitamin A are associated with an increased 
risk of BPD.109 Subsequently, vitamin supplementation 
was established as a strategy to prevent BPD. When 
extremely low birthweight infants were given vitamin A 
supplementation, the incidence of BPD was reduced at 
36 weeks’ postmenstrual age and no risk for neurode-
velopmental impairment at 18 to 22 months of age was 
seen.110 Therefore, the use of vitamin A supplementa-
tion in extremely low birthweight infants may be helpful 
for the prevention of BPD.

Because pulmonary edema appears to be a signifi-
cant feature in BPD, diuretics are commonly used 
to improve lung mechanics, especially in infants on 
chronic mechanical ventilation or those with estab-
lished disease. Several small studies in the early 1980s 
have shown short- and long-term improvements in 
airway resistance, lung compliance, and oxygenation, 
and quicker ventilator weaning in infants with BPD, 
when loop diuretics, such as furosemide, are used.111,112 
Similar to other medications discussed in this chapter, 
the use of loop diuretics is not without risk. Serious 
adverse effects are reported in newborn infants due 
to the excretion of sodium, potassium, and chloride. 
Hyercalciuria is also prominent with loop diuretics 
and may lead to nephrocalcinosis and bone deminer-
alization. Despite the widespread use, there are few 
current studies evaluating the short- and long-term 
effects in the treatment of infants with BPD. Based on 
current evidence and the potential complications to 
loop diuretic use, the routine administration of these 
agents in infants with (or developing) BPD cannot be 
recommended.

Diuretic therapy that acts on the distal tubule, such 
as thiazide-type agents, has also been assessed. Little 
useful information can be gleaned from the few studies 
with thiazide diuretics, and their use cannot be recom-
mended based on available evidence.

Bronchodilators have the potential effect of dilating 
small airways with muscle hypertrophy. However, there 
are no randomized controlled clinical trials on the use 
of bronchodilators in the treatment of BPD and little 
evidence in the literature to support their use in the 
prevention or treatment of BPD.113

Respiratory Support Strategies
There are two important strategies that guide treatment 
of respiratory conditions in premature infants: provi-
sion of appropriate levels of supplemental oxygen to 
support adequate oxygenation and gentle ventilation 
with permissive hypercapnia.
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The most recent multicenter study identified oxygen 
saturations (SpO2) of about 90% to 95% as an optimal 
target range. This multicenter study, Surfactant, Posi-
tive Pressure, and Pulse Oximetry Randomized Trial 
 (SUPPORT), found that lower target ranges of oxygen 
saturation (85–89%) resulted in an increase in mortality 
and did not significantly decrease the composite out-
come of severe retinopathy.16 It is challenging to main-
tain an infant requiring oxygen within a given saturation 
range because frequent monitoring and manual adjust-
ments in the amount of inspired oxygen may be required 
to respond to hypoxemic episodes. Close monitoring is 
essential to avoid increased oxidative stress caused by a 
hypoxemic event that is followed by hyperoxia.

Permissive hypercapnia (PaCO2 of 45–55 mm Hg, 
and pH >7.2) is a lung-protective strategy for the man-
agement of infants receiving assisted ventilation. Higher 
levels of PaCO2 are accepted in an effort to avoid the use 
of high tidal volumes, which contribute to pulmonary 
overdistention and hypocapnia. Studies implementing 
this lung injury–minimizing treatment strategy, also 
referred to as gentle ventilation, demonstrate strong 
trends for the potential of benefits without increased 
adverse events.114,115

Management of Respiratory Failure
A central tenet in the management of preterm infants with 
respiratory failure is to support adequate gas exchange 
with minimum adverse effects on the infant’s lungs, he-
modynamics, and brain. Long durations of mechanical 
ventilation are associated with increased likelihood of 
BPD. Avoidance of mechanical ventilation and successful 
extubation at the earliest possible time is desirable.

The use of nasal continuous positive airway pres-
sure (nCPAP) has received tremendous recent study as 
a method to reduce mechanical ventilator exposure. It 
is less invasive, and cohort comparisons of nCPAP or 
mechanical ventilation suggested a reduction in the risk 
of BPD with early nCPAP use compared with intubation 
and mechanical ventilation. Recent large, multicenter 
randomized controlled trials evaluated the use of early 
nCPAP versus intubation and mechanical ventilation 
and showed that nCPAP reduced the combined outcome 
of death and BPD by almost 10%.115–117 Additional im-
portant findings with the use of early nCPAP included a 
trend toward a shorter duration of supplemental oxygen 
exposure and a significant difference in the duration of 
mechanical ventilation, supporting the use of nCPAP 
as an alternative to intubation and invasive ventilatory 
support.115–117

Researchers have sought to avoid the use of invasive 
ventilation in infants requiring surfactant administra-
tion. The INtubation-SURfactant-Extubation (INSURE) 
approach was developed to administer surfactant to 
infants with worsening RDS and to reduce invasive ven-
tilatory support by extubating to CPAP or noninvasive 
positive pressure ventilation (NIPPV). This approach 

allows infants to benefit from both surfactant and non-
invasive respiratory support, such as nCPAP or NIPPV. 
The available data suggest that minimizing endotracheal 
ventilation could be achieved by adopting early nCPAP 
or NIPPV for RDS, and if intubation is required, to 
use the INSURE approach. This strategy has import-
ant short-term advantages in minimizing the use and 
duration of mechanical ventilation and long term may 
reduce the rates of BPD.118

Complications and Outcomes
The long-term consequences of BPD on the respiratory 
health of older children and adults are not fully de-
scribed, as the changes in the care of premature infants 
has modified the clinical and pathologic characteristics 
of BPD over the last few decades. BPD improves with 
age, but lifelong consequences can ensue.

Pulmonary artery hypertension (PAH) is increasingly 
being recognized as an important complication of BPD 
because of the association with increased morbidity 
and mortality.119 Although PAH is often associated with 
more severe BPD, not all infants with PAH have severe 
BPD and not all infants with BPD have PAH. In one ser-
ies, PAH was diagnosed prior to hospital discharge in 
18% of extremely low birthweight infants.120 Phenotypic 
variability exists among preterm infants of similar ges-
tational ages, making it difficult to predict which infants 
are at increased risk of developing PAH. PAH usually 
resolves when associated with BPD, although mortality 
rates have been reported to range from 14% to 38% in 
retrospective studies.121–123

Infants with BPD and PAH also have cardiovascu-
lar abnormalities, such as pulmonary vein stenosis, 
atrial septal defects, patent ductus arteriosus, and 
aorta-pulmonary collateral vessels. Lung structural ab-
normalities, such as decreased surface area, persistent 
ventilation-perfusion mismatch, poor gas exchange, 
and poor airway clearance, are associated with PAH in 
infants with BPD. PAH can acutely worsen with general 
anesthesia, positive pressure ventilation, aspiration, 
gastroesophageal reflux, respiratory infections, and 
suboptimal nutrition.121 Mechanisms that contribute to 
the pathogenesis of PAH include oxygen toxicity, baro-
trauma, chronic or intermittent alveolar hypoxia along 
with acidosis, and cardiac dysfunction.

The majority of infants with PAH improve over time 
with optimizing treatment of BPD and recognizing and 
preventing factors that exacerbate PAH. This includes 
avoiding hypoxemic vasoconstriction, improving gas 
exchange, and optimizing lung growth. Supplemental 
oxygen administration is the mainstay of treatment, 
but severe PAH does not respond well to just oxygen 
therapy and may require inhaled nitric oxide, sildenafil, 
or bosentan.

Infants and children with a history of BPD are sub-
ject to recurrent wheezing episodes that can last from 
early childhood through adulthood. In the EPICure 
study of children born before 26 weeks’ gestation, 25% 
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had the diagnosis of asthma at 11 years of age, and 56% 
had abnormal spirometry.124 Children with a history of 
BPD and asthma-like symptoms are more likely to have 
airway hyperresponsiveness, but only half respond to 
bronchodilator therapy and inhaled corticosteroids.

Should wheezing worsen with bronchodilator 
administration, tracheobronchomalacia should be 
considered and diagnostic measures taken to confirm 
diagnosis. Infants with BPD can develop tracheobron-
chomalacia due to prolonged barotrauma, chronic or 
recurrent infection, chronic aspiration, and endotra-
cheal intubation. This complication of BPD was more 
common in infants and children with classic BPD who 
were treated with prolonged periods of high ventila-
tor pressure. Signs of tracheobronchomalacia include 
“BPD spells” (episodes of abrupt cyanosis with absent 
airflow) and can be life threatening. Most cases resolve 
with time and maturity of the tracheal cartilage. Glottic 
and subglottic damage can occur as a result of chronic 
endotracheal intubation and is more common in ex-
tremely low birthweight infants.

Up to 50% of children with BPD require 
re-hospitalization during the first two years of life due 
to respiratory illness.125,126 Most infections are due to 
viruses and can interfere with ongoing lung growth 
and negatively affect lung function in later life.127 Res-
piratory syncytial virus (RSV) can cause severe illness 
in infants and children with BPD, especially those re-
quiring supplemental oxygen, and can be life threaten-
ing. RSV infections in the first 2 years of life in children 
with BPD can contribute to worse lung function at 
school age compared to those who did not experience 
an RSV-related hospitalization. Because of the sever-
ity of RSV infections, RSV immunoprophylaxis was 
developed and has been shown to reduce severe RSV 
infections in infants with BPD.128 BPD predisposes 
infants and children to severe lower respiratory tract 
disease due to Rhinovirus, a common infectious virus 
among the general population that does not typically 
cause severe disease in healthy individuals.129 Children 
who attend day care and have a history of BPD have 
also been shown to have a two- to threefold increase in 
emergency department visits, systemic corticosteroid 
use, antibiotic use, and days with difficulty breathing, 
presumably due to increased exposure to infectious 
illnesses.129

Supplemental respiratory care of infants with BPD 
after hospital discharge can range from nasal cannula 
supplemental oxygen to prolonged mechanical ventila-
tion. Supplemental oxygen should be provided to main-
tain a target oxygen saturation of >92% in infants who 
are beyond term with mature retinal development and 
no pulmonary hypertension.

Infants with severe BPD, with or without obstructive 
airway disease, require long-term mechanical ventila-
tion for months to years after hospital discharge. Tra-
cheostomy is used to provide these infants with a stable 
airway for home mechanical ventilation. These infants 

require high amounts of resources and coordination of 
care among family members, primary physician, sur-
geon, pulmonologist, and home care service providers. 
Additionally, speech, occupational, and physical therapy 
is needed to ensure that the infant meets developmental 
milestones.

Children and adults with BPD are seen in many types 
of clinics throughout the healthcare system. The clin-
ics range from general care offices to multidisciplinary 
clinics focused on the care of the complications of BPD. 
Infants discharged from the NICU should be referred to 
pediatric pulmonologists who are most familiar with the 
care of these medically fragile patients. Important gen-
eral measures to reduce the risk for respiratory disease 
include frequent hand washing and avoidance of expos-
ure to other young children who may have respiratory 
infections, avoidance of exposure to tobacco smoke, and 
close adherence to immunization schedules.

Air Leak Syndrome
A pulmonary air leak occurs when there is a rupture of 
the trachea, bronchi, or smaller airways, leading to an 
escape of air into the surrounding tissue. Air can then 
be present within the pleural space (pneumothorax), 
mediastinum (pneumomediastinum), or pericardium 
(pneumopericardium). When air escapes into the pul-
monary interstitium, pulmonary interstitial emphysema 
(PIE) ensues.130

Pneumothorax
A pneumothorax develops when air escapes from the air-
way and enters the space bounded by the parietal pleura 
of the chest wall and the visceral pleura of the lung.131

Pneumomediastinum
The mediastinum includes all space between the bilat-
eral lungs. The mediastinal space includes the heart, 
esophagus, trachea, and major veins and arteries. A 
pneumomediastinum occurs when free air traverses 
from the ruptured alveolus along the pulmonary vascu-
lature to the mediastinum.132

Pneumopericardium
Pneumopericardium is the result of air leakage 
into the pericardial space, which can lead to acute, 
life-threatening symptoms as air accumulates and comes 
under tension within the limited pericardial space.133

Pulmonary Interstitial Emphysema
An air leak into the pulmonary interstitial space results 
in pulmonary interstitial emphysema (PIE).130

Etiology
Although air leaks can happen spontaneously, they are 
primarily a complication of mechanical ventilation and 
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the underlying lung pathology that leads to the need for 
ventilatory assistance. Table 10-4 outlines the common 
risk factors associated with air leaks in preterm and 
term infants.

The primary risk factor for pulmonary air leaks 
among preterm infants is surfactant deficiency, which 
results in a poorly compliant lung. Subsequently, high 
pressure (either from mechanical ventilation or spon-
taneously produced) is needed to move air into the 
alveoli. The high pressure predisposes the neonatal 
airway to injury and subsequent pneumothorax. Infants 
who receive surfactant treatment for RDS experience 
rapid improvement in lung compliance upon receiving 
the treatment. When the same high ventilator pressures 
needed to ventilate an infant prior to surfactant are 
used, as pulmonary compliance changes, pneumothorax 
can occur.134

Preterm and term infants can aspirate foreign con-
tents, such as blood, meconium, and amniotic fluid, 
into the lung, placing them at risk for pneumothorax.134 
Pulmonary hypoplasia associated with congenital dia-
phragmatic hernia or absence of amniotic fluid is also a 
predisposing factor. Finally, spontaneous pneumotho-
rax is found in 1% to 2% of healthy term infants and is 
often asymptomatic. Risk factors are similar to those for 
pneumothorax, with the addition of direct trauma to 
the pharynx related to endotracheal intubation.

Pathophysiology
In the neonate, pulmonary air leak occurs when 
intra-alveolar pressure is high, resulting in alveolar 
over-distention and rupture of the alveoli. This can hap-
pen in the poorly compliant mechanically ventilated 
lung of a preterm infant or in a term infant who gener-
ates significant negative intrathoracic forces to initiate 
the first breaths immediately after birth. Free air can 
traverse from the ruptured alveolus along the pulmo-
nary vasculature to the mediastinum and then subse-
quently to the pleura or pericardium.

There are times when an air leak is severe, such as 
with a tension pneumothorax. A tension pneumothorax, 
defined as an increase in intrathoracic pressure on the 
affected side, can cause the mediastinum to shift away 
from the affected side, thus displacing heart sounds and 
cardiac impulse. Additionally, tension pneumothorax can 
cause an abrupt decrease in cardiac output, which could 
manifest as a decrease in heart rate and blood pressure.

The primary predisposing factor for PIE is severe 
lung disease related to RDS. However, PIE can also be 
seen in the setting of other significant lung disease, such 
as meconium aspiration syndrome or sepsis. PIE can 
affect one or both lungs and can affect either the en-
tire lung or a focal respiratory unit. As air accumulates 
within the interstitial space, lung compliance decreases 
further, thus further worsening ventilation.

Diagnosis
Transillumination can be performed to assist with the 
diagnosis of a pneumothorax. Transillumination is a 
noninvasive procedure in which a bright light probe is 
placed against the infant’s chest wall near the axilla. A 
diffuse bright light illuminating the chest suggests the 
absence of underlying lung tissue, which is displaced 
by extrapleural air, suggesting that a pneumothorax is 
present (Figure 10-5). Transillumination is less reliable 
for large infants due to increased skin thickness or when 
the air leak is small.

A chest radiograph is most commonly used to 
determine the presence of pulmonary air leaks. This 
diagnostic tool allows for differentiation of pneumo-
pericardium, pneumomediastinum, and pneumothorax. 
A pneumopericardium will classically show visible air 
crossing the midline on the diaphragmatic border of the 
heart while a pneumomediastinum appears as lucency 
on the lateral borders of the heart.

Chest radiographic findings of pneumothorax include 
hyper-lucency with absence of pulmonary tissue mark-
ings (Figure 10-6). Small cystic and/or linear lucen-
cies in the affected lung fields are seen if PIE is present 
(Figure 10-7). Typically, an anterior-posterior (A-P) 

Prematurity

Need for delivery room resuscitation

High peak ventilating pressures

Meconium aspiration syndrome

Pulmonary hypoplasia

Surfactant deficiency

Positive pressure ventilation

Long inspiratory time

Pneumonia

TABLE 10-4 
Risk Factors for Air Leaks in the Neonate

FIGURE 10-5 A small, focused light probe can be used to trans-
luminate the chest and assess for the presence of a pneumothorax. 
In this illustration, the chest glows, signifying the presence of free air 
in the pleural space.
Photo of Astodia courtesy of Futuremed.
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and cyanosis. Less common symptoms include apnea 
and bradycardia. On physical exam, decreased breath 
sounds on the affected side would be expected. If large 
enough, the pneumothorax could cause an expansion 
of the affected side, with subsequent increase in the 
anterior-posterior diameter of the chest. A tension 
pneumothorax will cause the mediastinum to shift away 
from the affected side and to displace both heart sounds 
and the cardiac impulse. A neonate or infant present-
ing with a tension pneumothorax will have a sudden 
decrease in cardiac output, which often manifests as 
bradycardia and hypotension.

Pericardial tamponade occurs secondary to pneumo-
pericardium and typically presents with a decrease in 
pulses, decrease in blood pressure, and poor peripheral 
perfusion. On auscultation, heart sounds may sound 
muffled or distant.

Management
If the infant is asymptomatic, spontaneous resolution of 
the air leak is anticipated. Typically, management is sup-
portive and includes providing care in a neutral thermal 
environment, nutritional support, and respiratory care 
as needed. Small air leaks will often resolve in 24 to 
48 hours.

Peak inspiratory and end-expiratory pressures should 
be decreased to provide tidal volumes within lung- 
protective strategy ranges when ventilating an infant 
with a pulmonary air leak. Lowering the set inspiratory 
time will help reduce mean airway pressure and may aid 
in patient-ventilator synchrony.

If hemodynamic or respiratory instability is present, 
action must be taken to remove the extrapleural air. If 
the infant is symptomatic, needle aspiration, preferably 
under ultrasound guidance, can be performed to relieve 
pressure within the pericardium or from the pleural 
space and allow for return of appropriate cardiac func-
tion. Needle aspiration can be effective if the air leak is 
not ongoing. For continuous air leaks, a chest tube should 
be placed for continuous removal of accumulated air.

Ventilator management of PIE aligns with 
lung-protective strategies, decreasing ventilating pres-
sures (peak inspiratory pressure, mean airway pressure) 
as tolerated. Additionally, high-flow oscillatory ventila-
tion has shown some benefit over conventional ventila-
tion in allowing the injured lung to heal.135–137

Complications and Outcomes
Infants with small pulmonary air leaks that resolve 
spontaneously rarely have an associated morbidity. If 
untreated, infants with air leaks who are symptomatic 
may have profound cardiodysfunction, which can cause 
hypoxia, hypercarbia, and hypotension and lead to car-
diopulmonary collapse.

PIE may resolve quickly, within several days of being 
identified, in some patients. However, in some infants, PIE 
will persist and contribute to the development of BPD.

FIGURE 10-6 An A-P chest radiograph showing a pneumothorax.
Case courtesy of Dr. Angela Byrne, Radiopaedia.org, rID: 7589

FIGURE 10-7 An A-P chest radiograph showing the cystic lesions 
characteristic of PIE.
Courtesy of Radswiki, Radiopaedia.org, rID: 11848.

chest radiograph is obtained. However, decubitus or 
cross-table lateral films can be obtained if the anterior-
posterior radiographs do not allow for a definitive diag-
nosis. Using these diagnostic modalities, free air will be 
seen in the most superiorly positioned part of the chest.

Clinical Presentation
The size of the air leak often dictates both the clinical 
presentation and the medical management of the leak. 
Infants with small air leaks, occupying less than 10% of 
the affected lung, are typically asymptomatic.

Regardless of gestational age at birth, the primary 
symptoms of pneumothorax include respiratory distress 

Air Leak Syndrome 145



Case Study 1
A male premature infant was born by caesarean sec-
tion at 27 weeks’ gestation with a birth weight of 1100 
grams. His Apgar scores were 1 at 1 minute and 6 at 5 
minutes. After transfer to the NICU on CPAP 6 cm H2O 
and an FIO2 of 0.40, the patient’s respiratory status de-
teriorated. He was intubated and received mechanical 
ventilatory respiratory support for 5 weeks for RDS. His 
first opthalmic examination revealed bilateral changes 
consistant with Grade 2 ROP. CryoROP criteria, treat-
ment was performed at a corrected gestational age. 

The infant responded well to the treatment, and both 
eyes showed rapid regression of the abnormal vessels.

1. What are the main risks factors of developing 
ROP?

2. What classification system is used to describe 
the extent of ROP?

3. How many zones are used to define the 
area of retina covered by physiologic retinal 
vascularization?

Case Study 2
A 37-year-old woman with no medical history pre-
sented to the hospital at 26 weeks and 3 days of 
gestation with preterm labor. Her blood pressure was 
126/74 mm Hg and her heart rate (HR) was 91 beats 
per minute. Ultrasound sonography showed the fetus 
with a breech presentation, a weight of approximately 
900 grams, and an HR of 150 beats per minute. The 
neonate was 830 grams at birth, a female with no 
abnormalities. The infant was limp with an HR of 80 
beats per minute and an SpO2 of 77% with no breath-
ing effort. The 1-minute Apgar score was 1. Positive 
pressure ventilation by mask was delivered using a 
T-piece resuscitator. Peak inspiratory pressure (PIP) 
was 20 cmH2O and positive end-expiratory pressure 
(PEEP) was 4 cmH2O. SpO2 continued to fall to 50%, 
HR was 70 beats per minute, and soft tissue swelling 
in the right supraclavicular area was observed. The 
patient was intubated with a 2.5 uncuffed orotracheal 
tube. However, the neonate’s SpO2 was maintained 
at 50% even following intubation. On physical exam-
ination, worsening of soft tissue swelling in the right 
neck, axillary, and supraclavicular areas was found 

and crepitus was palpable. Abdominal distension and 
severe cyanosis were observed concurrently. A chest 
radiograph confirmed the presence of pulmonary air 
leaks. A needle thoracentesis was performed to treat 
a right-sided tension pneumothorax. Fifty mL of air 
was aspirated in the intercostal space of the midcla-
vicular line using a 22-gauge angiocatheter. Following 
air aspiration, ventilation was achieved for both lungs 
with the use of the Burnell Jet Ventilator, and the loss 
of edema in the neck area and reduction of subcutane-
ous emphysema were observed. The neonate’s SpO2 
gradually rose to mid 80s and HR was maintained at 
170 beats per minute. The neonate was transferred to 
the neonatal intensive care unit, where high-frequency 
jet ventilation was continued.

1. What are the risk factors for air leaks in the 
neonate?

2. What noninvasive procedure uses a bright light 
probe placed against the infant’s chest wall to 
diagnose a pneumothorax?

3. Name the two techniques for treating air leaks.
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OBJECTIVES
1. Provide a general overview of normal cardiac function 

in children.
2. Discuss acyanotic heart disease versus cyanotic heart 

disease.

3. Identify and describe acyanotic heart defects with 
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Introduction
Congenital cardiac defects are structural abnormalities 
of the heart, heart valves, or heart vessels that occur 
during fetal development. They are one of the most 
common birth defects, accounting for approximately 
40,000 births per year, or about 8 in every 1000 births.1 
Of these, 25% are considered a critical defect.1 Causes 
of congenital cardiac defects include genetics, medi-
cations, drug use, or viral infections during the first 
trimester of pregnancy.2 The defects can be minor or 
 severe, may or may not cause symptoms, and may or 
may not require treatment.

The normal heart has two sides, right and left, sep-
arated by an inner wall called a septum. Each side is 
divided into two chambers; the upper chambers are 
called atria (where blood collects) and the bottom are 
the two ventricles (where blood is pumped out). In 
a normal heart, the oxygen-depleted blood from the 
body flows into the right atrium and then to the right 
ventricle, where it is pumped to the lungs to be oxygen-
ated. Oxygen-enriched blood flows into the left atrium, 
and then to the left ventricle, where it is pumped out to 
the body through the ascending and descending aorta. 
There are four valves that control blood flow through 
the heart (Table 11-1). These valves are like doors that 
open to allow blood to flow through and then shut to 
keep blood from flowing backward.

Classification of Congenital Heart 
Disease: Acyanotic versus Cyanotic 
Heart Disease
Congenital cardiac defects can be broken down into two 
general classifications: acyanotic and cyanotic. Cyanotic 
cardiac defects get their name from the bluish appear-
ance of the skin associated with people who have those 
defects. This occurs because blood either completely 

bypasses the lungs—therefore not getting oxygenated—
before going to the rest of the body or oxygenated blood 
mixes with deoxygenated blood and goes out into the 
systemic circulation. Patients with cyanotic cardiac de-
fects will have lower-than-normal oxygen saturations.3 
Acyanotic cardiac disease does not result in lower oxy-
gen saturations but could result in high blood pressure 
and heart failure.4 Left-to-right shunting is present in 
acyanotic cardiac disease while right-to-left shunting is 
present in cyanotic cardiac disease.3,4

Congenital cardiac defects may be detected dur-
ing routine fetal ultrasounds, at which point a fetal 
echocardiogram or a fetal magnetic resonance imag-
ing (MRI) may be performed.5 Some congenital heart 
defects are not diagnosed until a postnatal pulse oxim-
eter screening is performed or the newborn becomes 
symptomatic.6

Evaluation of infants and children with congenital 
heart defects is multifaceted. The respiratory therapist 
must evaluate more than the heart and the lungs to 
gain an understanding of the hemodynamic stability 
of the patient (Figure 11-1). Mechanical ventilation 
is the mainstay of therapy for children with cardiac 
defects. Depending on the type and severity of the 
defect, mechanical ventilation may be initiated prior 
to and/or after surgical intervention. The rationale 
for and use of basic mechanical ventilation principles 
used for complex care of the cardiac patient include 
the following points:7

■■ Positive pressure ventilation reduces left ventricu-
lar afterload, which is beneficial in the presence 
of poor ventricular function or aortic valve insuf-
ficiency. It can also be employed to reduce oxygen 
consumption.

■■ A drastic reduction in systemic venous return can 
occur when positive pressure ventilation is initi-
ated. This can result in cardiac arrest. Preemptive 
fluid boluses may help avoid this situation.

■■ Anticholinergics, such as atropine, can be used 
prior to attempting tracheal intubation to reduce 
vagal responses in newborns/infants.

■■ Positive pressure ventilation is effective in the 
treatment of postoperative atelectasis and dia-
phragm paralysis and may also be necessary in the 
presence of vocal cord dysfunction.

■■ In children with pulmonary hypertension as a 
result of heart failure, it is important to avoid hy-
poxia, hypercapnia, acidosis, and atelectasis, all of 
which can cause vasoconstriction and pulmonary 
hypertensive crisis.

■■ Mechanical ventilation can be used in the 
postoperative period to help optimize oxygen 
delivery, maintain end organ function, and 
promote healing.

Valve Anatomical Location

Tricuspid valve Right side of the heart between the right 
atrium and the right ventricle

Pulmonary valve Right side of the heart between the right 
ventricle and the pulmonary artery

Mitral valve Left side of the heart between the left 
atrium and the left ventricle

Aortic valve Left side of the heart between the left 
ventricle and the aorta

TABLE 11-1
Location of the Heart Valves
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FIGURE 11-1 An overview of the physiologic parameters to assess and monitor during the care of patients with congenital cardiac defects.
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Along with applying basic ventilation principles, 
there are also fundamental concepts in the postop-
erative management of pediatric patients, including 
maintaining cardiovascular and respiratory status, 
maintaining normothermia, and strict monitoring of 
fluid intake and output.7

Acyanotic Heart Defects with 
Left-to-Right Shunts
Acyanotic cardiac disease describes the congenital car-
diac anomalies that do not result in lower oxygen satu-
rations. Oxygen saturations are within the normal range 
because oxygenated blood from the left side of the heart 
is shunted to the right side.3 Children with acyanotic 
heart defects may present with abnormal vital signs, 
such as an elevated blood pressure, and/or signs of 
heart failure.4 Acyanotic heart defects described in this 
chapter include patent ductus arteriosus, atrial  septal 
defect, ventricular septal defect, and atrioventricular 
canal defect.

Patent Ductus Arteriosus
The ductus arteriosus is a channel that connects the 
aortic arch to the pulmonary arteries and is a normal 
and essential fetal structure. Closure typically occurs 
within the first few hours to first few days of life. A 
patent ductus arteriosus (PDA) results when the fetal 
ductus fails to close after birth (Figure 11-2).8

Etiology and Incidence
During fetal circulation, the ductus arteriosus is open, 
allowing blood to bypass the lungs and go to the lower 
portion of the body, exit through the umbilical ar-
tery, and return to the placenta for oxygen, while the 
foramen ovale (a small hole located in the septum 
between the two upper chambers of the heart) allows 

FIGURE 11-2 Schematic of the flow of blood occurring postnatally 
with a PDA.
Data from The Children’s Hospital of Philadelphia.
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oxygenated blood to go from the left atrium to the left 
ventricle to the aorta to supply blood to the brain.9 
Once the baby is born and begins to breathe on their 
own using the lungs, the partial pressure of oxygen in 
the arterial blood is increased and there is a decrease in 
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pulmonary vascular resistance. This process causes the 
ductus arteriosus and foramen ovale to close.9 When 
the ductus does not close within 72 hours after birth, it 
is called a PDA.10

PDA is one of the most common congenital heart  
defects. The reported incidence of PDA in term neonates 
is only 1 in 2000 births, accounting for 5% to 10% of all 
congenital heart disease.8 There is far greater incidence 
of PDA in preterm neonates; published reports range 
from 20% to 60% depending on population and diagnos-
tic criteria.11

Pathophysiology
A left-to-right shunt occurs through the PDA, result-
ing in increased pulmonary blood flow. The amount of 
blood flow and the degree of symptoms are determined 
by the difference in systemic and pulmonary vascular 
resistance as well as by the circumference and length of 
the PDA.

Clinical Presentation
An infant may be asymptomatic if the PDA is small. 
Symptoms of a persistent PDA include bounding pulses, 
wide pulse pressure, cardiac hypertrophy, and unex-
plained metabolic acidosis.12 A larger PDA will present 
with signs of heart failure, including poor eating, poor 
weight gain, tachypnea, tachycardia, and diaphoresis.12 
Aside from heart failure, severely symptomatic PDA 
may result in pulmonary edema and/or pulmonary 
hemorrhage requiring ventilator support to provide 
adequate oxygenation and to deliver increased levels 
of positive end-expiratory pressure (PEEP) to reduce 
left-to-right shunting. Infants with PDA are at risk for 
developing pulmonary vascular disease.

Diagnosis
A patent ductus arteriosus can be diagnosed by physical 
exam, including auscultation for a heart murmur, along 
with chest radiograph, which shows cardiomegaly and 
increased vascular markings. A definitive diagnosis is 
typically made by echocardiography.

Management
There are two main treatment options for PDA: phar-
macologic and surgical. Nonsteroidal anti-inflammatory 
agents (NSAIDs) may be used to treat a PDA because 
they inhibit prostaglandin production within the body.10 

For mechanically ventilated patients, permissive hy-
percapnia can also be employed to reduce pulmonary 
blood flow and to improve systemic perfusion. Addi-
tionally, PDAs can be closed during a cardiac catheter-
ization with the use of a coil, a specially designed device 
that expands to the point where it blocks all blood flow. 
Surgical intervention may also be required. During 

surgical closure, there is the placement of sutures or 
clips to close off the patent channel. Currently, surgical 
closure, or PDA ligation, may be safely and effectively 
performed within the neonatal intensive care unit. 
During the surgical procedure, infants are supported 
through invasive mechanical ventilation. Infants who 
did not require ventilatory support prior to surgical 
PDA ligation are typically quickly weaned and extu-
bated postoperatively.

Complications and Outcomes
Potential complications of a persistently patent duc-
tus arteriosus after birth include heart failure, renal 
dysfunction, necrotizing enterocolitis, intraventricu-
lar hemorrhage, and altered postnatal nutrition and 
growth. A PDA is also a risk factor for the development 
of chronic lung disease. The clinical implications vary 
depending on the anatomy of the ductus arteriosus and 
the underlying cardiovascular status of the patient.8 

Complications of PDA can be prevented or improved by 
appropriate diagnosis and management.

Atrial Septal Defect
An atrial septal defect (ASD) is a hole in the wall (septum) 
between the upper chambers of the heart, the atria 
(Figure 11-3). At birth, a small ASD may not cause any 
symptoms, but a larger ASD could lead to heart failure. 

FIGURE 11-3 Schematic of the blood flow through an ASD.
Data from The Children’s Hospital of Philadelphia.
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Type Location of the Defect

Secundum ASD Middle of the atrial septum

Primum ASD Lower part of the atrial septum

Sinus venosus Upper portion of the atrial septum

Coronary sinus Part of the septum between the 
coronary sinus and the left atrium 
is missing

TABLE 11-2
The Four Types of ASDs and the Anatomical 
Location of the Defect or Hole in the Septum

There are four types of ASDs, with the secundum ASD 
being the most commonly seen type (Table 11-2).

Etiology and Incidence
During fetal growth, the atrial septum is formed during 
the 4th to 6th weeks of gestation. The foramen ovale ex-
ists to allow blood to bypass the lungs. After birth, the 
increase in left atrial pressure should close the foramen 
ovale; failure of the septum to fuse completely results in 
an ASD.

Atrial septal defects occur in approximately 13% of 
all children born with congenital heart disorders, with 
a prevalence of about 2 per 1000 births.2 Females have 
atrial septal defects twice as often as males.

Pathophysiology
In patients with an isolated ASD, blood flow through 
the defect is dependent on the pulmonary and systemic 
vascular resistance. Primarily, there is a higher pressure 
in the left atrium (5–8 mm Hg) than the right atrium 
(3–5 mm Hg), which causes a left-to-right shunt. When 
a left-to-right shunt occurs, there is an increase in pul-
monary blood flow, as blood is shunted from the left to 
the right side of the heart, causing volume overload in 
the right side of the heart (Figure 11-3).

Clinical Presentation
Most ASDs are small and do not cause symptoms dur-
ing infancy and early childhood. Infants with a large 
ASD may present with shortness of breath; fatigue; 
swelling in their hands, feet, or stomach; tiring during 
feeding; frequent respiratory infections; arrhythmias; 
and stroke.13

Diagnosis
The most common method of detecting an ASD is 
by auscultation of a murmur. Diagnostic testing can 
also be used. Confirmation of an ASD can be made 

by echocardiography. Other tests include MRI and 
computerized tomography scan (CT scan). Chest ra-
diography is typically unremarkable. However, should 
congestive heart failure (CHF) develop as a result of the 
ASD, enlarged pulmonary vascular markings and car-
diomegaly may be present.

Management
A small percentage of infants and children with CHF 
are treated with digoxin and diuretics. Surgical repair 
includes using sutures or a pericardial patch to close the 
ASD. This can also be done during cardiac catheteriza-
tion using a special catheter.

Complications and Outcomes
An unrepaired ASD can lead to right-sided heart failure, 
atrial arrhythmias, and potentially stroke. Although 
beta blockers and anticoagulants may be used to treat 
ASDs, larger ASDs could lead to pulmonary hyperten-
sion.13 The prognosis for children who have ASDs is 
excellent. Advances in treatment allow most children 
who have these heart defects to live normal, active, and 
productive lives with no decrease in lifespan.

Ventricular Septal Defect
A ventricular septal defect (VSD) is a hole in the septum 
between the lower chambers of the heart, the ventricles. 
The defect may be a single hole, a series of small holes, 
or an absent septum.

Etiology and Incidence
During the 4th to 6th weeks of gestation, the ventricu-
lar septum is formed from muscular and membranous 
tissues that fuse the endocardial cushion. Insufficient 
development of these tissues during fetal growth can 
result in a VSD.

A VSD is the most common form of congenital heart 
disease in childhood, occurring in 50% of all children 
with congenital heart disease and in 20% as an isolated 
defect.14 Therefore, VSD closure is one of the most com-
monly performed congenital heart surgeries.

Pathophysiology
Higher pressures in the left ventricle usually cause the 
blood to move from left to right across the shunt; oxy-
genated blood goes toward the lungs, causing volume 
overload in the right side of the heart and increased 
pressure in the lungs (Figure 11-4). Depending on the 
size and location of the defect, patients with a VSD are 
at risk for CHF and pulmonary hypertension.

Diagnosis
A murmur is commonly auscultated in patients with 
a VSD. An echocardiogram is most often used to  
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FIGURE 11-4 Schematic of the blood flow through a VSD.
Data from The Children’s Hospital of Philadelphia.
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diagnose a VSD. As with an ASD, a chest radiograph is 
unremarkable if the VSD is small, but a large VSD will 
present radiologically with an enlarged cardiac silhou-
ette and increased pulmonary vascular markings, signi-
fying CHF. Cardiac catheterization may also be used to 
detect the defect. Pulse oximetry reveals lower oxygen 
saturations, especially when pulmonary hypertension 
is present.

Clinical Presentation
Infants with VSDs will typically present with 
failure to thrive, or poor feeding and weight gain. 
Other symptoms include tachypnea, shortness of 
breath, and fatigue. Complications caused by VSDs in-
clude pulmonary hypertension, heart valve problems, 
and arrhythmias.

Management
Medications that may be used in the treatment of VSDs 
include digoxin to increase contractility of the heart 
muscle, diuretics to decrease volume load on the heart, 
and beta blockers. Small VSDs may be left unrepaired if 
the patient is asymptomatic. However, even small VSDs, 
if left unrepaired, could eventually lead to a leaky aortic 
valve. Typically, VSDs can be surgically repaired using a 
patch closure, or they can be closed with mesh during a 
cardiac catheterization.

Pulmonary artery bands are often used in critically 
ill infants with multiple VSDs. As a temporary meas-
ure, the bands narrow the diameter of the pulmonary 
artery and reduce pulmonary artery blood flow. 
Banding is performed by tightly wrapping a strip of 
Teflon or Dacron around the pulmonary artery to 
increase the resistance in the pulmonary artery and 
to reduce the amount of blood that flows through the 
defect, or  reduce the amount of left-to-right shunt-
ing. Banding is often performed in children who are 
very small or hemodynamically unstable. This pro-
cedure allows the child time to grow and develop 
or stabilize, after which time a more comprehensive 
repair can be performed. When the defect is surgi-
cally closed, with sutures, the pulmonary bands 
are removed.

Complications and Outcomes
Complications may include endocarditis, aortic regurgi-
tation, subaortic stenosis, right ventricular obstruction, 
heart block, and arrhythmias. Even after surgical clo-
sure, a residual VSD may remain.

Small ventricular septal defects that do not close 
rarely cause long-term difficulties. However, depending 
on the location of the hole, lifelong follow up may be 
required. Patients with large VSDs who are diagnosed 
and managed appropriately can have normal lifespans 
without restrictions. 

Atrioventricular Canal Defect
An atrioventricular canal defect (AVC) is a large hole in 
the middle of the heart involving both atria and both 
ventricles. This defect allows oxygenated and deoxy-
genated blood to mix. AVC includes an ASD, VSD, 
and abnormal mitral and tricuspid valves. This defect 
is common in infants with Trisomy 21.15 Classifica-
tions of AVCs include a complete AVC (CAVC), partial 
AVC (PAVC), transitional AVC, and unbalanced AVC. 
The features of a CAVC include an ASD, nonrestric-
tive VSD, and a common AV valve with a significant 
amount of left-to-right shunting. A partial AVC is less 
severe, with the hole existing only between the atria, 
requiring a repair of the ASD and mitral valve. A tran-
sitional AVC involves an ASD, restrictive VSD, and 
common AV valve. The right side of the heart and the 
left side of the heart are not equally involved with an 
unbalanced AV canal.

Etiology and Incidence
In utero, at 4 to 6 weeks’ gestation, the superior and in-
ferior endocardial cushions of the common AV canal 
fuse and contribute to the formation of the AV valves 
(mitral and tricuspid) and the AV septum. Failure of 
the cushions to fuse results in the various AV septal 
and valvular defects.16 Atrioventricular canal defects 
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account for about 4% to 5% of all congenital heart de-
fects and occur in about 2 of every 10,000 live births. It 
occurs equally in boys and girls.1

Pathophysiology
Shunting occurs at the atrial and ventricular levels in 
a left-to-right direction. The right atrium also receives 
blood from the left ventricle due to a faulty mitral 
valve and ASD. Blood can also enter the right atrium 
via the defective tricuspid valve (Figure 11-5). The 
marked increase in volume and load to the right side 
of the heart and increased blood flow to the lungs cre-
ate a significant risk for the development of pulmonary 
hypertension.

Clinical Presentation
Infants with AVC present with dyspnea, poor appetite, 
poor weight gain, cyanosis, and a heart murmur. They 
may also present with signs of heart failure, including 
diaphoresis, fatigue, edema, and wheezing.16

Diagnosis
The defect can be seen and characterized, and diagnosis 
is made with echocardiography and/or cardiac catheter-
ization. An electrocardiogram (ECG) is often used to 
aid in the diagnosis.

FIGURE 11-5 Schematic of blood flow through a complete 
AVC defect.
Data from The Children’s Hospital of Philadelphia.
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Management
Medical treatment aims to improve the signs and symp-
toms of CHF. Pharmacologic therapy is based on digi-
talis, diuretics, and vasodilators.17 AVC requires surgery 
within the first 3 to 6 months of life to close the hole(s) 
between the chambers using patches and to reconstruct 
or replace the heart valves.

Complications and Outcomes
Following AVC repair, increased pulmonary artery pres-
sure can occur due to pulmonary hypertension. This 
may be treated using mild hyperventilation and pulmo-
nary vasodilators, including inhaled nitric oxide (NO). 
Patients with AVC require lifelong follow up with a car-
diologist to monitor for problems, such as arrhythmias 
and leaky valves.

Mechanical Ventilation in Patients with Septal 
Defects (ASD, VSD, AVC)
Positive pressure ventilation can be used to augment 
the hemodynamic status of patients with left-to-right 
shunting as seen in ASD, VSD, and AVC. In these pa-
tients, the goal is to avoid increased pulmonary blood 
flow by avoiding overventilation, respiratory alkalosis, 
and high FiO2. Clinicians must monitor the patient 
carefully when titrating PEEP. PEEP can also increase 
pulmonary vascular resistance (PVR) and limit pulmo-
nary blood flow.

Acyanotic Heart Defects with 
Left Ventricular Outflow Tract 
Obstruction
Left ventricular outflow tract obstruction results from 
a series of stenotic areas between the left ventricular 
outflow tract and the descending aortic arch. This can 
lead to left ventricular hypertrophy and left ventricular 
failure from increased afterload.

Coarctation of the Aorta
Coarctation of the aorta is a narrowing of the aorta, 
ranging in severity from mild to severe (Figure 11-6). 
This narrowing or aortic constriction causes increased 
work of the heart to pump blood to the lower portion 
of the body. Risk factors for coarctation of the aorta in-
clude a bicuspid aortic valve, PDA, aortic valve stenosis, 
and mitral valve stenosis.

Etiology and Incidence
As the fetus is growing, between the 5th and 8th weeks 
of gestation, development of the aortic arch occurs. 
Failure of the aortic arch to develop properly causes a 
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FIGURE 11-6 Schematic of the narrowing that occurs with 
coarctation of the aorta.
Data from The Children’s Hospital of Philadelphia.

Coarctation of the Aorta

Oxygen-rich blood

Oxygen-poor blood
AO: Aorta

LA: Left atrium

RA: Right atrium

PA: Pulmonary artery

LV: Left ventricle

RV: Right ventricle

Narrowed aorta
(coarctation)

LA

RA
RV LV

AO

PA

restricted opening or lumen in the aorta. Most often 
this occurs close to where the ductus arteriosus con-
nects the main pulmonary artery to the aorta.

Coarctation of the aorta is a relatively common 
defect accounting for about 4% to 6% of all congenital 
heart defects and about 4 per 10,000 live births.6 This 
defect occurs more commonly in males than females.

Pathophysiology
Coarctation of the aorta is characterized by an increase 
in pressure proximal to the narrowing and a decrease 
in pressure distal to it. The aortic narrowing causes 
resistance to blood flow through the aorta. As a result, 
pressures in the left ventricle increase and the proximal 
aorta dilates, both of which contribute to the develop-
ment of left ventricular hypertrophy.

Clinical Presentation
Patients with coarctation have higher blood pressures 
in the upper extremities than in the lower extremities. 
They also present with weak pedal pulses, a murmur, 
and an enlarged heart on chest X-ray. If the narrowing 
is severe enough, the patient will present appearing pale 
and diaphoretic, with work of breathing and irritabil-
ity. If the narrowing is not severe, the patient may have 
shortness of breath along with high blood pressure and 
colder feet than hands.18

Newborns may remain asymptomatic, especially if a 
PDA is present or if the coarctation is not severe.

Diagnosis
Observation of differential systolic blood pressures 
between the upper and lower extremities is a distinct 
feature; blood pressures will be higher when obtained 
from the upper extremities. As with other cardiac de-
fects, diagnosis of coarctation of the aorta is confirmed 
with an echocardiogram and/or cardiac catheterization. 
An ECG is useful in identifying any cardiac arrhythmias 
that may accompany the defect.

Cardiac catheterization is usually performed in 
conjunction with a therapeutic intervention, such as 
balloon dilation. Balloon dilation is a procedure that ex-
pands the narrowing so that a stent can be placed. The 
stent is placed in the narrowed portion of the aorta to 
keep it open.

Management
There are a few surgical options to treat coarctation of 
the aorta. Surgery can be performed to remove the nar-
rowed section of the aorta and to perform an end-to-end 
anastomosis to connect the portion of the aorta prior to 
the narrowing with the unaffected section after the nar-
rowing. A patch, or aortoplasty, can be performed using 
part of the left subclavian or synthetic material. Finally, a 
graft can be used to bypass the coarctation.

Complications and Outcomes
Patients who have had a repair for coarctation of the 
aorta require long-term monitoring of blood pressure 
and cardiac function. In most cases, surgical or medical 
re-intervention is necessary.

Complications may include re-coarctation, stroke, 
aortic rupture, and cerebral aneurysm. The overall 
population shows better outcomes in those who reach 
adolescence, with very good long-term survival to age 
60 years.19

Aortic Stenosis
Aortic stenosis is a narrowing of the aortic valve. It is 
a defect that primarily involves an obstruction to the 
left ventricular outflow. This occurs because the aortic 
valve, positioned between the left ventricle and the 
aorta, does not properly open and close, causing blood 
to leak (Figure 11-7). During ventricular contraction, 
this valve opens and allows blood to flow from the heart 
to the body. When a poorly working valve traps the 
blood flowing out from the heart, obstruction of blood 
flow to the upper and lower body occurs. This obstruc-
tion also causes pressure to build inside the left ventri-
cle, causing damage to the left ventricle and ventricular 
hypertrophy. Congenital aortic stenosis is typically seen 
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FIGURE 11-7 Schematic of the valve narrowing and backflow of 
blood into the left ventricle that occurs with aortic stenosis.
Data from The Children’s Hospital of Philadelphia.

in infants born with a bicuspid aortic valve instead of a 
tricuspid aortic valve.

Etiology and Incidence
The aortic valve is formed during the 6th to 9th weeks 
of gestation, when the pulmonary artery and the aorta 
are formed from the division of the truncus arteriosus.20 
Failure of the cusp to separate causes a valvular aortic 
stenosis; this is the most common form of the defect, 
and most often the valve is bicuspid.

Aortic stenosis accounts for approximately 5% to 
10% of the total number of congenital heart defects.1 It 
occurs more frequently in males than females.1

Pathophysiology
Patients with aortic stenosis have increased left ven-
tricular pressures, attributed to the resistance present 
from the obstructed valve. Eventually, left ventricular 
hypertension can occur and compromise systemic 
cardiac output. Increased left ventricular pressures are 
also associated with left ventricular hypertrophy, aortic 
insufficiency, and heart failure.

Clinical Presentation
Patients with aortic stenosis may present with chest 
pain, shortness of breath, fatigue, palpitations, and a 
murmur. A systolic ejection murmur may be heard 
best at the second intercostal segment. The child with a 
severe defect may present in heart failure having poor 
pulses, hypotension, and tachycardia.

Diagnosis
Differential diagnosis is made by echocardiography or 
by a transesophageal echocardiogram, which provides 
more detail and better identifies the presence of left 
ventricular hypertrophy. MRI may be used to meas-
ure the size of the aorta. Patients may undergo cardiac 
catheterization to identify the degree of severity of 
the stenosis. Pathology may be seen on chest radiog-
raphy, which reveals pulmonary congestion from the 
backflow of blood. The chest X-ray may also show a 
larger-than-normal left ventricle when ventricular 
 hypertrophy is present.

Management
Symptomatic newborns are started on a prostaglandin 
E1 infusion to open the ductus arteriosus. Congestive 
heart failure is treated with digoxin and diuretic therapy 
until surgery to correct the defect is performed.

Surgical interventions include an aortic valvulotomy 
or prosthetic valve replacement. Additionally, the bal-
loon angioplasty can be used to dilate the narrow valve. 
Mechanical valves require anticoagulation to prevent 
clot formation, while tissue valves may narrow and need 
to be replaced over time. Aortic stenosis carries a poor 
prognosis if not treated because it will ultimately lead to 
heart failure.

Complications and Outcomes
Postoperative complications include persistent stenosis, 
restenosis of the aortic lumen, and insufficiency of the 
aortic valve. Long-term complications include the need 
for aortic valve replacement in adulthood.

Tetralogy of Fallot
Tetralogy of Fallot (TOF) is a heart defect that features 
four problems (Figure 11-8): (1) a hole between the 
lower chambers of the heart, (2) an obstruction from 
the heart to the lungs, (3) the aorta (blood vessel) 
lies over the hole in the lower chambers, and (4) the 
muscle surrounding the lower right chamber becomes 
overly thickened.

Etiology and Incidence
TOF is one of the most common forms of cyanotic 
 congenital heart disease, occurring in 4 of every 10,000 
live births and constituting 7% to 10% of all congenital 
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heart defects.1 TOF occurs equally in males and fe-
males.  Approximately 15% of all TOF patients have 
an associated syndrome, such as Trisomy 21 (Down 
syndrome) or DiGeorge syndrome (a genetic disorder 
caused by a defect in chromosome 22 that results in the 
poor development of several body systems).21

Pathophysiology
The degree of cyanosis is directly proportional to the 
degree of right ventricular outflow tract obstruction 
(subpulmonary stenosis). If right ventricular outflow 
tract obstruction is mild, meaning the pressures in the 
left and right ventricles are equal, blood flow will be 
determined by the path of least resistance. In this case, 
blood will shunt from the left ventricle to the right ven-
tricle into the pulmonary bed and the patient will be 
acyanotic.

If a severe obstruction is present, the resistance to 
blood flow into the pulmonary bed will increase and cause 
blood to move from the right ventricle into the left ventri-
cle, then out to the body through the aorta. This right-to-
left shunt results in a large amount of  deoxygenated blood 
entering the systemic system.  Arterial oxygen desaturation 
leading to severe hypoxemia and cyanosis will be present. 
As long as the ductus arteriosus remains open, pulmonary 
blood flow will be adequate.

Clinical Presentation
The initial presentation of the patient with TOF  depends 
on the degree of right ventricular outflow tract (RVOT) 
obstruction. Most often, cyanosis is mild at birth and 
gradually worsens with age as hypertrophy of the right 
ventricular infundibulum progressively obstructs the 
RVOT. In some cases, profound  cyanosis is significant 
soon after birth. Hypercyanotic spells, or TET spells, 
are acute episodes of arterial oxygen  desaturation 
secondary to intermittent worsening of the RVOT 
 obstruction.22 Infants may become extremely  irritable 
and cyanotic and lose consciousness. Cyanosis is 
 refractory due to the fixed nature of the obstruction to 
pulmonary blood flow.

Diagnosis
Diagnostic procedures include echocardiogram and 
 cardiac catheterization to identify the defects. ECG is 
helpful is determining the presence of cardiac arrhyth-
mias, and pulse oximetry is used to assess the degree 
of hypoxemia and to guide oxygen management. Pa-
thology can also be seen on chest radiography, which 
 reveals a boot-shaped heart (Figure 11-9).

Management
Diagnosis of TOF in the neonate before closure of the 
ductus arteriosus presents the challenging clinical ne-
cessity of predicting the degree of pulmonary blood flow 
once the ductus has undergone spontaneous closure. 
Neonates with critically restricted antegrade flow and 
duct-dependent circulation must be started on prosta-
glandin E1 infusion and considered for a Blalock Taussig 
(BT) shunt or total repair. A BT shunt is a palliative 

FIGURE 11-8 Schematic of the defects associated with Tetralogy 
of Fallot.
Data from The Children’s Hospital of Philadelphia.
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FIGURE 11-9 Chest radiograph of a boot-shaped heart, a finding 
common with Tetrology of Fallot. The heart with this cardiac 
malformation takes the shape of a “boot.” 
Published with permission from LearningRadiology.com.
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surgical procedure performed to increase the pulmo-
nary blood flow in patients with whom total repair of 
the defect cannot be accomplished. In neonatal patients, 
percutaneous stenting of the PDA is an alternative to 
surgical palliation, but its use in cases of aortic arch ab-
normality presents a major technical challenge.

Definitive surgical correction includes closure of 
the palliative BT shunt if present, opening the RVOT 
obstruction by resecting the infundibular tissue, and 
closure of the VSD.20

Complications and Outcomes
Potential complications include thrombosis of the BT 
shunt, which causes heart failure. Other potential com-
plications include dysrhythmias, heart block, and myo-
cardial ischemia.

Some long-term problems can include worsen-
ing  obstruction due to pulmonic valve dysfunction. 
 Children with repaired TOF also have a higher risk 
of heart rhythm disturbances. Sometimes these may 
cause dizziness or fainting. Morality rate is between 5% 
and 10% within the first 2 years after definitive repair. 
 Generally, the long-term outlook is good, but some 
 children may need medication, heart catheterization,  
or additional surgery.

Pulmonary Stenosis
Pulmonary stenosis (PS) is a condition characterized by 
obstruction to blood flow from the right ventricle into 
the pulmonary artery; stenosis at one or more locations 
from the right ventricular outflow tract causes the ob-
struction (Figure 11-10). Narrowing of the pulmonary 
valve is most often present at birth. The stenosis may be 
subvalvular (before the valve), supravalvular (after the 
valve), valvular, or in the pulmonary artery. The defect 
may occur alone or in combination with other heart de-
fects that are present at birth. The stenosis can be mild 
or severe.

Etiology and Incidence
The pulmonic valve develops between the 6th and 9th 
weeks of gestation, which is also at the same time the 
pulmonary artery and aorta develop from the truncus 
arteriosus. Pulmonary stenosis occurs when the three 
tubercles in the pulmonary arterial lumen form ab-
normally, the result of which is a dysfunctional valve. 
Pulmonary stenosis may be a variant of Noonan syn-
drome, a genetic condition that affects many areas of 
the body and is characterized by mildly unusual facial 
features, short stature, heart defects, bleeding prob-
lems, and skeletal malformations.23 Pulmonary stenosis 
may also be a variant of William-Beuren syndrome, a 
rare multisystem genetic disorder characterized by a 
distinctive “elfin” facial appearance, a low nasal bridge, 

unusually cheerful demeanor, and profound visuo-
spatial impairment.24

Pulmonary stenosis accounts for approximately 10% 
of the total number of congenital heart defects. It is 
slightly more common in males than females.25

Pathophysiology
Severe pulmonary stenosis contributes to increased right 
ventricular pressure as a result of the increased resistance 
to blood flow that the valvular stenosis and RVOT ob-
struction cause. The foramen ovale is patent and a right-
to-left shunt occurs. The right ventricle enlarges as its 
muscular wall hypertrophies in response to the increased 
afterload, contributing to right-sided heart failure.

FIGURE 11-10 Schematic of the location and defect associated 
with pulmonary stenosis.
Data from The Children’s Hospital of Philadelphia.
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FIGURE 11-11 Schematic of the location and defect associated 
with pulmonary atresia.
Data from The Children’s Hospital of Philadelphia.
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Clinical Presentation
Mild or moderate PS may be identified during the rou-
tine newborn physical examination. Screening with 
pulse oximetry may identify infants with severe cases of 
PS; this method detects oxygen desaturation before it is 
clinically evident and presents as cyanosis.

Diagnosis
Diagnosis of isolated PS includes other cardiac condi-
tions that present as an incidental finding of a cardiac 
murmur in asymptomatic children. Although the “click” 
after a normal heart sound as heard during the cardiac 
examination is suggestive, echocardiography conclu-
sively distinguishes these conditions from PS.

Management
Treatment may not be needed if the disorder is mild. 
Children with PS are followed closely to track the 
progression of function with growth of the valve. 
For moderate to severe pulmonary stenosis, in the 
neonatal period a prostaglandin E1 infusion will 
be started to maintain patency of the ductus arte-
riosus. Percutaneous balloon pulmonary dilation 
(valvuloplasty) can be performed during cardiac 
catheterization. Successful valvuloplasty produces a 
tear in the valve, which widens the track and reduces 
resistance to blood flow.

A surgical valvulotomy is another option. The pul-
monary artery is opened and the fused valve leaflets 
are surgically slit. These slits are large enough to 
relieve the stenosis yet small enough to prevent re-
gurgitation. If the valve is extremely deformed, part 
or the entire valve may be removed. If the ventricle is 
extremely small and the pulmonary flood flow remains 
compromised, a BT shunt may be created at the time 
of the valvulotomy.

Complications and Outcomes
Various degrees of pulmonary valve insufficiency and 
regurgitation may be seen. Long-term outcomes for 
patients who received a valvulotomy are very good, 
with survival rates at 93%.26 Patients with significant 
right ventricular hypertension and hypertrophy may 
develop some degree of right ventricular failure post-
operatively and/or require re-operation for pulmonary 
insufficiency.26

Pulmonary Atresia
The pulmonary valve is an opening on the right side of 
the heart that helps prevent blood from leaking back 
into the heart between beats. In pulmonary atresia, the 
pulmonary valve does not form correctly: It is sealed 
and cannot open (Figure 11-11).

Etiology and Incidence
Pulmonary atresia is failure of the pulmonary valve to 
develop between the 6th and 9th weeks of gestation and 
results in a valve that is small and lacks an opening. It 
is a rare congenital heart defect that accounts for only 
1% to 3% of the total number of defects and presents in 
4 to 8 per 100,000 live births.20 There is no difference in 
gender-based incidence.

Pathophysiology
Because there is no opening, blood cannot flow from 
the right ventricle into the pulmonary artery and on 
to the lungs. The right ventricle acts as a blind pouch 
that may stay small and not develop well. The tricus-
pid valve is often poorly developed as well. Blood can 
exit through tricuspid regurgitation back into the right 
atrium. The foramen ovale is typically patent and al-
lows blood to exit the right atrium; as such, deoxygen-
ated blood mixes with the oxygen-rich blood in the 
left atrium, and the left ventricle pumps this mixture 
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of blood into the aorta and out to the body. The only 
source of blood flow to the lungs is through the PDA.

Clinical Presentation
Pulmonary atresia symptoms include a blue or purple 
tint to lips, skin, and nails (cyanosis); shortness of 
breath; difficulty feeding; and a heart murmur.

Diagnosis
Diagnosis of pulmonary atresia may require some or 
all of the following: echocardiogram, ECG, chest radio-
graph, and cardiac catheterization. Pulse oximetry is 
useful in quantifying the degree of oxygen desaturation.

Management
Initial stabilization includes maintaining a PDA with 
prostaglandin E1 infusion. The condition is usu-
ally treated with cardiac catheterization or surgical 
intervention. If the right ventricle and right and left 
pulmonary arteries are of adequate size, correction 
can be performed by inserting a transanular patch or 
conduit between the right ventricle and pulmonary 
artery. If the right ventricle is hypoplastic or underde-
veloped and/or the pulmonary arteries are too small 
for corrective repair, a valvulotomy is performed to 
provide a connection between the right ventricle and 
pulmonary artery.

Complications and Outcomes
Possible complications of pulmonary atresia with 
ventricular septal defect include CHF, infective en-
docarditis, growth retardation and delayed puberty, 
arrhythmias, and sudden death. Outcomes and risk fac-
tors for the need for additional interventions in these 
patients are poorly defined.

Tricuspid Atresia
Tricuspid atresia occurs when the tricuspid valve fails 
to develop. Without a tricuspid valve, there is a com-
plete right-to-left shunt at the atrial level and there is no 
communication between the right atrium and the right 
ventricle.

Etiology and Incidence
The tricuspid valve is formed at approximately the 5th 
week of gestation as a result of the blending of the en-
docardial cushion tissue and a portion of the ventricular 
septum and ventricular muscle. A disruption in this 
process can result in the absence of a communication 
between the right atrium and ventricle.

Tricuspid atresia occurs in approximately 1% to 3% 
of children with congenital heart defects, in 2 of every 
10,000 live births, and occurs equally in boys and girls.20

Pathophysiology
Tricuspid atresia is commonly associated with pulmonary 
stenosis and transposition of the great vessels. It causes a 
complete mixing of oxygenated pulmonary venous blood 
and deoxygenated systemic venous blood in the left side 
of the heart, which is then ejected by the left ventricle and 
results in systemic desaturation and variable pulmonary 
obstruction (Figure 11-12). There is increased workload 
on the heart due to the volume overload.

Clinical Presentation
Symptoms include hypoxemia and tachycardia. Cyano-
sis is often present in infants and neonates. Digital club-
bing is common in older children. Blood flow through 
the heart will essentially be the same. Systemic venous 
return in infants allows flow across the atrial septum 
from the right to the left atrium through a patent fo-
ramen ovale (PFO) or an ASD. This shunt must exist 
because there is no other exit for blood to flow from the 
right atrium.

Diagnosis
Differential diagnostic considerations depend on the 
type of presentation. Moderate-to-severe cyanosis may 
present with decreased pulmonary flow noted on a 

FIGURE 11-12 Schematic of the location and defect associated 
with tricuspid atresia.
Data from The Children’s Hospital of Philadelphia.
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chest radiograph. However, a less-severe presentation 
may also occur with mild cyanosis and increased pul-
monary vascular marking on a chest radiograph with 
or without congestive heart failure. An echocardiogram 
confirms the presence of tricuspid atresia.

Management
Newborns who are symptomatic require intravenous 
prostaglandin E1 to maintain ductal patency; addition-
ally, the patient is treated for control of hypoxemia and 
CHF. Surgical management includes corrective surgery 
using a modified Fontan procedure. If there is too much 
blood flowing to the lungs, a pulmonary arterial band 
may be placed to limit the blood flow.

Complications and Outcomes
Mortality varies and complications include arrhythmias, 
pleural effusions, and ventricular dysfunction. Later 
in life, complications include the risk of clot formation 
that could result in pulmonary embolism or stroke, ar-
rhythmias, lymphatic system complications related to 
Fontan physiology, lower oxygen saturations, and exer-
cise intolerance.

Ebstein’s Anomaly
Ebstein’s anomaly is a rare congenital defect in 
which the tricuspid valve does not properly close 
(Figure 11-13). As a result, blood flow does not move in 
the right direction, causing the heart to work less effi-
ciently. Blood leaks back from the lower to upper cham-
bers on the right side of the heart. This syndrome also is 
commonly seen with an ASD.

Etiology and Incidence
The cause of Ebstein’s anomaly is still generally un-
known. It occurs when the tricuspid valve develops 
lower than normal on the right ventricle and is charac-
terized by adherence of the septal and posterior leaflets 
to the underlying myocardium due to the failure of the 
splitting of the tissue by detachment of the inner layer 
during embryologic development.27

Ebstein’s anomaly occurs in approximately 1 per 
200,000 live births and accounts for less than 1% of all 
cases of congenital heart disease.28

Pathophysiology
Ebstein’s anomaly is a malformation of the right ventri-
cle and the tricuspid valve characterized by the follow-
ing: (1) adherence of the septal and posterior leaflets to 
the main myocardium; (2) downward dislocation of the 
functional valve; (3) dilation of the atrialized portion of 
the right ventricle, with various degrees of hypertrophy 
and thinning of the wall; (4) separation, fenestrations, 
and tethering of the anterior leaflet; and (5) dilation of 
the right atrioventricular junction.29

FIGURE 11-13 Schematic of the location and defect associated 
with Ebstein’s anomaly of the tricuspid valve.
Data from The Children’s Hospital of Philadelphia.
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The function of the valve varies widely. The abnormal 
leaflets result in tricuspid insufficiency or regurgitation, 
which leads to ineffective blood flow through the right 
side of the heart. Additionally, during the contractive 
phase of the atrium, the atrialized portion of the right 
ventricle balloons out and acts as a passive reservoir, de-
creasing the volume of ejected blood. There is dilation 
to the right atrium; this increases the size of the inter-
atrial communication.29 Right atrial pressure is elevated 
and the right-to-left shunting of blood occurs through 
the foramen ovale or an ASD.

Clinical Presentation
Neonates with Ebstein’s anomaly may present with 
cyanosis and CHF caused by regurgitation of the faulty 
tricuspid valve. Infants may be remarkably fussy or 
have other symptoms that cannot easily be connected 
with the rapid heart rhythm. Infants may not feed or 
grow normally. Symptomatic children may have gradual 
right-sided heart failure. Children older than 10 years 
frequently present with arrhythmias, such as supraven-
tricular tachycardia (SVT), and also may have shortness 
of breath along with fatigue on exertion. An episode of 
SVT may cause palpitations that can be associated with 
fainting, dizziness, lightheadedness, or chest discomfort. 
The symptoms may respond to medications, such as di-
uretics. In some instances, surgery may be recommended.

164 CHAPTER 11 Congenital Heart Defects



FIGURE 11-14 Preoperative X-ray showing a globe-shaped, wall-to-
wall heart that is often present in infants with symptomatic Ebstein’s 
anomaly. 
Published with permission from LearningRadiology.com.

Diagnosis
Diagnosis of Ebstein’s anomaly is made with 
 echocardiography. An ECG will be useful in detect-
ing the cardiac rhythm disturbances. Chest radiogra-
phy shows a globe-shaped heart with a narrow waist 
(Figure 11-14).30 Cardiac catheterization typically is not 
necessary for diagnosis but may be done for preopera-
tive assessment of the coronary arteries.

Management
Ebstein’s anomaly can be mild in many children and sur-
gery is not required. In cases where an abnormal heart 
rhythm, such as SVT, is present, electrophysiologic evalu-
ation and radiofrequency ablation may be performed. 
Sometimes the tricuspid valve leaks severely enough to 
result in heart failure, and surgery may be required.

Several different operations have been used in patients 
with Ebstein’s anomaly. The most common involves 
a repair of the tricuspid valve.30 The valve cannot be 
made normal, but surgery often significantly reduces the 
amount of leaking. If there is an ASD, it is usually closed 
at the same time. In some cases, the tricuspid valve cannot 
be effectively repaired, so it is replaced with an artificial 
valve. Recurrent SVT may be prevented with medication.

Complications and Outcomes
Complications that may result from Ebstein’s anomaly 
include heart failure, arrhythmias, low oxygen levels, 
limited physical activity, and, less commonly, sudden 
cardiac arrest or stroke.

Symptomatic neonates with Ebstein’s anomaly have a 
poor prognosis. Evident cardiac widening, cyanosis, and 
severe tricuspid regurgitation all predict neonatal death 
without surgery. Tricuspid valve repair in children dem-
onstrates low early mortality.

Cyanotic Heart Defects with 
Increased Pulmonary Blood Flow
Cyanotic cardiac defects cause a reduction in blood 
oxygen saturations, either by causing blood through the 
heart to completely bypass the lungs before flowing out 
to the rest of the body or by causing blood oxygenated 
by the lungs to mix with deoxygenated blood before 
entering into the systemic circulation.3 Children with 
cyanotic heart disease typically have a bluish appear-
ance of the skin.

Transposition of the Great Arteries or Vessels
In transposition of the great arteries (TGA), the pulmo-
nary artery and the aorta are misplaced, or transposed, 
across the ventricular septum (Figure 11-15). Specific-
ally, the pulmonary artery leaves the left ventricle and 
the aorta rises from the right ventricle, so there is no 
communication between the systemic and pulmonic 
circulation. About 50% of infants with a TGA have a co-
existing cardiac lesion, most commonly a VSD is pres-
ent, followed by VSD with PS.

Etiology
Between the 3rd and 4th weeks of gestation, the trun-
cus arteriosus is divided into the PA and the aorta. This 
results from spiral growth of the truncoconal ridges. 

FIGURE 11-15 Schematic of the location and defect associated 
with transposition of the great vessels.
Data from The Children’s Hospital of Philadelphia.
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Failure of the truncoconal ridges to rotate completely 
results in the displacement of the aorta and the pulmo-
nary artery on the ventricles.20

Incidence of TGA accounts for approximately 5% 
to 7% of the total number of congenital heart defects 
 occurring in children. It is more common in males 
than females.

Pathophysiology
TGA results in two separate circulatory patterns: The 
right side of the heart manages systemic circulation 
and the left manages pulmonic circulation. To sustain 
life, the infant must have an associated defect, such 
as a patent foramen ovale, ASD, VSD, or PDA, to per-
mit oxygenated blood into the systemic circulation 
(Figure 11-15). This does cause an increase in cardiac 
workload.

Clinical Presentation
Manifestations vary depending on the associated de-
fects. If there is no associated defect, there will be 
severe respiratory depression and cyanosis at birth. 
Severity is dependent on the amount of intercirculatory 
mixing through the ASD. The presence of a VSD can 
result in decreased cyanosis because of improved mix-
ing. Infants have high respiratory rates, greater than 60 
breaths per minute. Cyanosis is unaffected by the use of 
supplemental oxygen, feeding, or crying. There can also 
be symptoms of heart failure with associated defects, 
but the cyanosis will be less pronounced.

Diagnosis
Diagnosis of TGA is made with echocardiography, 
while ECG is useful in displaying any rhythm distur-
bances. Chest radiography may be normal for the first 
few days of life. Cardiac catheterization is not required 
for diagnosis but is often used to assess the coronary 
arteries.

Management
In the newborn period, management aims to correct 
metabolic acidosis and to increase arterial oxygenation. 
A prostaglandin E1 infusion is used to maintain the 
patency of the ductus arteriosus to achieve adequate 
arterial oxygenation, or a balloon atrial septostomy is 
performed during cardiac catheterization to increase 
mixing and to maintain cardiac output over time.

Two major types of surgery can correct the transpo-
sition. The Mustard and Senning repairs are two similar 
operations for TGA. The Mustard procedure creates a 
two-way tunnel (a baffle) between the atria.31 This re-
directs the oxygen-rich blood to the right ventricle and 
aorta and the oxygen-poor blood to the left ventricle 
and pulmonary artery. In a Senning procedure, the sur-
geon uses the patient’s own tissue to create the baffle; 

in the Mustard procedure, synthetic material is used. 
Both procedures are called atrial switch procedures 
because there is a baffle through the heart’s top part, or 
atria, that allows the blood to reach the ventricles. The 
procedure is done in the first week of life.

Complications and Outcomes
Many TGA patients have inborn problems with the 
heart’s electrical system. The scarring from previous 
surgery can also cause electrical problems and sinus 
node disease (the absence of sinus rhythm with presence 
of atrial or junctional escape rhythm).31 This sinus syn-
drome can cause bradycardia. Pacemakers are used in up 
to 25% of patients requiring Mustard/Senning proced-
ures by adulthood. Other TGA patients have tachycardia; 
sometimes they require an ablation to correct fast-beat-
ing arrhythmias. Newborns may have lung damage from 
lack of oxygen to tissues. Complications later in life may 
include narrowing of the coronary arteries, arrhythmias, 
heart muscle weakness or stiffness leading to heart fail-
ure, and leaky heart valves. TGA has a 90% mortality rate 
in the 1st year of life if left untreated.

Total Anomalous Pulmonary Venous Return
Total anomalous pulmonary venous return (TAPVR) is 
a congenital heart defect in the veins leading from the 
lungs to the heart. More specifically, TAPVR is defined 
by the failure of the pulmonary veins to return to the 
left atrium; they either enter the right atrium or an-
other site in the systemic venous system. This causes 
oxygenated blood to flow into the right atrium instead 
of the left for systemic circulation and oxygenation. 
There are four main types of TAPVR: cardiac, supra-
cardiac, infradiaphragmatic, and mixed (Table 11-3). 
Figure 11-16 shows the defects associated with a 
 supracardiac type of TAPVR.

Type Description

Cardiac The pulmonary veins either drain directly 
into the right atrium or they drain into the 
coronary sinus

Supracardiac The pulmonary veins drain into the right 
atrium through the superior vena cava

Infradiaphragmatic The pulmonary veins drain into the right 
atrium through the inferior vena cava and 
hepatic veins

Mixed The pulmonary veins split and drain into 
multiple different areas

TABLE 11-3
The Four Main Types of Total Anomalous Pulmonary 
Venous Return
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FIGURE 11-16 Schematic of the location and defect associated 
with the supracardiac type of TAPVR.
Data from The Children’s Hospital of Philadelphia.
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Etiology and Incidence
During the formation of the lungs in utero, portions of 
the splanchnic plexus begin to separate into the primi-
tive pulmonary vascular bed. At the same time, the 
beginning of the left atrium forms and grows to join 
the pulmonary portion of the splanchnic plexus. Once 
the connection is made, the primitive pulmonary venous 
system separates. This then becomes the two right and 
two left pulmonary veins, each entering the left atrium 
through a separate opening.32 TAPVR is the failure of 
the left atrium to link to the pulmonary  venous system.

TAPVR accounts for approximately 1% of the total 
number of congenital heart defects, or about 0.6 to 
1.2 per 10,000 live births.1

Clinical Presentation
Infants with TAPVR may present with cyanosis, heart 
murmur, poor feeding, fatigue, tachypnea, tachycardia,  
and increased work of breathing. Symptoms may de-
velop soon after birth, or they may be delayed. This 
partly depends on whether the lung veins are blocked as 
they drain toward the right atrium. Severe obstruction 
of the pulmonary veins tends to make infants breathe 
harder and to look bluer due to lower oxygen levels than 
infants with little obstruction.

Pathophysiology
There are two pathophysiologic states in TAPVR: ob-
structed and nonobstructed. In obstructed TAPVR, 
pulmonary blood flow is reduced due to compression by 
surrounding structures; this causes cyanosis from the 
low arterial oxygen saturation. Decreased blood flow 
and elevated pulmonary venous pressure can result in 
progressive alveolar edema. In some cases, right heart 
failure occurs when pulmonary artery pressure is sig-
nificantly elevated or exceeds system pressure.33

In nonobstructed TAPVR, because there is no com-
pression, the entire pulmonary venous blood flow is 
returned to systemic venous circulation where there is 
mixing in the right ventricle. Each chamber of the heart 
contains the same mix of oxygen concentration in the 
blood.33 There is typically a left-to-right shunt due to the 
low resistance of the lungs. The large volume of blood 
from the heart can lead to overcirculation. The right-to-
left shunting across the PFO and ASD is critical for life.

Diagnosis
Diagnostic procedures include ECG, echocardiogram, 
cardiac catheterization, and MRI. Pulse oximetry is 
used to noninvasively quantify the degree of hypoxemia. 
Chest radiography reveals a larger right side of the heart 
and, depending on the severity, pulmonary edema.

Management
Infants with TAPVR require surgery early in life to re-
move the connections that should not be present and then 
to connect the pulmonary veins to the left atrium. If there 
is a lack of communication, no PFO or ASD, for mixing 
of blood flow to allow oxygenated blood to get out to the 
body, a balloon atrial septostomy may be performed in the 
catheterization lab until surgical repair can be performed. 
At the time of surgery, any ASD, VSD, PDA, or PFO that 
exist are closed. Patients who have had a TAPVR repair 
will require follow-up to monitor for narrowing of the pul-
monary veins where the re-connections were established. 
If this occurs, the patient will likely experience shortness 
of breath and wheezing and will require placement of a 
stent or surgical enlargement of the narrowed area.

Complications and Outcomes
When surgical repair is done in early infancy, the 
long-term survival to adolescence is about 85%.34 
Follow-up is needed to make certain that any remain-
ing problems, such as an obstruction in the pulmonary 
veins, irregularities in heart rhythm, or sinus node dys-
function, are treated.34 Some children may need medi-
cation, heart catheterization, or additional surgery.

Truncus Arteriosus
A truncus arteriosus is the development of a large single 
vessel that leaves the heart, giving rise to the coronary, 
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several days to weeks, symptoms of pulmonary conges-
tion and heart failure develop. Infants demonstrate poor 
feeding and lethargy, respiratory distress, tachycardia, 
and hepatomegaly.

Diagnosis
Diagnosis of truncus arteriosis is by echocardiography. 
An ECG is helpful in demonstrating cardiac rate and 
rhythm disturbances. Cardiac catheterization is not 
typically used for diagnosis but rather for therapeutic 
interventions.

Management
Most neonates and infants need treatment for CHF; 
this is done with digoxin and diuretic agents. Prosta-
glandin E1 infusions are usually administered because 
of the differential diagnosis with duct-dependent 
systemic or pulmonary blood flow. Positive pressure 
ventilation and inotropic support are necessary. Sur-
gical repair is necessary within the first few months. 
A patch is used to close the ventricular defect; the 
pulmonary arteries are then disconnected from the 
single great vessel (the truncus) and a tube (a conduit 
or tunnel) is placed from the right ventricle to the pul-
monary arteries. This procedure is sometimes called a 
Rastelli repair.

Complications and Outcomes
Re-interventions of truncus arteriosis are common; they 
include replacement of the right ventricle–pulmonary 
artery conduit (as the patient grows in size, they out-
grow the fixed connection). Additionally, truncal valve 
repair replacements are necessary due to worsening 
regurgitation.

In patients who had a primary repair, the overall 
mortality rate was only 11%.35 Long-term survival fol-
lowing a primary repair is excellent, at 83% to 90%. Un-
corrected truncus arteriosis has a poor outcome, with 
only a 15% survival rate at 1 year.

Single Ventricle Lesions
A single ventricle defect is a congenital heart disorder 
that affects the heart's ventricles or lower chambers. 
The chambers can be missing, under developed, or have 
missing or incomplete development of the ventricular 
septum. Single ventricle defects have profound affects 
on oxygenation, pulmonary and systemic circulation.

Hypoplastic Left Heart Syndrome
Hypoplastic left heart syndrome (HLHS) is a complex 
congenital heart disease in which the left side of the 
heart does not develop correctly in utero. This leaves 
the heart without the ability to effectively pump blood 
to the rest of the infant’s body (Figure 11-18).

systemic, and pulmonary arteries and containing only 
one valve. With only one artery, there is no specific path 
to the lungs for oxygen before returning to the heart to 
deliver oxygen to the body. The truncus arteriosus over-
lies a VSD; VSD is always seen in conjunction with this 
defect (Figure 11-17).

Etiology and Incidence
Truncus arteriosis is a result of a failure of the primitive 
arterial trunk to divide into a distinct aorta and pulmo-
nary artery by the end of the 5th week of gestation. This 
is a rare congenital heart defect, accounting for 1% to 
4% of the total number of congenital heart defects and 
about 6 to 10 per 100,000 live births.1

Pathophysiology
Blood ejected from the ventricles enters a common 
 artery and flows either into the lungs or the aortic 
arch. Pressure in both ventricles is high, and blood 
flow to the lungs is similar to the systemic cardiac out-
put. Over a couple of weeks, the pulmonary vascular 
resistance drops, a left-to-right shunt increases, and 
heart failure occurs.

Clinical Presentation
Infants with truncus arteriosis present with varying lev-
els of cyanosis in the first few days of life. Over the next 

FIGURE 11-17 Schematic of the location and defect associated 
with truncus arteriosus.
Data from The Children’s Hospital of Philadelphia.
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Management
Prior to surgery, it is imperative to keep a fine balance 
between pulmonary and systemic blood flow. If the new-
born has high oxygen saturations and high PaO2 values, 
their systemic blood pressure may be negatively im-
pacted. If this is an issue, it may be necessary to intubate 
the newborn to control ventilation and to allow for mild 
hypercapnia to limit pulmonary blood flow. If intubation 
and mechanical ventilation alone do not produce the de-
sired results, adding inhaled carbon dioxide (CO2) to the 
ventilator circuit can potentially augment this process. 
Data suggest that the benefits of inhaled CO2 are medi-
ated through resulting respiratory acidosis. Pulmonary 
vasoconstriction should result in an improvement in 
systemic perfusion, an increase in diastolic blood pres-
sure, and a decrease in systemic oxygen saturation.38

The first surgery, performed within the first few days 
of life, is referred to as Stage 1 (Figure 11-19). During 
Stage 1, the small aorta is reconstructed and a BT shunt 
is placed between the aorta and the right ventricle, al-
lowing the right ventricle to pump blood to both the 
lungs and the body. Alternatives to the typical Stage 1 
are the Sano procedure, in which a conduit is placed 

Etiology and Incidence
The underlying causal mechanism of HLHS is unknown. 
It is proposed that the embryonic cause of HLHS is a 
limitation in the left ventricular outflow tract.

HLHS accounts for 2% to 3% of all congenital heart dis-
ease, with a prevalence rate of 2 to 3 cases per 10,000 live 
births in the United States.36 HLHS is the most common 
form of functional single ventricle heart disease. A male 
predominance is observed in most patient populations.37

Clinical Presentation
Infants born with HLHS may appear normal at birth but 
will become seriously ill as the ductus arteriosus begins 
to close. This will cause cyanosis, tachypnea, tachycar-
dia, feeding intolerance, cold hands and feet due to poor 
circulation, and lethargy. An infant who goes home un-
diagnosed with HLHS may present in shock. HLHS is 
fatal without intervention. Newborns with HLHS require 
prostaglandin E1 infusions to keep the ductus arteriosis 
open, allowing oxygenated blood to circulate to the body. 
These infants will also require a three-surgery palliation.

Diagnosis
HLHS is diagnosed using echocardiography, which is 
sufficient in most cases to make a diagnosis.
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FIGURE 11-18 Schematic of left hypoplastic heart syndrome and 
associated cardiac defects.
Data from The Children’s Hospital of Philadelphia.
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between the pulmonary artery and the right ventricle, 
or a hybrid procedure, which involves stenting the duc-
tus arteriosis and placing a pulmonary artery band to 
restrict some blood flow to the lungs.

The second in the series of palliative proced-
ures is the bidirectional Glenn or the hemi-Fontan 
(Figure 11-20), in which the shunt from the first sur-
gery is removed and the superior vena cava is connected 
to the pulmonary artery, allowing blood from the upper 
half of the body to flow through the lungs.

The final procedure, called the Fontan, connects 
the inferior vena cava is to the pulmonary artery 
(Figure 11-21). After completion of the Fontan proce-
dure, all blood flows passively through the lungs and 
then is pumped out to the body by the single right ven-
tricle. If for some reason a three-stage palliation cannot 
be performed, the infant will require a heart transplant.

Complications and Outcomes
Patients with HLHS require lifelong follow up to monitor 
for complications, such as fatigue, arrhythmias, stroke, 
and pulmonary embolism. Fontan patients are also at risk 
for such conditions as protein-losing enteropathy, which 
is excessive intestinal protein loss, and plastic bronchitis, 
which is a lymphatic flow disorder within the lungs. In 
plastic bronchitis, lymph builds up in the lungs, creating 
a thick cast that results in respiratory distress.

FIGURE 11-20 Schematic of Stage 2 surgical repair of HLHS: 
bidirectional Glenn.
Data from The Children’s Hospital of Philadelphia.
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Advancements in both medical and surgical interven-
tions have led to a decrease in the mortality rate of HLHS, 
from an almost always fatal disease to estimates of 3- to 
5-year survival rates of 70% for infants who undergo 
Stage 1 repair.39 For children who survive to the age of  
12 months, long-term survival is approximately 90%.40

Mechanical Ventilation of the  
Single-Ventricle Patient
In single-ventricle patients, early extubation greatly 
improves cardiac output. The reason for this is that 
pulmonary blood flow determines the majority of the 
cardiac output, and spontaneous ventilation enhances 
pulmonary blood flow while positive pressure ventila-
tion can significantly decrease pulmonary blood flow. 
For single-ventricle patients requiring mechanical ven-
tilation, the goal is to avoid high PaO2 and respiratory 
alkalosis that lowers PVR. A PaO2 of 50 to 60 mm Hg is 
acceptable for this patient population. A mild respira-
tory acidosis will augment systemic perfusion and help 
to avoid issues like cerebral ischemia and necrotizing 

enterocolitis that result from poor systemic perfusion. 
Negative pressure ventilation via cuirass can be em-
ployed in single-ventricle children requiring ventilatory 
assistance because, like spontaneously breathing, nega-
tive pressure ventilation increases pulmonary blood 
flow. However, negative pressure ventilation via cuirass 
can be challenging in the face of midsternal incisions 
and chest tubes.

Conclusion
Congenital heart defects are problems with the heart 
structure (walls, valves, vessels) that are present at 
birth. There are many types of cardiac defects; some are 
isolated and straightforward, and others are incredibly 
complex and occur in combination with other defects 
(Table 11-4). Medical advances have improved over the 
past few decades and so has the diagnosis and medical 
treatment of these patients. As a result, most children 
with complex disease can survive to adulthood and have 
active lives as long as they continue the monitor heart 
condition and needs.

TABLE 11-4
Summary of Cardiac Defects and Corrective Repair Procedures

Defect Corrective Repair

Patent ductus arteriosus Coil, clips, or sutures

Atrial septal defect Patch 

Ventricular defect Patch repair

Complete atrioventricular canal 
defect

Patch closure and reconstruction or replacement of valves

Coarctation of the aorta Removal of stenotic area, patch aortaplasty, or graft

Aortic stenosis Aortic valvulotomy, valve replacement, or balloon angioplasty

Tetralogy of Fallot* The ductus arteriosus is ligated if patent, patch closure of VSD, RVOT reconstruction, removal of 
pulmonary infundiblar muscle, pulmonary valvulotmy is performed. Occasionally, the PFO is left open 
as a “pop-off.”

Pulmonary stenosis Balloon and surgical valvuloplasty

Pulmonary atresia* Transannular patch or conduit is inserted between the right ventricle and the pulmonary artery. The 
ASD is closed. 

Triscupid atresia* Modified Blalock-Taussig shunt: This joins the subclavian artery to the right pulmonary artery (systemic 
to pulmonary shunt). 

Glenn shunt: This joins the superior vena cava to the right pulmonary artery.

Fontan: This joins the inferior vena cava to the pulmonary artery via a homograft conduit. 

Epstein’s anomaly* Repair or replace tricuspid valve if indicated. Patch closure of ASD if one is present.

Total anomalous pulmonary venous 
return 

Anastomosis of the common pulmonary veins to the left atrium, elimination of the anomalous 
pulmonary venous connection, and closure of any interatrial communication. If a PDA is present, it is 
ligated.

(continues )

Conclusion 171



Defect Corrective Repair

Transposition of the great arteries Arterial switch operation or atrial switch

Truncus arteriosus Rastelli procedure

Hypoplastic left heart syndrome* Norwood w/Sano, bidirectional Glenn, Fontan

*Palliative options

TABLE 11-4
Summary of Cardiac Defects and Corrective Repair Procedures (Continued)

Case Study 1
A 4-day-old infant presents to the emergency depart-
ment. Parents state that the infant has been breath-
ing fast, sweating, and feeding poorly since discharge 
from the hospital following a normal vaginal delivery.

Upon assessment, vital signs are obtained with the 
following results:

 � Temperature (axillary): 36.7°C

 � Heart rate: 160 beats per minute with a murmur

 � Respiratory rate: 70 breaths per minute

 � SpO2: 95% on room air.

 � Breath sounds: Clear to auscultation

 � Chest radiograph, which shows cardiomegaly 
and increased vascular markings

1. In order to assess this patient, what should the 
respiratory therapist do first?
a. Recommend obtaining electrolytes
b. Perform a physical assessment
c. Recommend obtaining a complete blood count
d. Recommend an ECG

2. Based on the examination findings, which 
two steps should the respiratory therapist 
recommend?

i. Echocardiogram
ii. Blood pressure measurements in all four 

extremities
iii. Pre- and postductal oxygen saturation
iv. Palpating upper and lower extremity pulses
a. i and iii
b. ii and iv
c. i and ii
d. iii and iv

3. The diagnosis of patent ductus arteriosus is 
made by echocardiogram. Which of the follow-
ing are the treatment options?
a. Pericardial patch
b. Surgical ligation
c. Administration of beta blockers
d. Inhalation of nitric oxide

Case Study 2
A 10-day-old infant presents to the emergency depart-
ment. Parents state that the infant has been very pale, 
irritable, poorly feeding, tachypneic for the last week, 
and lethargic for the last 24 hours.

Upon assessment, vital signs are obtained with the 
following results:

 � Temperature (axillary): 36.7°C

 � Heart rate: 160 beats per minute

 � Respiratory rate: 65 breaths per minute

 � Blood pressure: 110/65 mm Hg

 � SpO2: 95% on room air

 � Breath sounds: Clear to auscultation
Physical examination findings include strong pulses 

and hypertension in the upper extremities, diminished 
pedal pulses, and a blood pressure gradient, with low 
or unreadable blood pressures in the lower extremi-
ties. A systolic murmur is present at the upper left 
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sternal border. An apical systolic ejection “click” is 
present. The physician orders an ECG.

The results of the diagnostic tests are as follows:

 � Chest X-ray shows a normal or enlarged heart.

 � ECG shows right ventricular hypertrophy.

 � ECHO shows a narrowing in the aorta.
A diagnosis of severe coarctation is made, and the 

infant is admitted to the intensive care unit.

1. In order to assess this patient, what should the 
clinician obtain?
a. Electrolytes
b. Physical assessment
c. Complete blood count
d. MRI of the chest

2. Based on the examination findings, what next 
steps should the clinician consider?

Blood 
pressure 
measurements 
in all four 
extremities

Palpating 
upper 
and lower 
extremity 
pulses

Preductal 
and 
postductal 
oxygen 
saturation

Auscultating 
heart 
sounds

A Yes Yes Yes No

B No Yes Yes Yes

C Yes No Yes Yes

D Yes Yes No Yes

3. What interventions and/or additional testing 
should the clinician now consider?

i. Cardiac catheterization
ii. Echocardiogram

iii. Doppler study of the legs
iv. Chest radiograph

a. i and iv
b. ii and iii
c. i and ii
d. iii and iv

4. Upon admission to the cardiac intensive care 
unit, what is the first medical intervention that 
should be performed?
a. Initiation of inhaled nitric oxide
b. Administration of a fluid bolus
c. Infusion of prostaglandin E
d. Intubation and mechanical ventilation

5. Corrective actions for coarctation of the aorta 
include surgery to remove the narrowed area, 
balloon dilation during cardiac catheterization, 
and which of the following?

i. A patch aortoplasty
ii. Ligation of the ductus arteriosus

iii. Graft to bypass the coarctation
iv. Performing a Fontan procedure
a. i and ii
b. ii and iv
c. i and iii
d. iii and iv

Case Study 2 (continued)
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OBJECTIVES
1. Identify key anatomic and physiologic characteristics of 

children and their role in the development of respiratory 
distress.

2. Develop basic techniques used for auscultation of the child.
3. Characterize various pediatric airway sounds 

and recognize their potential causes.
4. Recognize the early and late symptoms of respiratory 

distress in a child.
5. Use information obtained through the history and physical 

examination to develop a differential diagnosis and plan of 
care for a child.

KEY TERMS
chief complaint (CC)
digital clubbing
head bobbing
history of present 

illness (HPI)
kyphoscoliosis
kyphosis
nasal flaring

pectus carinatum
pectus excavatum
Pediatric Assessment 

Triangle (PAT)
retractions
review of systems
scoliosis

Evaluation of the Child
April B. Carpenter

Wendy G. Burgener
Emma E. Holland

175

12
CHAPTER



Introduction
Respiratory problems are a leading cause of illness and 
hospitalization among infants and children, accounting 
for 60% of primary care provider office visits and cost-
ing an estimated $129 billion annually.1,2 Respiratory 
disorders in infants and children have a wide range of 
symptoms and severity, ranging from nasal congestion 
and drainage to complete respiratory failure. Addition-
ally, the anatomy and physiology of infants and children 
can predispose them to quickly progress to significant 
respiratory distress when acutely ill.

A complete and accurate medical history and physi-
cal examination are invaluable in the evaluation and 
formation of a diagnosis and treatment plan for the 
patient. This chapter discusses the examination and 
 respiratory assessment of the child.

Initial Assessment
Respiratory distress must be quickly identified and ag-
gressively treated. Because infants and children have 
small airways, decreased respiratory reserves and in-
creased metabolic demands, they can quickly decom-
pensate and progress to respiratory failure.

The Pediatric Assessment Triangle (PAT), in  
Figure 12-1, is a rapid, strategic primary assessment of a 
child’s severity of illness.3 The PAT uses a visual and audi-
tory assessment of the child, including evaluation of the 
child’s appearance, work of breathing, and circulation. It 
should be completed within the first 30 seconds of evaluat-
ing the child. Use of the PAT allows the clinician to quickly 
form an accurate initial impression of the child as “sick” or 
“not sick” and, therefore, to prioritize as appropriate.4

History
Once the child has been identified as nonemergent, 
the clinician can begin to obtain a thorough history. 
 Taking a history is an essential component of assessing 
a child—some argue it is the most important part of 
the assessment. A thorough history allows the clinician 
to gather essential health information, begin develop-
ment of a relationship between the child and family and 
medical team, and provide education to the child and 
family.5 In the pediatric population, most of the time 
the history will be obtained from the child’s parent, 
although useful information can be obtained from the 
young child.

History-Taking Techniques
Obtaining a thorough history begins with setting the 
interview environment. Ideally, the history should be 
obtained in an environment that is private, quiet, and 
free from distractions. The interview environment must 
ensure that the child’s and family’s confidentiality are 
maintained.

Good communication skills are an essential com-
ponent in obtaining a comprehensive medical his-
tory.6 The clinician should be attuned to both verbal 
and nonverbal cues. Open-ended questions will 
generally elicit more information than close-ended 
questions and will allow the child or parent the op-
portunity to tell their story in their own words. It is 
also important to allow them adequate time to express 
themselves. Pauses in the conversation can sometimes 
be difficult for the clinician and may feel uncomfort-
able but are necessary and helpful to ensure that no 
one feels rushed. Additional communication tech-
niques include clarification, reflection, and summariz-
ing. Clarification, or stating, “I hear you say that . . .,”  
ensures that the clinician understands what the child 
is saying. Reflecting is paraphrasing and restating 
what the child or parent has said; it shows them that 
you are trying to understand what they have said. 
Summarizing the history allows for an opportunity to 
ensure accuracy and to develop a shared understand-
ing of the subject matter.

Medical History
The history begins with a discussion of the child’s cur-
rent illness, including the chief complaint (CC) and the 
history of present illness (HPI). The CC is the health 
problem or concern, described in the child’s or parent’s 
own words, which caused the individual to seek medical 
attention. The HPI is a thorough description of relevant 
symptoms listed in chronological order and including 
any previous treatment.

After the HPI, the clinician will elicit the medical  
history, including general health, accidents/injuries,  
prior hospitalizations with dates and diagnosis, 

FIGURE 12-1 Pediatric Assessment Triangle.
Used with permission of the American Academy of Pediatrics, Pediatric Education for 
Prehospital Professionals, © American Academy of Pediatrics, 2000.

Pediatric Assessment Triangle

Appearance
• Tone
• Interactiveness
• Consolability
• Look/gaze
• Speech/cry

Work of Breathing
• Abnormal
 breath sounds
• Abnormal
 positioning
• Retractions
• Nasal flaring

Circulation to the Skin
• Pallor
• Mottling
• Cyanosis
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immunizations, and screening tests. For infants and 
young children, prenatal and birth history are important 
to include.

Information to obtain concerning current medica-
tions includes the name, dose, route of administration, 
frequency, duration, reason for taking, and compliance 
with taking the medication. The patient’s allergies must 
be solicited. If there has been a reaction, it is impor-
tant to determine what medications and substances 
caused the reaction and what the specific reaction 
involved (i.e., rash, hives, edema, difficulty breathing, 
mental status changes). A history of coughing should be 
 established as well.

The review of systems is a list of questions, ar-
ranged by organ system, that provides a systematic 
overview of the child’s health. Box 12-1 lists the 
areas reviewed.

Family and Social History
The family and social history should include informa-
tion relevant to the health and resources of family mem-
bers. Family history includes the ages, general health, 
and cause of death for first-degree relatives, including 
parents and siblings. The clinician should specifically 
ask about diabetes, heart disease, stroke, cancer, hyper-
tension, bleeding disorders, asthma, arthritis, tuber-
culosis, epilepsy, congenital anomalies, chromosomal 
problems, and mental illness. If any of these are pres-
ent, age of onset should be included. The social history 
includes current or highest attained level of education, 
daycare attendance, living accommodations, persons/
pets in the home, and exposure to secondhand tobacco 
smoke. It is also necessary to ask about the availability 
of food, electricity, and running water.

Sensitive questions should be asked at the end of the 
history, taking time to allow for rapport to be estab-
lished. Older children and teens should be asked about 
their use of tobacco, alcohol, and illicit drugs, including 
the type, amount, frequency, duration, any reactions, 
and previous treatment attempts. Sexual history and 
risk-taking behaviors should also be assessed.

Physical Assessment
The anatomy of the infant and child contributes sig-
nificantly to their vulnerability to airway compromise 
and development of respiratory distress. Infants and 
toddlers have larger heads with relatively small mouths 
and large tongues. They also have a floppy epiglot-
tis and narrow airways. Infants are obligatory nose 
breathers for the first several months of life, and when 
their nares are obstructed they do not have the reflex 
to open and breath through their mouths. Newborns 
have a highly compliant chest wall, making the chest 
wall suck in paradoxically when the abdomen expands. 
The ribs in infants and young children are more hori-
zontally oriented, which lessens the intercostal mus-
cles’ ability to lift the rib cage, especially when lying 
flat on the back. The intercostal muscles do not reach 
full development until school age. Although these are 
normal characteristics of the child, they can greatly im-
pact the symptoms that appear when the child develops 
respiratory distress.

Using a systematic approach to physical assessment 
will ensure a thorough review of all pertinent systems. 
One approach is to assess the child from head to toe. 
This begins with a general assessment of hygiene, 
 mental status, and how the child interacts with the 
 environment and caregivers.

Head and Neck
Visual inspection of the head and neck begins with as-
sessing the shape of the head for symmetry. The nares 
should be patent with moist mucous membranes; if 

BOX 12-1 Review of Systems

 � General: Weight gain or loss, fatigue, weakness, 
fever or chills

 � Skin: Changes in skin, hair, or nails; itching; 
rashes; sores; bumps; bruises

 � Head: Trauma, headache location, frequency of 
pain, nausea, vomiting, visual changes

 � Eyes: Changes in vision, glasses, contact lenses, 
blurred vision, tearing, itchiness

 � Ears: Infections/treatment, pressure equal-
ization tubes, discharge, vertigo, changes in 
 hearing, hearing screen results

 � Nose/Sinuses: Rhinorrhea, congestion, sneezing, 
itching, allergies, epistaxis

 � Mouth/Throat/Neck: Hoarseness, sore throat, 
Streptococcus infections (“strep throat”), dental 
health, neck swelling

 � Cardiac: Murmurs, congenital heart disease, 
hypertension, palpitations, dyspnea on exertion, 
edema

 � Respiratory: Wheezing, asthma, pneumo-
nia, bronchitis, tuberculosis, cough, sputum 
 production, hemoptysis, shortness of breath

 � Gastrointestinal: Appetite, nausea,  vomiting, 
diarrhea, constipation, dysphagia, frequency/
change in bowel movements, bleeding, 
 abdominal pain

 � Urinary: Frequency (number of wet diapers 
per day), urgency, hesitancy, polyuria, dysuria, 
 hematuria, nocturia, incontinence, infection, 
bladder, kidney stones
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drainage is present, the color and consistency should be 
noted. Nasal flaring is the outward movement or wid-
ening of nostrils with inspiratory effort. Head bobbing 
 occurs when the sternocleidomastoid muscles, which 
are also used to stabilize the head, are being used to 
assist with respiration. Both head bobbing and nasal 
flaring are signs of increased respiratory effort and ac-
cessory muscle use. Facial anomalies can be represen-
tative of a specific disease or condition—for example, 
allergic facies is often seen in the child with asthma.

Drooling or the inability to swallow secretions or 
liquids can indicate swallowing disorders. It can also 
be indicative of an impairment or obstruction of the 
upper airway, either by the presence of a foreign body 
or swelling within the airway. If a child appears to be 
in  respiratory distress and is drooling, a peritonsillar 
 abscess or epiglottitis could be present. Both can present 
in this manner and are considered a medical emergency 
requiring immediate intervention by a specialist.7 In the 
normal exam, the lips and mouth are moist. Tooth erup-
tion pattern, cavities, and dentition should be noted, as 
they are good indicators of overall care and hygiene. The 
oropharynx should be clear and pink, and the color and 
consistency of any drainage should be noted.

The trachea should be palpated to determine mobil-
ity and position. Deviation of the trachea can indicate a 
tension pneumothorax or thoracic mass, in which case 
the trachea will be deviated in the direction opposite 
the affected lung. Lymph nodes in the neck should be 
palpated. Crepitations in the neck area may suggest an 
air leak.

Chest
Inspection of the chest begins with noting the shape 
and size of the chest wall. A barrel chest indicates 
air trapping and can be associated with advanced or 
severe cases of asthma, cystic fibrosis, bronchiec-
tasis, and bronchopulmonary dysplasia. Chest mal-
formations should be noted. The most common is 
pectus excavatum, often referred to as funnel chest: 
The chest has a sunken appearance and remains 
sunken even during inhalation. Pectus carinatum, 
also known as pigeon chest, is a condition in which 
the sternum and rib cartilage protrude from the 
chest. The vertebrae should be examined for vertebral 

deformities, most notably kyphosis, scoliosis, and 
kyphoscoliosis. When these are severe, the rib cage is 
deformed as well, resulting in restrictive lung disease. 
The chest should also be inspected both anteriorly and 
posteriorly for symmetry and expansion. Asymmetrical 
chest expansion is abnormal and can be due to unilat-
eral lung or pleural disease.

Visual inspection includes evaluation of the respira-
tory rate and pattern. Although the respiratory rate is 
an important indicator of pulmonary function, it varies 
widely based on the child’s age and activity level. It is 
higher in infants, but by adolescence it is the same as an 
adult. Crying, fever, and increased metabolic rate can 
raise a child’s respiratory rate. Normal values are listed 
in Table 12-1. A child who presents with a sustained 
respiratory rate over 60 breaths per minute is at risk of 
tiring, resulting in respiratory failure. A low respira-
tory rate is also concerning, as it may indicate that the 
respiratory muscles are becoming fatigued and that, 
without appropriate intervention, respiratory failure 
is imminent. Apnea, a pause in breathing lasting more 
than 20 seconds, requires further investigation. It can 
be caused by respiratory fatigue, upper airway obstruc-
tions, head trauma, narcotic or sedating medications, 
and infections.

The rate, depth, rhythm, and character of breaths 
determine the pattern of breathing, which can give im-
portant clues to specific etiologies. Note the respiratory 
rate and movement of the diaphragm and chest wall 
with quiet breathing and with stronger respiratory ef-
fort. Certain illnesses or injuries can cause changes in 
the breathing pattern. Table 12-2 describes abnormal 
breathing patterns that may occur in children.

Assessing the work of breathing includes looking for 
abdominal or accessory muscle use and the presence 
of retractions. Use of accessory muscles is an impor-
tant measure of respiratory distress in children—in 
general, the greater the degree of accessory muscle 
use, the greater the degree of distress. Retractions are 
a “sucking in” of the skin in areas overlying the lungs. 
Retractions should be qualified as mild, moderate, or 
severe and should be further identified by their location, 
as described in Table 12-3. Severe retractions occurring 
in multiple locations indicates significant respiratory 
distress. Table 12-4 lists findings that indicate both 
early and late signs of respiratory distress.

Age <1 year 1–2 years 3–5 years 5–12 years >12 years

Respiratory rate 30–60 25–40 22–34 18–30 12–16

Heart rate 110–160 100–150 90–140 80–120 60–100

Data from Pediatric Advanced Life Support Manual, American Heart Association. 2015.

TABLE 12-1
Average Respiratory Rates and Heart Rates in Children
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Pattern Definition Causes in Children

Abdominal/paradoxical 
breathing

An inward motion of the abdomen as the chest wall moves inward 
during inhalation; asynchrony between the rib cage and abdomen, 
creating a seesaw-type motion

•	 Poor muscle tone
•	 Respiratory muscle fatigue
•	 Chest trauma
•	 Multiple rib fractures

Agonal respirations A pattern of irregular, shallow, and very slow gasping inspirations 
followed by irregular pauses of apnea 

•	 Cerebral ischemia
•	 Severe hypoxia/anoxia
•	 Cardiac arrest

Apneustic respirations A prolonged inspiratory phase followed by a prolonged expiratory phase 
or apnea

•	 Hypoxic-ischemic injury
•	 Brainstem lesion

Ataxic respirations Completely irregular breathing frequency and tidal volume with irregular 
pauses and increasing episodes of apnea

•	 Head trauma
•	 Stroke
•	 Cerebral palsy
•	 Brain tumor

Biot’s breathing Erratic respiratory pattern with clusters of rapid, tidal volume breaths 
followed by periods of apnea

•	 Head trauma
•	 Brainstem lesion
•	 Cervical spine injury

Cheyne-Stokes 
respirations

Shallow-deep-shallow breathing pattern in which tidal volume begins 
shallow and progressively increases and then becomes shallow again, 
followed by apnea, then the cycle starts over

•	 Stroke
•	 Traumatic brain injury
•	 Brain tumor
•	 Carbon monoxide poisoning
•	 Toxic metabolic encephalopathy 

Kussmaul’s 
respirations

Hyperventilation characterized by a consistently labored and increased 
rate and depth of breathing over a prolonged period

•	 Severe metabolic acidosis, most 
often diabetic ketoacidosis

TABLE 12-2
Abnormal Breathing Patterns

Retraction Location

Supraclavicular Directly above the clavicles

Suprasternal Middle of the neck, just above the 
sternum

Substernal Below the end of the sternum

Intercostal Between the ribs

Subcostal Below the rib cage

TABLE 12-3
Retractions in the Pediatric Patient

Early Signs
Tachypnea
Nasal flaring
Head bobbing
Tracheal tug
Grunting on exhalation
Retractions
Prolonged expiratory phase
Stridor
Wheezing
Diminished air entry

Late Signs
Cyanosis
Bradycardia
Inaudible air entry
Apnea/irregular respirations
Changes in level of consciousness

TABLE 12-4
Signs of Respiratory Distress

Upon auscultation of the chest, breath sounds should 
be clear and heard bilaterally with equal intensity. Breath 
sounds and noisy breathing can be difficult to interpret 
in the very young child (Table 12-5). Sounds vary from 
fine, high-pitched to low and coarse, depending on the 
site and nature of the abnormality. A child’s chest wall is 
very thin, making it easy for breath sounds to be trans-
mitted over all lung fields, which is why it can be difficult 
to determine exactly where in the chest lung sounds are 
originating. Box 12-2 describes the procedure used to 
effectively auscultate breath sounds in a child.

Extremities
Inspection of the child’s skin and extremities can add 
valuable information to the respiratory assessment. 
The skin should be assessed for birthmarks, rashes, and 
petechiae. If scars are present, the source should be 
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Sound Definition Common Causes in Children

Wheeze Continuous musical sounds that typically occur during a prolonged expiratory 
phase but can occur during inspiration; caused by the air passing rapidly 
through narrowed airways

•	 Bronchiolitis
•	 Asthma
•	 Pneumonia
•	 Gastroesophageal reflux
•	 Cystic fibrosis
•	 Foreign body aspiration
•	 Bronchomalacia

Stridor High-pitched musical sound heard during inspiration or expiration; caused by 
airway obstruction or narrowing below the level of the larynx

•	 Laryngotracheobronchitis
•	 Epiglottitis
•	 Laryngomalacia
•	 Tracheitis
•	 Vocal cord paralysis
•	 Subglottic stenosis
•	 Lesions of the larynx
•	 Vascular ring
•	 Foreign body aspiration

Stertor Low-pitched, wet rattling sound similar to snoring heard during inspiration and 
while sleeping; caused by airway obstruction or narrowing above the level of the 
larynx

•	 Upper airway obstruction
•	 Adenoid hypertrophy
•	 Tonsillar hypertrophy

Crackles Discontinuous, nonmusical popping sounds heard during inspiration or 
expiration; caused by air moving through airways narrowed by fluid or mucus

•	 Pneumonia
•	 Cystic fibrosis
•	 Pulmonary edema
•	 Bronchiolitis
•	 Bronchiectasis
•	 Bronchitis

TABLE 12-5
Breath Sounds in the Pediatric Patient

BOX 12-2 Auscultation of the Pediatric Patient
1. Clear the nasal passages, if needed, to prevent 

 nasal sounds from distorting breath sounds.
2. Perform auscultation on a bare chest, not over 

clothing.
3. Hold the diaphragm of the pediatric stethoscope 

against the child’s chest.
4. Listen to breath sounds, moving the stethoscope 

from side to side of the chest, comparing each 

area. Each lobe of both lungs should be auscul-
tated, listening separately to inspiration and 
expiration.

5. Listen to breath sounds for at least one full inspi-
ration and expiration in all areas of the chest. You 
may need to listen longer to differentiate what you 
are hearing.

determined, as patterns of scars may be suggestive of 
abuse. Skin color should be noted, as cyanosis, mottling, 
and pallor are all cause for concern. Examination of the 
nail beds is necessary to determine the presence of pe-
ripheral cyanosis and to assess capillary refill. The fingers 
and toes are examined for edema and digital clubbing.  

The presence of digital clubbing strongly suggests a 
chronic respiratory condition, most likely cystic fibro-
sis or bronchiectasis. It is also present in children who 
have certain congenital cardiac defects in which there 
has been long-term hypoxia.8 Further evaluation is war-
ranted if clubbing is present.
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occurring. When assessing a child’s respiratory sta-
tus, it is important to establish a baseline to compare 
progress or deterioration against. In order to recog-
nize what is abnormal, it is necessary to be aware of 
what is normal, keeping in mind that children who 
have a history of preterm birth or those who have 
chronic disorders often have a baseline that is not at 
the  normal level.

Summary
The respiratory assessment of a child is different from 
that of an adult. A thorough, systematic approach to 
assessment of a child’s respiratory status can yield 
valuable information needed to accurately diagnose 
and provide effective care. Recognizing respiratory 
distress while it is in the early stages can help to 
prevent respiratory failure or cardiac collapse from 

Case Study 1
A 2-year-old boy presents to the emergency depart-
ment with a 3-day history of cold symptoms and a CC 
of waking in the night with trouble breathing. Upon 
arrival the paramedics report a respiratory rate of 48 
breaths per minute, a heart rate of 160 beats per min-
ute, a blood pressure of 60/40 mm Hg, and an oxygen 
saturation of 90%. A simple oxygen mask with 6 L/min 
flow is in place. Evaluation of the child begins using 
the Pediatric Assessment Triangle. The child is awake, 
alert, and pink in color but is easily agitated. Assess-
ment of work of breathing reveals moderate to severe 
suprasternal, substernal, and intercostal retractions, 
high-pitched stridor when upset, and nasal flaring. 
Additional assessment determines that the child’s 

trachea is midline and chest expansion is symmetrical. 
Based on the assessment category, treatment should 
be quickly initiated, including increasing the level of 
supplemental oxygen to maintain an oxygen satura-
tion >92%, corticosteroids to reduce inflammation, 
and nebulized racemic epinephrine to treat upper 
 airway obstruction or narrowing.

1. What is the purpose of the PAT and how quickly 
should it be performed?

2. Which of the vital signs are outside normal lim-
its for this child’s age?

3. What components of the respiratory examina-
tion are suggestive of obstruction or narrowing 
of the upper airway?

Case Study 2
A 35-day-old female presents to the emergency de-
partment with a 1-day history of slow breathing and 
decreased feeding. She was well the previous day, 
breastfeeding 5 to 6 times per day and has had 6 to 
8 wet diapers daily. She has been constipated since 
birth, passing 1 stool every 4 days, and, at the time of 
presentation, she had not had a bowel movement in 
6 days. She was a term infant born via spontaneous 
vaginal delivery with Apgar scores of 7 at 1 minute 
and 9 at 5 minutes. The infant is afebrile, with a heart 
rate of 154 beats per minute, respiratory rate of 20 
breaths per minute, blood pressure of 70/50 mm Hg 
in the right upper extremity, and oxygen saturation 
of 89% on room air. Her length, weight, and head 

circumference are in the 60th percentile. Femoral 
pulses are palpable with capillary refill of 2 seconds. 
Respiratory examination reveals grunting on exhala-
tion and slow, shallow, and irregular breathing, with-
out wheezing or retractions. Her pupils are small but 
reactive. The remainder of the physical examination, 
including cardiac assessment, is normal.

1. What components of the examination are 
 considered normal for this infant?

2. What components of the evaluation indicate 
 respiratory distress?

3. What immediate interventions does this  
infant need?
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OBJECTIVES
1. Discuss the components of an initial assessment of the 

pediatric patient.
2. Define the Pediatric Assessment Triangle.
3. List the symptoms of respiratory distress.
4. Explain the methods to assess neurologic status.
5. Describe vascular access techniques.
6. Describe airway management techniques.
7. List and describe the treatment options for common 

cardiac arrhythmias.
8. List the essential elements of postresuscitation care.

KEY TERMS
alert verbal painful 

unresponsiveness 
(AVPU) algorithm

Broselow tape
capillary refill
central venous line (CVL)
Glasgow Coma Scale (GCS)
grunting

intraosseous (IO) needle
Pediatric Assessment 

Triangle (PAT)
peripheral IV
primary assessment
pulse pressure
stridor

Resuscitation and Stabilization 
of the Child

Steven Sittig
Teresa A. Volsko

183

13
CHAPTER



Introduction
There is an adage that children are like little adults. 
The truth, however, is quite the contrary. The pediat-
ric population is widely varied in physical size, stages 
of development and vital signs, and care. A pediatric 
patient may range from a small infant to a mature 
teenager. To administer emergency medical treat-
ment based on a “small adult” could lead to ineffective 
resuscitation and the potential for harm. In 1983, the 
American Heart Association (AHA) convened a na-
tional conference on pediatric resuscitation to develop 
Cardiopulmonary Resuscitation (CPR) and Emergency 
Cardiac Care Guidelines for pediatric and neonatal 
patients. It was in 1988 that the AHA, along with the 
American Academy of Pediatrics, introduced several 
pediatric emergency care courses: pediatric basic life 
support, pediatric advanced life support (PALS), and 
neonatal resuscitation program (NRP).

Pediatric resuscitation guidelines are intended to 
address the unique needs of newborn, infants, and chil-
dren; however, most recommendations are based on 
expert consensus, studies of pediatric animal models, 
or extrapolation from adult or neonatal data, as in the 
case of hypothermia. Prior to the development of the 
aforementioned courses, pediatric resuscitation was 
based on modified adult algorithms.1 The modified 
adult algorithms did not serve the pediatric population 
well because the underlying cause of cardiopulmonary 
arrest is very different in infants and children as com-
pared to adults. The most common cause of cardiopul-
monary arrest in adults is underlying coronary artery 
disease, which often develops into sudden ventricular 
fibrillation cardiac arrest. This is why early defibrilla-
tion in adult cardiac arrest leads to improved survival. 
The primary cause of pediatric cardiorespiratory ar-
rest, however, is significant hypoxia or circulatory 
shock as a result of respiratory failure.2 Early recogni-
tion and treatment of respiratory failure, hypoxia, or 
prolonged shock can help avoid the need for pediatric 
resuscitation.

Assessment of the Pediatric Patient
In the initial assessment of the pediatric patient, clini-
cians likely will make quick determinations as to the 
severity of illness based on direct observation. The plan 
of care depends on the age of the child and the results of 
the clinician’s assessment of the nature and severity of 
illness. The initial assessment of the respiratory system 
should include rate and depth of respirations, presence 
and severity of retractions, evaluation of inspiratory and 
expiratory effort, cough characteristics, and alertness.

Pediatric Assessment Triangle
A simple tool called the Pediatric Assessment Triangle 
(PAT) helps to rapidly assess a critically ill child 

(Figure 13-1). Considered an integral part of the general 
assessment of a sick child, this tool is incorporated into 
several pediatric emergency courses, including PALS, 
Pediatric Education for Prehospital Professionals, and 
Emergency Nursing Pediatric Course. The triangle is 
designed to be a quick and simple approach to evaluat-
ing a child based on visual and auditory clues.3

Use of the PAT provides a quick evaluation of the 
patient and is especially helpful when medical re-
sources are limited. The PAT assists an experienced 
clinician in visually obtaining data to assess disease 
severity. It also guides the initial treatment, such as 
fluid administration and oxygen therapy. A portion 
of the patient assessment can be performed without 
such equipment as a stethoscope, pulse oximeter, or 
blood pressure or cardiac monitor. Rapid assessment, 
followed by early intervention with appropriate treat-
ment, can avoid respiratory or cardiac arrest in the 
pediatric patient. The tool uses the acronym ABC to 
guide the assessment.

Assessing Appearance
The A of the assessment triangle evaluates the child’s 
appearance. As noted in Table 13-1, a pediatric patient’s 
appearance is helpful in quickly identifying if the child 
is very sick. Assessing a child’s appearance will provide 
an indication of the adequacy of ventilation, perfusion 
to the brain, oxygenation, and central nervous system 
(CNS) function. For example, a toddler who lies quietly 
during routine care is an example of an abnormal activ-
ity assessment and is at risk for respiratory compromise. 
Assessment is likely the most sensitive parameter in 
determining the need for treatment and how the patient 
responds to initiated therapy.

FIGURE 13-1 The PAT, an evaluation of three physiologic points to 
obtain a baseline assessment of the child, determine the severity of 
illness, and guide and monitor therapeutic interventions and patient 
response to therapy.
Used with permission of the American Academy of Pediatrics, Pediatric Education for 
Prehospital Professionals, © American Academy of Pediatrics, 2000.

Appearance Work of
breathing

Circulation
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Color Cyanosis

Pale

Ashen/gray

Level of consciousness Unresponsive to voice

Diminished responsiveness to pain

Unable to recognize parents

Activity Limited extremity movement

Listlessness

Limp

Circulation Capillary refill >2 seconds

Extremities cool to touch

Diminished peripheral pulses

TABLE 13-1
Signs and Symptoms Associated with Respiratory 
Compromise

Description Age Breaths per Minute

Infant Birth to 1 year 30–60

Toddler 1–2 years 25–40

Preschooler 3–5 years 22–34

School-age 6–12 years 18–30

Adolescent 12–18 years 12–16

TABLE 13-2
Normal Age-Based Values for Respiratory Rate

Assessing Respirations and Characteristics 
of Breathing
The B of the assessment triangle evaluates the child’s 
respirations and breathing characteristics. Evaluation 
of work of breathing encompasses the determination 
of airway patency as well as the child’s oxygenation and 
ventilation status. An evaluation of mental status can 
provide valuable information about the child’s ability 
to protect and maintain a patent airway. Children who 
are listless and/or do not respond in an age-appropriate 
manner when examined are at risk for airway and venti-
latory compromise.

The chest wall of infants and small children is very 
compliant. Increases in airway resistance, and thus 
increased work of breathing, often manifest as the pres-
ence of suprasternal, intercostal, or even substernal 
retractions. In younger pediatric patients, nasal flaring 
may be noted as the child attempts to inspire maximal 
air with each breath; this may be a subtle sign but is 
indicative of a child in distress. The rate and depth of 
respirations are also important to note. Normal val-
ues for respiratory rate vary with age and are listed in 
Table 13-2.

The sounds an infant or child produces as they 
breathe can provide the clinician with valuable informa-
tion. Just as adults perform pursed-lip breathing to open 
narrowed airways and/or increase functional residual 
capacity by creating positive end-expiratory pressure, 
infants often make a grunting noise. Grunting describes 
the sound an infant makes when expiring against a par-
tially closed glottis. Grunting is not a normal finding; 

rather, it is a compensatory mechanism to maximize gas 
exchange and is a hallmark sign of respiratory distress.

Stridor is the sound an infant or child produces on 
inspiration and is indicative of upper airway edema 
and/or obstruction. Stridor may be present following 
extubation or associated with an infectious process or 
aspiration of a foreign body. Wheezing may be audible 
as well; this may be present on inspiration or expiration 
and is typically due to bronchospasm, secretions, or in-
flammation of the lower airways. Auscultation of breath 
sounds follows visual assessment of the patient’s breath-
ing. The lateral neck and lungs are assessed for the pres-
ence and symmetry of air entry as well as occurrence of 
adventitious breath sounds.

Assessing Circulation
The C of the assessment triangle represents circulation. 
Rapid assessment of the systemic perfusion is an essen-
tial part of pediatric resuscitation. It is accomplished 
by evaluating mental status, capillary refill, pulses, and 
blood pressure. The presence and character or volume 
of peripheral pulses provides an indication of systemic 
vascular resistance and the degree of shunting that is 
necessary to maintain blood pressure and end-organ 
perfusion.4

Capillary refill is a valuable initial physiologic param-
eter. The finger should be lifted slightly above the level 
of the heart to assure assessment of arteriolar capillary 
refill and not venous stasis. Light pressure is applied to 
blanch the fingernail bed. The pressure is released, and 
the amount of time until color returns is measured. 
Capillary refill is normal if color returns in less than 
2 seconds. Volume depletion or hypotension can cause 
a delay in capillary refill of more than 3 seconds.4

Unfortunately, CPR is often performed poorly in 
both in-hospital and out-of-hospital settings. More  
than one-quarter of children requiring resuscitation  
during hospitalization survive following a cardiac 
arrest, and 5% to 10% survive following cardiopul-
monary arrest and resuscitation out of the hospital 
setting.1 This exemplifies the importance of perform-
ing high-quality CPR and the link between effective 
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resuscitative efforts and positive patient outcomes. It is 
reasonable to assume that outcomes can be improved 
by a greater emphasis on providing prompt, high-qual-
ity CPR.5 Respiratory failure and shock are the most 
common causes of pediatric cardiopulmonary arrest. 
Early recognition of these conditions and prompt inter-
vention are key to preventing cardiopulmonary arrest 
in infants and children. Cardiac arrest in adults is most 
likely due to underlying cardiac dysrhythmias, the most 
common of which is ventricular fibrillation, but ven-
tricular fibrillation was found to be present in only 8% 
of children 1 to 12 years of age and in about one-third 
of pediatric patients between the ages of 13 and 18 
years.5 Due to the low incidence of shockable dysrhyth-
mias, early, effective CPR is more effective than inter-
rupting CPR for rhythm analysis with a defibrillator in 
infants and small children.5

Primary Assessment
Primary assessment is a systematic approach to deter-
mine what life-threatening conditions may exist. The 
assessment is based on the mnemonic ABCDE, which is 
as follows:

A: Airway
B: Breathing
C: Circulation
D: Disability
E: Exposure

Airway
The tried-and-true assessment airway patency is to 
“look, listen, and feel” for effective ventilation. This re-
fers to looking at the child’s chest for visible movement, 
as rise and fall of the chest indicates respiratory effort; 
listening for airflow; and feeling air movement around 
the child’s nose and mouth to evaluate for the presence 
of air movement. Chest rise and fall without evidence of 
airflow indicates airway obstruction. Abnormal sounds, 
such as wheezing, stridor, and snoring, provide the cli-
nician with important information about the condition 
of the upper and conducting airways. Impaired res-
piratory effort and ineffective ventilation can result in 
hypoxemia and hypercapnia. If uncorrected, respiratory 
acidosis ensues; this can impair cardiac function and 
lead to cardiac arrest.

Breathing
Assessment of the breathing pattern focuses on how 
effective the patient is ventilating and oxygenating. In-
spect the face, neck, and chest for signs of impaired res-
piratory mechanics, including nasal flaring, chest wall 
retractions, or asynchronous breathing. Asynchronous  
breathing, or seesaw respirations, occurs when the 
chest and abdomen do not rise and fall together during 

inspiration and expiration. Instead, the chest rises and 
the abdomen falls during inspiration while the chest 
falls and the abdomen rises during expiration, giving 
a seesaw-like appearance during breathing. This is a 
hallmark sign of respiratory distress in infants and small 
children.

One should also note if the respiratory rate is within 
normal limits for the child’s age. Bradypnea is an omi-
nous late sign in the pathway to respiratory arrest. 
Use of pulse oximetry can determine if hypoxemia is 
present. Low oxygen saturation, less than 94%, can be 
corrected with supplemental oxygen. However, it is 
important for the clinician to collectively evaluate the 
infant’s or child’s respiratory status. An infant or child 
presenting with paradoxical or seesaw breathing and 
profound tachypnea may require ventilatory support.

Circulation
Assessment of circulation is based on an evaluation of 
pulse strength, capillary refill, heart rate, skin color, and 
perfusion. Current AHA recommendations emphasize 
early initiation of CPR to minimize the time without 
cardiac flow and to reduce the risk for impaired neuro-
logic function or death.

Pulses in healthy infants and children should be 
readily palpable under normal ambient temperature 
conditions at several locations, as shown in Table 13-3. 
Pulses may be more difficult to palpate in obese chil-
dren or when ambient temperature is low.

Table 13-4 lists normal ranges for heart rate, which 
are very much age dependent. Typically, the heart rate 
for a child who is sleeping is approximately 10% lower 
than the child’s awake rate. Heart rates may be higher 
than normal in response to a variety of conditions, 
from fairly benign to very serious. Children present 
with tachycardia in response to pain, anxiety, fever, 
hypoxemia, hypercapnia, hypovolemia, shock, or an 
underlying cardiac condition. Very rapid heart rates are 
typically suggestive of an underlying cardiac condition, 
and they impair diastolic filling of the atria and ven-
tricles, contribute to low stroke volume, and increase 
myocardial oxygen demand. Myocardial perfusion is 
reduced with profound tachycardia because of the com-
bination of increased oxygen demand to the myocar-
dium and reduced left ventricular filling pressures from 
a shortened diastole.

Pulse pressure is the difference between the systolic 
and diastolic blood pressures. A narrow pulse pressure 
occurs when cardiac output is low and there is an in-
crease in systemic vascular resistance.

Disability
A patient’s appearance is a sensitive determinant in 
 assessing their need for intervention. The Glasgow  
Coma Scale (GCS) is the most frequently used tool to 
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Pulse Description of the Location Illustration of the Location

Carotid On either side of the front of the neck, just below the angle 
of the jaw

Brachial Along the front side of the elbow, in the crease or the 
antecubital fossa

Radial Along the inside surface of the wrist, just below the thumb

Femoral In the groin area, below the inguinal ligament and about 
midway between symphysis pubis and anterior superior  
iliac spine

Femoral
artery

Femoral
vein

Inguinal
ligament

TABLE 13-3
Locations of Common Pulses That Can Be Palpated in Healthy Infants and Children

(continued )
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Pulse Description of the Location Illustration of the Location

Posterior tibial Along the medial portion of the ankle, midway between  
the posterior border of the medial malleolus and the 
Achilles tendon

Dorsalis pedis Instep of the foot

TABLE 13-3
Locations of Common Pulses That Can Be Palpated in Healthy Infants and Children (Continued)

Description Age Beats per Minute

Infant Birth to 1 year 110–160

Toddler 1–2 years 100–150

Preschooler 3–5 years 90–140

School-age 6–12 years 80–120

Adolescent 12–18 years 60–100

TABLE 13-4
Normal Age-Based Values for Heart Rate

assess the neurologic status of the pediatric patient. 
The scale assesses three behaviors: eye opening, verbal 
response, and motor response.6 An individual with 
normal neurologic status can have a maximum score of 
15.7 Modifications to this scale allow it to be applicable 
to infants, as noted in Table 13-5.8 Scores of less than 8 
are associated with the potential for airway compromise 
and suggest the need for intubation.9

The alert verbal painful unresponsiveness (AVPU)  
algorithm is a simpler method of assessing level 
of consciousness during a neurologic assessment 
(Figure 13-2). This tool was introduced to facilitate 
rapid neurologic assessment of trauma patients and is 

based on the level of responsiveness to various types of 
stimuli.10 The AVPU is comparable to GCS in assessing 
level of consciousness and/or deterioration in the men-
tal status of infants and children.11

Exposure
Exposure is the final element in a primary assessment 
series. It serves as a reminder that it is important to 
remove clothing to conduct a thorough physical exam. 
Care must be taken to keep the infant or child warm 
and avoid causing hypothermia, as hypothermia may 
alter such physical findings as capillary refill and pal-
pating pulses. It is important to be mindful of modesty 
when removing clothing from adolescent patients.

Pediatric Shock
Cardiac arrest in children is most likely due to pro-
longed hypoxia and/or hypercarbia from respiratory 
failure or shock. The PAT is a helpful tool in planning 
interventions for a critically ill child, and respiratory 
failure must be quickly addressed and treated to pre-
vent circulatory collapse. Pediatric shock is considered 
when there is inadequate blood flow and delivery of 
oxygen to meet tissues’ metabolic demands. Shock may 
present as compensated or uncompensated. In either 
presentation, no one sign or symptom will confirm the 
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diagnosis. Infants and children will attempt to maintain 
blood pressure by increasing heart rate, contractil-
ity, and vascular tone. An infant or child presenting in 
compensated shock will have tachycardia, cool extremi-
ties, prolonged capillary refill, weak peripheral pulses 
compared to central pulses, and normal blood pressure. 
As the shock state progresses, compensatory mecha-
nisms begin to fail and manifest as signs of inadequate 
end-organ perfusion. This will result in deterioration of 
mental status, reduction in urine output, hypotension, 
apnea, and a metabolic acidotic state. Establishing and 
maintaining a secure airway, obtaining vascular access, 
and providing ventilatory and cardiovascular support 
are essential to reducing morbidity and mortality asso-
ciated with shock.

Vascular Access
Vascular access should be established as soon as pos-
sible for infants and children with suspected respiratory 
failure and/or shock. However, when a pediatric patient 
presents with respiratory or cardiopulmonary arrest, 

Behavior Response Score Infant Response Modifications

Eye opening Spontaneously 4 Spontaneously

To speech 3 To speech (shouting)

To pain 2 To pain

No response 1 No response

Verbal response Oriented to person, place, and time 5 Babbles, coos appropriately

Confused 4 Irritable cry

Inappropriate words 3 Cries in response to pain

Incomprehensible sounds 2 Moans in response to pain

No response 1 No response

Motor response Obeys commands 6 Purposeful movements

Moves to localized pain 5 Withdraws to touch

Flexion withdrawal from pain 4 Flexion withdrawal from pain

Abnormal flexion (decorticate) 3 Abnormal flexion (decorticate)

Abnormal extension (decerbrate) 2 Abnormal extension (decerbrate)

No response 1 No response

Interpretation
Best response

Decreased/impaired level of consciousness
Unresponsive

Total Score
15
<8
3

TABLE 13-5
Glasgow Coma Scale

FIGURE 13-2 The alert verbal painful unresponsiveness algorithm.
Reprinted from Kelly CA, Upex A, Bateman N, Comparison of Consciousness Level 
Assessment in the Poisoned Patient Using the Alert/Verbal/Painful/Unresponsive Scale 
and the Glasgow Coma Scale. Annuals of Emergency Medicine. 2004; 44(2);108-113, with 
permission from Elsevier.

Eyes open spontaneously,
oriented speech, obeys commandsA

V

P

U

Give verbal stimulus
(shout loudly) or
gentle shake

Apply painful stimulus
(e.g., nail bed pressure)

No response

Any verbal, motor, or eye
response to verbal stimulus

Any verbal, motor, or eye
response to painful stimulus

Unresponsive to any stimulus
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vascular access should be obtained after the airway is 
secured and adequate breathing, gas exchange, and cir-
culation are established. The indication for and duration 
of vascular access should be carefully considered before 
placement is attempted to help minimize the number 
of attempts and the trauma the child and family may 
experience.

Peripheral Vein Access
In most situations, the insertion of a peripheral IV line 
(peripheral intravenous line) occurs quickly, easily, and 
with minimal complications. There are limitations to 
the use of peripheral IVs: Small-bore catheters can be 
easily occluded; there is the potential for infiltration of 
IV fluids and/or medications, which may cause local 
tissue damage;12 and certain medications, especially an-
tibiotics, are irritating to small veins.

Peripheral IVs are typically placed in the dorsal veins 
of the hands for toddlers and older children and the 
dorsal veins of the foot for infants. Peripheral IV inser-
tion in the dorsal veins of the foot should be avoided in 
toddlers and older children because catheter insertion is 
more painful and can become easily dislodged. Superfi-
cial scalp veins (frontal, superficial temporal, posterior 
auricular, and occipital veins) are also convenient access 

points for infants. However, prior to insertion, it is nec-
essary to shave surrounding hair. It is also important to 
avoid inadvertent cannulation of the temporal artery or 
one of its branches when scalp veins are used.

Intraosseous Access
Although acceptable, attempting peripheral IV ac-
cess may be difficult when end-organ perfusion 
is inadequate. In this situation, placement of an 
intraosseous (IO) needle can effectively and safely es-
tablish a route for fluid resuscitation and/or medication 
administration. IO access is the recommended vascular 
access technique to initiate treatment for decompen-
sated shock or during cardiopulmonary arrest.13

IO access is accomplished by placing the needle into 
the noncollapsible network of veins in the medullary si-
nuses within the bone marrow, as shown in Figure 13-3. 
This venous network drains directly into the central 
venous circulation and allows for rapid infusion and 
almost immediate absorption of a variety of drugs. 
Because the bore of the IO needle is large, crystalloid 
solutions and medications used for cardiopulmonary 
resuscitation may be administered.14 The large-bore 
needle also enables blood products to be given without 
lysing red blood cells.14

Figure 13-4 shows the three most frequently used 
sites for IO insertion: the distal femur and the proximal 
and distal tibia. The proximal tibia is the primary choice 
for IO insertion in infants and small children while the 
distal femur and tibia are more commonly accessed in 
older children and adolescents.15 Other insertion sites 
used in older children include the sternum and distal 
radius. It is important to assess the access site, as an IO 
should not be placed in an injured limb.

Central Venous Line Placement
A central venous line (CVL) is not recommended 
as a form of initial vascular access in an emergency. 
 Although it may be beneficial after initial resuscitation,  

FIGURE 13-3 An illustration of the IO needle entering the bone 
marrow.

Intraosseous needle

Medullary
sinusoids

Central venous
channel

Emissary vein

Nutrient vein

FIGURE 13-4 An illustration of the three most frequently used sites for IO insertion.
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the placement of a CVL is time consuming and could 
significantly delay management of life-threatening 
conditions. A CVL is preferred in children who re-
quire long-term IV access but in whom peripheral ac-
cess could not be obtained. It may be inserted into the 
femoral, subclavian, or internal jugular vein; placement 
of a CVL in the subclavian vein affords the patient the 
greatest mobility while the internal jugular vein can be 
cannulated by a cut-down procedure or percutaneous 
access and is amenable to ultrasound-guided placement.

During cardiopulmonary resuscitation, there may be 
occasions where no form of vascular access can be ob-
tained in a timely manner. Some resuscitation medica-
tions may be administered by endotracheal instillation. 
The mnemonic LEAN can be used to remember the 
four medications that can be delivered by endotracheal 
instillation: lidocaine, epinephrine, atropine, and nal-
oxone. This is not a preferred route of administration, 
however, because absorption varies widely.

Airway Management
Securing and maintaining a patient airway is a key com-
ponent in the care of critically ill children. Airway man-
agement and effective ventilatory support may prevent 
circulatory collapse.

Bag-Mask Ventilation
Bag-mask ventilation is an effective, safe method for pro-
viding assisted ventilation during respiratory arrest. The 
literature reports that bag-mask ventilation is an alterna-
tive to endotracheal tube ventilation for short periods 
during prehospital resuscitation in infants and children.16

Effective bag-mask ventilation begins with select-
ing the correct-size mask. The mask should cover the 
mouth and nose without extending over the chin or put-
ting pressure on the eyes, as illustrated in Figure 13-5. 

A rolled towel under the shoulders of children younger 
than 2 years and a towel under the head of children aged 
2 to 5 years helps to keep the airway open and  provides 
an optimal position for intubation. The chest will rise 
during manual ventilation when the airway is patent 
and a mask-to-face seal is obtained. Ventilating with 
 excessive pressure increases the risk of gastric insuffla-
tion, which can lead to emesis and aspiration. Ventilat-
ing with excessive volume and/or pressure  contributes 
to lung injury.

Intubation
In the prehospital setting, emergent intubation may 
be required when transport to a tertiary care center 
is lengthy or the infant/child is at risk for airway ob-
struction from airway edema (i.e., burns to the face 
and neck) or airway trauma. Infants and children with 
impending respiratory failure, decompensated shock, 
CNS depression, rapid deterioration of the level of 
consciousness, severe neuromuscular weakness, or lack 
of airway protection require intubation and assisted 
ventilation.

Prior to intubation, it is important to assemble the 
airway equipment needed and to ensure that the equip-
ment is working properly. Table 13-6 lists the necessary 
equipment. Before attempting intubation, suction the 
mouth and hypopharynx to clear secretions that may 
obscure the view of the vocal cords and reduce the 
likelihood for aspiration. Hypnotics and sedatives are 
helpful and may be necessary when a child in need of 
intubation is awake and alert. Paralytics may also be 
administered; however, this medication should never 
be given without the use of a sedative or hypnotic. 
Table 13-7 provides a list of medications commonly 
 administered prior to intubation.

Assessing ETT Placement by Carbon  
Dioxide Monitoring
Capnography confirms tracheal intubation rapidly and 
reliably. The capnograph provides a numeric value for 
end-tidal carbon dioxide (CO2) as well as a waveform, 
which is of diagnostic value. Colorimetric devices may 
also be used to confirm tracheal placement. These 
devices display a color change, typically from purple 
to yellow, when CO2 is detected. However, there are 
conditions that can lead to false positive or false nega-
tive readings. Bag-mask ventilation often causes some 
CO2 to enter the stomach. Care should be taken when 
interpreting a slight color change following intubation, 
which may occur with esophageal intubation. After a 
few manual ventilations, this color change will quickly 
disappear, suggesting esophageal intubation. If a capno-
graph is used to confirm tracheal tube placement and 
the esophagus is intubated, the device will display a low 
numeric value of CO2, which will precipitously drop to 
near zero with subsequent manual ventilations. False 
negatives may also occur during cardiac arrest, where 

FIGURE 13-5 Illustration of correct placement of the mask during 
bag-mask ventilation.
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Classification Medication Dose
Onset 
(seconds)

Duration 
(minutes) Advantages Disadvantages

Sedatives and 
hypnotics

Ketamine 1–2 mg/kg/
dose IV

45–60 10–20 Sympathomimetic actions
Useful with intubation 

associated with 
acute severe asthma 
exacerbation and/or shock

May increase secretions

Etomidate 0.2–0.4 mg/
kg/dose IV

5–15 5–15 May maintain central 
perfusion pressure 

May decrease intracranial 
pressure

Useful for patients with 
isolated head injury

May cause adrenal 
insufficiency 

Should not be used in 
patients with septic 
shock

Propofol 1.5–3 mg/kg/
dose IV

15–45 5–10 Quick onset 
Short duration

Decreases blood 
pressure 

Decreases central 
perfusion pressure

Midazolam 0.3 mg/kg/
dose IV

60–180 Dose 
dependent

Reliable Contraindicated for 
shock and overdose 
associated with 
barbiturates, alcohol, 
narcotics, or other 
CNS depressants

Paralytics Succinylcholine 1–2 mg/kg IV 30–60 3–5 Rapid onset
Short duration of action

Contraindicated in 
patients with motor 
neuron disease, burns, 
or crush injuries

Rocuronium 0.6–1.2 mg/
kg IV

60–90 25–35 Rapid onset Longer duration of action

TABLE 13-7
Medications Commonly Administered Prior to Intubating an Alert and/or Awake Child

S Suction 1. Assemble suction canister.
2. Set suction pressure to setting appropriate for age.
3. Test suction to verify proper working order.
4. Have tonsil tip and open suction catheters available and ready for use.

O Oxygen source 1. Verify that there is a flow of gas from the oxygen source to the resuscitation device.

A Airway(s) 1. ETT sized appropriately for age/size ([Internal diameter for children >2 years of age = 
Age in years + 4/16]).

2. ETT 0.5 mm smaller than age-appropriate size
3. Laryngoscopy equipment: laryngoscope blade(s) and handle and videolaryngoscope

P Pharmacy 1. Pharmacologic agents used for rapid sequence intubation

P Personnel 1. Staff skilled in intubation

I Intravenous access 1. Peripheral, IO, or central access

M Noninvasive monitors 1. Cardiorespiratory monitor
2. Noninvasive blood pressure monitoring device
3. Pulse oximeter
4. Colormetric CO2 detector or capnograph

ETT = endotracheal tube

TABLE 13-6
SOAPPIM Mnemonic for Equipment Required for Endotracheal Intubation
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there is no pulmonary blood flow and no CO2 delivered 
to the alveoli.

Additionally, capnography can be used to determine 
the effectiveness of CPR. A higher CO2 value indicates 
adequate pulmonary blood flow and therefore better 
cardiac output.17

Assessing ETT Placement by Auscultation
Other markers of tracheal intubation, although less reli-
able than CO2 detection, include bilateral auscultation of 
breath sounds, auscultation over the abdomen, “fog” or 
condensation in the ETT during expiration, symmetric 
chest rise, and the absence of gastric insufflation. Dur-
ing auscultation, it is best to listen for breath sounds in 
the axilla and apices to determine if there is endobron-
chial intubation. Because breath sounds in children are 
transmitted, auscultating over the anterior chest is a less 
reliable method of assessing for equal aeration. Likewise, 
air entry into the stomach, especially in small children, 
can often be heard over the anterior chest and can fool 
the examiner. The gold standard for determining optimal 
positioning of the ETT is plain chest radiography, which 
should be obtained as soon as possible after tracheal in-
tubation and stabilization of the infant or child.

Circulation
External cardiac compressions provide circulatory 
support in infants and children with cardiopulmonary 
collapse. Prior to beginning chest compressions, clini-
cians should assess the child for the presence of a pulse, 
which should not exceed 10 seconds. Begin chest com-
pressions when no pulse can be palpated. High-quality 
chest compressions generate blood flow to vital organs 
and increase the likelihood of the return of spontaneous 
circulation. Gently placing the child on a firm, flat sur-
face will help chest compression quality.

The AHA provides guidelines for the depth and 
rate of external cardiac compressions. The chest is 
compressed at a rate of at least 100 compressions per 

minute with sufficient force to depress at least one-
third of the anterior-posterior diameter of the chest, or 
 approximately 1½ inches (4 cm) for infants and 2 inches 
(5 cm) in children. During administration of compres-
sions, it is important to allow complete chest recoil after 
each compression to allow the heart to refill with blood. 
It is also important to minimize interruptions of chest 
compressions. As illustrated in Figure 13-6, the heel of 
one hand can be used to compress the chest of small 
children while two fingers can be used to compress the 
chest of an infant.

To prevent deterioration in the quality of CPR, res-
cuers should switch every 2 minutes, even if the rescuer 
denies fatigue, as fatigue can lead to decreased rate and 
depth of compressions and chest wall recoil.18 In order 
to maintain adequate cardiac output, when this switch 
occurs, compressions should resume in fewer than 5 
seconds. When a cardiorespiratory monitor is avail-
able to analyze the patient’s rhythm and a “shockable” 
rhythm determined, all care providers must stop care 
and stand clear of the patient as the defibrillation is 
delivered. Chest compressions should be reinitiated im-
mediately following the shock and should be continued 
for 2 minutes before another pulse check and rhythm 
analysis.

Medication Administration
Knowledge of appropriate emergency medications prior 
to or during resuscitation is paramount. Dosage is based 
on the child’s weight in kilograms. There are situations 
when obtaining an accurate weight may be difficult, and 
even experienced personnel may not be able to estimate 
it accurately.19 A Broselow tape is a commercially avail-
able, color-coded, length-based tape that can be used to 
guide the proper dosage of emergency medications in 
the pediatric patient.20 Figure 13-7 illustrates the use of 
a Broselow tape.

In contrast to adults, who suffer cardiac arrest from 
underlying cardiac disease, pediatric patients’ hearts 

FIGURE 13-6 Illustration of the hand position used to perform external cardiac compressions on an infant and child.
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FIGURE 13-7 An illustration of the use of a Broselow tape to 
estimate height-based weight.
© Jones & Bartlett Learning. Courtesy of MIEMSS.

are for the most part physiologically normal unless a 
congenital cardiac defect exists. Pediatric heart rhythms 
can be classified into three easy-to-recognize categories: 
too fast, too slow, or absent. Many of the medications 
administered during resuscitation are rhythm depen-
dent. It is also important to assess if the rhythm is stable 
or unstable. Cardiac output is dependent on heart rate 
and stroke volume. Cardiac arrhythmias typically affect 
either heart rate or stroke volume and include bradycar-
dia, pulseless electromechanical activity, supraventricu-
lar tachycardia, pulseless ventricular tachycardia, and 
ventricular fibrillation. Table 13-8 outlines the medica-
tion used to treat common arrhythmias. The AHA and 
AAP provide guidelines for pediatric resuscitation.  
Algorithms for the response to respiratory failure, 
shock, and arrhythmias are outlined in the PALS course.

Arrhythmia Description Common Causes

Effect of 
Cardiac 
Output

Effect 
on Stoke 
Volume

Medications 
Used for 
Unstable 
Arrhythmia

Defibrillation/
Synchronized 
Cardioversion 
Indicated

Bradycardia Slower than 
normal heart rate 
for age

Vagal stimulation
Hypoxia
Hypercarbia

Decreases No effect Epinephrine
Atropine

No

Pulseless 
electromechanical 
activity 

An electrical signal 
is present on 
electrocardiogram, 
but there is 
no mechanical 
contraction of the 
heart in response 
to the electrical 
signal

Hypovolemia 
Hypoxia
Hydrogen ion (acidosis)
Hypo/hyperkalemia
Hypoglycemia
Hypothermia
Toxins
Tamponade
Trauma
Thrombosis
Tension pneumothorax

Decreases Decreases Volume 
expanders

Vasopressors
Atropine (if 

bradycardia is 
displayed on 
the monitor)

No

Pulseless 
ventricular 
fibrillation 

Uncoordinated 
contraction of the 
cardiac muscle of 
the ventricles in 
the heart, in which 
the ventricles 
quiver rather than 
contract

Degeneration of other 
malignant arrhythmias, 
such as ventricular 
tachycardia

Decreases Decreases Epinephrine
Amiodarone 

(with repeated 
defibrillations)

Lidocaine
Magnesium

Yes: Defibrillation 
at 2 J/kg for the 
first shock, followed 
by 4 J/kg for 
subsequent shocks 
if defibrillation is not 
achieved with the 
first dose

Supraventricular 
tachycardia 
(SVT)

Fast heart rate 
involving the 
heart’s upper and 
lower chambers

Reentrant electric pathway 
in the heart in which 
accessory pathway–
mediated tachycardia 
involves two distinct 
pathways between the 
atria and ventricles, which 
create an electrical reentry 
circuit proceeding down 
the AV node and then up 
an accessory pathway 
outside the AV node 

Decreases 
with 
unstable

Decreases 
with 
unstable

Valsalva 
maneuvers, 
such as ice 
to the face or 
breath holding 
and bearing 
down for 
stable SVT

Adenosine 
should be 
administered 
before 
subsequent 
synchronized 
cardioversions

Yes: Synchronized 
cardioversion with 
starting dose of 
0.5 J/kg

AV = atrioventricular

TABLE 13-8
Common Arrhythmias and Medications Used in Their Treatment
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Postresuscitation Care
Stabilization is one of the most basic principles of 
postresuscitation care. The primary goals are to pre-
serve neurologic function and to minimize or prevent 
end-organ damage. Reassessment and maintenance of 
cardiorespiratory needs is essential. Diagnostic testing 
will be dependent upon the condition that precipitated 
the cardiopulmonary collapse. Chest radiography is 
useful in confirming the position of the ETT, lines, and 
drains. Laboratory assessments of acid–base and elec-
trolyte status are used to guide medical and ventilator 
management. Cardiovascular support includes secur-
ing more permanent IV access, especially if IO access 

was used to obtain blood for laboratory analysis and to 
administer medications during the resuscitation. Evalu-
ation for fluid resuscitation, vasopressors, and/or ino-
tropes is essential.

The direct care team should provide support to the 
patient’s family during the resuscitation and throughout 
the postresuscitative care. Family presence during car-
diopulmonary resuscitation and postresuscitation care 
is an important component of family-centered care. The 
literature reports that family presence during resuscita-
tion and invasive procedures increases parental satisfac-
tion with the care provided to their child and improves 
their coping mechanisms.21

Case Study
You are working in the emergency department when a 
12-year-old boy presents with chest pain and shortness 
of breath. History includes 4 days of cold and cough 
symptoms. He has missed a week of school and states 
that he has no energy despite being inactive; the patient 
is an athlete, so he is generally very active. He has been 
well except for a viral infection during the winter and has 
no previous history of asthma or other health issues. His 
mother is very concerned about his breathing and pain. 
PAT assessment is completed with abnormal findings 
for appearance, breathing, and circulation. Vital signs are 
taken: heart rate is 135 beats per minute, respiratory rate 
is 45 breaths per minute, blood pressure is 90/65 mm Hg, 
temperature is 38.0°C, oxygen saturation is 89% on room 
air. Patient appearance is thin and pleasant in nature; he 
can speak in complete sentences without difficulty. He 
has tachypnea with mild retractions. He is slightly pale in 
color with dusky nail beds, capillary refill >2 seconds. 

Initial assessment:

 � A: Patent

 � B: Intermittently shallow and rapid respiratory rate

 � C: Pale; pulse rapid, thready, and weak

 � D: Awake/alert, GCS 15

 � E: No signs of injury

1. What is your general impression of this patient?

2. What are your initial management priorities and 
important next actions?

Oxygen by nonrebreathing mask at 12 L/minute was 
initiated. A cardiac monitor and an IV were placed, 
and blood was drawn for laboratory analysis. A chest 
radiograph revealed cardiomegaly and prominent 
vasculature. Laboratory studies were nonspecific. The 
echocardiogram revealed poor cardiac contractility. 
It is thought that he may have an acquired cardiac 
problem due to secondary myocarditis from his winter 
illness.

3. What is your impression of this patient now?

Two weeks later he recovered and was sent home. 
He will need to be monitored in the future to assess 
cardiac function.
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OBJECTIVES
1. Explain how bronchiolitis, respiratory syncytial virus (RSV), 

and influenza can be transmitted or spread.
2. Describe the pathophysiology of bronchiolitis.
3. List the therapies used in the prevention and treatment of 

bronchiolitis.
4. Describe the mainstay treatment for RSV.
5. List the pathogens that typically cause 

laryngotracheobronchitis.
6. Explain the differences in the radiologic findings for 

larygotracheobronchitis and epiglottitis.
7. Discuss the treatment options for larygotracheobronchitis 

and epiglottitis.
8. List the factors that increase a child’s risk for pulmonary 

air leak syndromes.
9. List the procedures used to identify a pulmonary air leak.

10. Discuss the options for treating pulmonary air leaks.
11. Differentiate between transudate and exudate.
12. Explain the options for treating a pleural effusion.
13. Explain the methods used to diagnose chylothorax.
14. Discuss the testing used to diagnose a hemothorax.
15. List the options for treating a hemothorax.

KEY TERMS
avian influenza
bronchiolitis
chylothorax
epiglottitis
exudate
hemothorax
influenza
laryngotracheobronchitis 

(LTB)
paradoxical respirations

pleural effusion
pleurodesis
pulmonary air leak 

syndromes
respiratory syncytial 

virus (RSV)
swine flu (H1N1)
thoracentesis
transillumination
transudate
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Introduction
Viral and bacterial infections are common in children 
and cause disorders that affect the airways and lung 
parenchyma. These conditions may cause mild symp-
toms in some children and can be treated effectively on 
an outpatient basis or at home. For others, especially 
children with preexisting conditions, symptoms are 
more severe. In this subset of patients, hospitalization 
and treatment in a pediatric ICU is essential to patient 
outcomes.

This chapter will review the etiology of disorders 
commonly seen in young children and the therapeutic 
modalities used to treat these disorders in the acute and 
ambulatory care settings.

Bronchiolitis
Bronchiolitis is an acute inflammatory disease of the 
lower respiratory tract, resulting in obstruction of the 
small airways, or bronchioles.1 It is a common seasonal 
viral infection, with incidence peaking in the winter, 
that causes wheezing and congestion in infants up to 
2 years of age.2

Bronchiolitis presents with symptoms similar to 
a common cold; however, as the disease progresses, 
coughing, wheezing, and dyspnea often occur. Only 
a small percentage of children with bronchiolitis will 
require hospitalization, and of those a few will require 
treatment in the intensive care unit. A majority of chil-
dren with bronchiolitis will respond well to supportive 
care and remain at home.

Etiology
The majority of cases with bronchiolitis result from a 
viral pathogen, such as respiratory syncytial virus (RSV; 
most common), influenza and parainfluenza viruses, 
human metapneumovirus, or adenovirus (Table 14-1).2,3 
A majority, approximately 90%, of children are infected 

with RSV in the first 2 years of life,4 40% of which will 
experience lower respiratory tract infection during the 
initial infection.5

Bronchiolitis is highly contagious, easily spreading 
from person to person through direct contact with nasal 
secretions, airborne droplets, and fomites. A combina-
tion of two or more infectious organisms can result in 
severe bronchiolitis; combined RSV and human meta-
pneumovirus infections are strongly associated with 
severe bronchiolitis, with a 10-fold increase in pediatric 
intensive care unit admission.6,7

Pathophysiology
Infection is spread by direct contact with respiratory 
secretions. Once acquired, the virus spreads from the 
upper respiratory tract to the medium and small bron-
chi and bronchioles. Within 24 hours of acquiring the 
infection, necrosis of the respiratory epithelium, one 
of the earliest lesions in bronchiolitis, occurs and trig-
gers an inflammatory response.8 Infants are quickly 
affected because of their small airways, high closing vol-
umes, and insufficient collateral ventilation. Bronchial 
obstruction and airflow restriction develop as a result 
of increased mucus secretion, edema, and exudate 
(Figure 14-1). The obstruction is most pronounced on 
expiration and can lead to alveolar air trapping and de-
velopment of intrinsic positive end-expiratory pressure. 
Complete obstruction can lead to absorption atelectasis 
and increased ventilation/perfusion mismatch. Bron-
choconstriction has not been reported in patients with 
bronchiolitis.

Complex immunologic mechanisms play a role in 
the pathogenesis of bronchiolitis. Allergic reactions 
mediated by immunoglobulin E may account for some 
clinically significant bronchiolitis.9,10 Cytokines and 
chemokines, released by infected respiratory epithelial 
cells, amplify the immune response by increasing cellu-
lar recruitment into infected airways.11,12

Etiology Prevalence

Respiratory syncytial virus 
(RSV)

20–40% of all cases
70–75% of all hospitalized 

children younger than 2 years

Influenza virus 10–20% of all cases

Parainfluenza virus 10–30% of all cases

Human metapneumovirus 10–20% of all cases

Adenovirus 5–10% of all cases

Mycoplasma pneumoniae 5–15% among older children and 
adults

TABLE 14-1 
Prevalence of Pathogens Most Commonly 
Associated with Bronchiolitis

FIGURE 14-1 Increased mucus secretion, edema, and exudate 
obstruct the lower airways and restrict airflow.

Mucus

Inflammed
bronchiole
wall

Normal
bronchiole
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Diagnosis
The diagnosis is based on adequate and thorough history, 
physical examination, consideration of the patient’s age, 
season in which the viral infection occurs, and the patient’s 
clinical presentation. Common clinical manifestations in-
clude tachypnea, tachycardia, fever, diffuse fine expiratory 
wheezing on chest auscultation, and possibly hypoxia.13

Laboratory tests and radiologic studies are of limited 
value for routine diagnostic use, but further diagnostic 
tests might be necessary to confirm (or exclude) in pa-
tients at high risk for severe disease, including infants 
younger than 12 weeks of age, those with a history of 
prematurity, infants with underlying cardiopulmonary 
disease, or the immunocompromised (Table 14-2).14 
Laboratory tests may also be of value to guide care for 
patients with more severe forms of bronchiolitis or those 
who develop complications. Chest radiographs reveal 
the presence of hyperinflation, peribronchiolar thicken-
ing, and, in some, patchy atelectatic areas (Figure 14-2).

Assessment scores may be helpful in quantifying 
the severity of the disease and in monitoring a patient’s 
response to therapy and progress during hospital care. 
The severity of bronchiolitis is best determined by as-
sessing the presence and degree of hypoxia. Although 
there are many different scores that can be used, assess-
ing the infant’s respiratory rate is a very useful param-
eter and can be used to assess the degree of hypoxia. 
Tachypnea, or a respiratory rate greater than 50 breaths 
per minute, correlates best with the degree of hypoxia.

Clinical Presentation
Clinical manifestations of bronchiolitis are initially 
subtle. Infants may become increasingly fussy with lack 
of appetite. A low-grade fever (<38.6°C) may also be 
present. Infants younger than 1 month may present 
with hypothermia. If the viral infection progresses from 
the upper to the lower respiratory tract, the patient will 
develop cough, dyspnea, wheezing, and feeding difficul-
ties. Infants and young children with severe cases of 
bronchiolitis present with obvious respiratory distress 
characterized by tachypnea, nasal flaring, chest wall 
retractions, marked wheezing and irritability, and pos-
sibly cyanosis.15 During breathing, thoracoabdominal 
asynchrony or paradoxical respirations can be noted 
(Figure 14-3). Paradoxical breathing correlates with the 
degree of airway obstruction, which can be seen radio-
graphically by the presence of hyperinflation or air trap-
ping in the majority of patients.

Patients with bronchiolitis may also have episodes 
of apnea. In a systematic review, Ralston et al. found 
that the overall incidence of apnea ranged from 1.2% to 
23.8% in infants hospitalized with RSV bronchiolitis.16 
Common nonrespiratory manifestations of bronchiolitis 
include otitis media, myocarditis, and supraventricular 
and ventricular dysrhythmias.17,18

Complications of bronchiolitis vary and may be 
associated with the disease or caused by therapy. In 
most cases, the disease is mild and self-limited, with 
no serious complications. However, in infants who are 
younger than 12 weeks of age, are immunosuppressed, 
or have preexisting heart or lung disease, bronchiolitis 
can result in serious complications (Table 14-3).19,20

•	 Viral antigen testing of nasopharyngeal secretions for the 
presence of RSV

•	 C-reactive protein level

•	 Blood cultures

•	 Complete blood count

•	 Arterial blood gas analysis

•	 Urine analysis and culture

TABLE 14-2 
Laboratory Tests Indicated for Children at High  
Risk for Severe Bronciolitis or Complications

FIGURE 14-2 AP and lateral chest radiographs demonstrating 
peribronchiolar thickening and some patchy atelectatic areas.
Courtesy of Dr Jeremy Jones, Radiopaedia.org, rID: 35357.

FIGURE 14-3 An illustration of paradoxical or seesaw breathing. 
Asynchronous movement of the chest and abdomen are noted with 
this breathing pattern.

The chest falls
during inspirationThe abdomen

rises with inspiration

Bronchiolitis 199



As they age, patients who suffered from bron-
chiolitis have an increased likelihood of developing 
asthma.21 Additionally, as many as 1% of previously 
healthy children and 3% of developmentally impaired 
children with bronchiolitis experience some neurologic 
 complications, such as seizures, encephalopathy with 
hypotonia, irritability, and abnormal tone.22

Treatment
Due to the lack of evidence-based support for the treat-
ment of bronchiolitis, treatment strategies vary widely, 
particularly during the initial management in the emer-
gency department. A survey of the American Academy 
of Pediatrics (AAP) Emergency Section found that 96% 
recommended bronchodilators and 8% recommended 
steroids.23 Hospital admission is mainly based on the 
degree of hypoxia: Twice as many pediatric emergency 
physicians would admit a child with an oxygen satura-
tion of 92% on pulse oximetry than would admit a child 
with a saturation of 94%.23

Due to differences and variations among practices, 
the AAP published the following recommendations 
in 2014:24

■■ Bronchodilators, such as albuterol or salmuterol, 
and epinephrine should not be routinely adminis-
tered to infants with the diagnosis of bronchiolitis.

■■ Nebulized hypertonic saline may be adminis-
tered to hospitalized patients but should not 
routinely be used as treatment in the emergency 
department.

■■ Corticosteroid medications should not be used 
routinely in the management of bronchiolitis.

■■ Ribavirin should not be used routinely in children 
with bronchiolitis.

■■ Antibacterial medications should be used only 
in children with bronchiolitis who have specific 
indications of the coexistence of a bacterial infec-
tion. When present, bacterial infection should be 
treated in the same manner as in the absence of 
bronchiolitis.

■■ Clinicians should assess hydration and ability to 
take fluids orally.

■■ Supplemental oxygen is indicated if oxyhemo-
globin saturation (SpO2) falls persistently below 
90% in previously healthy infants. If the SpO2 
does persistently fall below 90%, adequate sup-
plemental oxygen should be used to maintain 
SpO2 at or above 90%. Oxygen may be discon-
tinued if SpO2 is at or above 90% and if the in-
fant is feeding well and has minimal respiratory 
distress.

■■ As the child’s clinical course improves, continuous 
measurement of SpO2 is not routinely needed.

■■ Infants with a known history of hemodynamically 
significant heart or lung disease and premature 
infants require close monitoring as the oxygen is 
being weaned.

■■ Clinicians may administer palivizumab prophy-
laxis to selected infants and children with chronic 
lung diseases, a history of prematurity (fewer than 
35 weeks’ gestation), or congenital heart disease.

■■ When given, prophylaxis with palivizumab should 
be given in five monthly doses, usually beginning 
in November or December, at a dose of 15 mg/kg 
per dose administered intramuscularly.

■■ Hand decontamination is the most important step 
in preventing nosocomial spread of RSV. Hands 
should be decontaminated before and after direct 
contact with patients, after contact with inanimate 
objects in the direct vicinity of the patient, and 
after removing gloves

■■ Alcohol-based rubs are preferred for hand decon-
tamination. An alternative is hand washing with 
antimicrobial soap.

■■ Clinicians should educate personnel and family 
members on hand sanitation.

■■ Infants should not be exposed to passive smoking, 
and parents should be educated on the hazards 
 associated with exposure to secondhand smoke.

■■ Breastfeeding is recommended to decrease a 
child’s risk of having lower respiratory tract 
disease.

After introduction of the AAP guidelines in 
2006, the use of bronchodilators to treat pediatric 
 bronchiolitis was reduced from 70% in 2007 to 58% 
in 2010 by a  network of hospitals in 14 U.S. states.25 
Also, significant percentage decreases were seen 
in admissions (29%), length of stay (17%), naso-
pharyngeal washings for RSV antigen (52%), chest 
radiography (20%), all respiratory therapies (30%), 
beta-agonist  administrations (51%), cost of all ser-
vices (37%), and cost of respiratory therapy services 
(77%).26 These changes continued in the 3-year and 
4-year follow-up investigations27 and are aligned 
with the most recent recommendations  published 
in 2014.24

•	 Acute respiratory distress syndrome

•	 Bronchiolitis obliterans

•	 Chronic lung disease

•	 Apnea

•	 Myocarditis

•	 Congestive heart failure

•	 Arrhythmias

TABLE 14-3 
Complications of Bronchiolitis
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Viral Infections
Viral infections can be caused by different kinds of 
viruses that can be found in various places in the body, 
such as the airways, lungs, and gastrointestinal system. 
Although viral infections can be bothersome, they 
usually are not serious; however, infants and children 
with preexisting pulmonary or cardiac conditions 
may require close observation and admission to a 
healthcare facility. RSV and the influenza virus are the 
most common types of viral infections in infants and 
children.28

Respiratory Syncytial Virus (RSV)
Respiratory syncytial virus (RSV) is the leading cause 
of lower respiratory tract infections in young children 
in the United States and worldwide and is the most 
common cause of bronchiolitis and pneumonia in chil-
dren younger than 1 year of age. In the United States, 
4 to 5 million children younger than 5 years acquire an 
RSV infection yearly; on average, RSV infections lead 
to more than 125,000 hospitalizations and more than 
2 million outpatient visits among children younger than 
5 years old.29 RSV infections occur primarily during the 
fall, winter, and spring seasons.

Etiology
A child is commonly exposed to the virus by an older 
sibling or another child who is demonstrating cold-like 
symptoms. Common modes of transmission are cough 
and direct physical contact from infected individuals.  
A number of factors, such as childcare attendance, older 
siblings in school, crowding and lower socioeconomic 
status, exposure to environmental pollutants, and 
 minimal breastfeeding, have been associated with an 
increased risk of acquiring RSV.30

Some children are more susceptible to a more 
severe form of this viral infection and require 
 hospitalization for more comprehensive care. Factors 
that have been correlated with a more severe form 
of RSV include prematurity (<35 weeks’ gestation), 
age younger than 3 months at the time of infection, 
 preexisting chronic lung disease, congenital heart 
 disease, congenital immunodeficiency, respiratory 
rate greater than 60 breaths per minute on room 
air,  oxygen saturation less than 95% on room air, 
 atelectasis or pneumonitis on chest radiography, and 
family history of asthma.30

Pathophysiology
RSV infection is limited to the respiratory tract. Inocu-
lation of the virus occurs in respiratory epithelial cells 
of the upper respiratory tract, then moves down the 
respiratory tract by cell-to-cell transfer along intracy-
toplasmic bridges (syncytia), causing bronchiolitis and 
later atelectasis and pneumonia.31

The illness may begin with upper respiratory 
symptoms and progress rapidly over 1 to 2 days to 
the development of diffuse small airway disease. RSV 
infection causes peribronchiolar mononuclear infil-
tration and necrosis of the epithelium of the small 
airways, which leads to edema of the small airways 
and increased mucus production. The combination 
of sloughing necrotic tissues, airway edema, and 
mucus accumulation decreases the airway lumen 
and causes a partial or complete obstruction of the 
airway. Partial airway obstruction contributes to air-
trapping and alveolar  hyperinflation while complete 
airway obstruction leads to alveolar collapse and 
pneumonia.

In very young infants, apnea may be present;32 in 
infants younger than 6 weeks, a relatively nonspecific 
sepsis-like clinical presentation has been described.33

Reinfection with RSV can occur at any age, but it is 
more likely to be limited to the upper respiratory tract 
when it recurs later in life. Upper respiratory tract in-
fection due to RSV is usually more severe than the com-
mon cold.

Diagnosis
Patients with RSV infections who are comfortable 
while breathing room air, are well hydrated, and are 
 feeding well generally might not require any laboratory 
tests. However, nonspecific laboratory tests, such as a 
 complete blood count, serum electrolytes, urinanaly-
sis, and arterial blood gas analysis, might be warranted 
when the infant or child is at risk for a more severe form 
of the disease.

Specific diagnostic tests for confirming RSV 
 infection include sputum culture, antigen  testing, 
 polymerase chain reaction (PCR) assay, and  molecular 
probing. These tests are usually indicated for 
 therapeutic  decision making, isolation of patients, and 
educating parents and healthcare staff.34

Chest radiography is frequently obtained in children 
with a severe RSV infection. However, the findings are 
neither specific to RSV infection nor predictive of the 
course or outcome.

Clinical Presentation
Children with an RSV infection initially present with 
cold-like symptoms,35 such as cough, nasal congestion, 
sneezing, and a low-grade fever. As the infection affects 
the lower respiratory tract, airway obstruction occurs, 
causing respiratory distress characterized by tachy-
pnea, chest wall retractions, and wheezing. In severe 
cases, cyanosis might be present. In very young infants 
infected with RSV, a sepsis-like presentation or apneic 
episode might occur.

As many as 40% of children with an RSV infection 
have an associated otitis media, which may be viral, 
bacterial, or both.36 Signs of dehydration secondary to 
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loss of appetite and difficulty in feeding might also be 
present.37

The role of RSV in causing subsequent reactive 
airway disease remains controversial. Infants hospital-
ized for RSV and lower respiratory tract infections or 
bronchiolitis are at higher risk for subsequent wheez-
ing and abnormal pulmonary function tests.38 This in-
creased risk may persist for more than 10 years after the 
infection.

Treatment
The mainstay of therapy for RSV infection is supportive 
care. There is a general lack of evidence-based practices 
for treatment of RSV infections, although the follow-
ing pharmacologic therapies have been used for RSV 
infection:39

■■ Bronchodilators in patients with RSV-related 
lower respiratory tract infection

■■ Alpha agonists (nebulized epineprine) in acute 
RSV bronchiolitis episodes

■■ Ribavirin (Virazole), a broad-spectrum antiviral 
agent in vitro, is primarily reserved for patients 
with significant risk factors and severe acute RSV 
disease (e.g., transplant recipients). The recom-
mended dose is 6 g of ribavirin in 300 mL of dis-
tilled water via a small-particle aerosol generator 
over 12 to 20 hours per day for 3 to 7 days, de-
pending on clinical response.

Palivizumab has been used in passive immunization 
to protect against RSV infection in children at high risk 
for severe RSV disease. According to AAP guidelines 
for RSV prophylaxis,39 palivizumab prophylaxis for 
RSV should be limited to infants born before 29 weeks’ 
gestation and to infants with chronic illness, such as 
congenital heart disease (cyanotic or acayanotic) or 
chronic lung disease. Other recommendations include 
the following:

■■ Give infants who qualify for prophylaxis in the 
first year of life no more than five monthly doses 
of palivizumab (15 mg/kg per dose) during the 
RSV season.

■■ In the second year of life, palivizumab prophylaxis 
is recommended only for children who needed 
supplemental oxygen for 28 days or more after 
birth and who continue to need medical interven-
tion (supplemental oxygen, chronic corticosteroid, 
or diuretic therapy).

■■ Clinicians may consider prophylaxis for children 
younger than 24 months if they will be profoundly 
immunocompromised during the RSV season.

Other treatment modalities can also include oxy-
gen therapy to treat hypoxemia, decrease the work of 
breathing, and decrease myocardial work and bron-
chial hygiene to enhance the mobilization of bronchial 
secretions.

Influenza
Influenza is an extremely contagious respiratory illness 
caused by influenza A or B viruses.40 Commonly known 
as “flu,” it spreads through the upper and/or lower res-
piratory tract and appears most frequently in winter 
and early spring.

Etiology
Influenza results from infection by any of three basic 
types of influenza viruses: A, B, or C.41 Influenza A is 
more common and generally more pathogenic, causing 
the most serious disease. Wild aquatic birds are the pri-
mary reservoir for the influenza A viruses, although it 
is also found in many different animals, including pigs 
and horses. Scientists hypothesize that almost all mam-
malian influenza A viruses are derived from the avian 
reservoir. Influenza B affects people only, is usually as-
sociated with the mild form of the disease, and is more 
common in the pediatric population. Influenza C is not 
as commonly seen, but epidemics of influenza C have 
been reported, especially in young children.42

Influenza A causes larger seasonal outbreaks and 
more serious respiratory symptoms while types B and 
C usually cause milder respiratory symptoms. Influenza 
viruses are constantly changing, with new strains of 
influenza appearing every few years. Avian influenza 
(H5N1 influenza virus) is transmitted to humans pri-
marily through direct contact with diseased or deceased 
birds infected with the virus. Contact with excrement 
from infected birds or contaminated surfaces or water 
are also considered mechanisms of infection. Swine flu 
(H1N1) was first recognized in humans in 2009 and 
resulted in increased H1N1-related illnesses in much 
of the world. Currently, H1N1 is still circulating as 
a seasonal flu virus, with protection included in the 
2015–2016 flu vaccine.

Influenza viruses are spread by contact or by air. 
They enter the body when someone touches their nose, 
eyes, or mouth with contaminated hands or inhales 
contaminated droplets. The spread of influenza viruses 
can occur up to 7 days after the symptoms start, and 
young children can still spread the influenza virus even 
into the second week of illness.

There are several factors that contribute to the winter 
seasonality of influenza infection. More time is spent 
indoors during the winter months, leading to a higher 
probability of having closer contact with others, which 
makes it easier for the virus to spread. Also, the lower 
air humidity in the winter allows the virus to survive 
longer in the air and on surfaces, increasing the chances 
of contact.

Pathophysiology
Influenza viruses are encapsulated, negative-sense, 
single-stranded RNA viruses. The A, B, and C types 
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of influenza viruses are distinguished based on the 
core nucleoproteins. The RNA core consists of 8 gene 
segments surrounded by a coat of 10 (influenza A) or 
11 (influenza B) proteins.43 Hemagglutinin (H) and 
neuraminidase (N) are the most significant surface pro-
teins. The various combinations of H and N yield 144 
potential subtypes of influenza. Subtyping of influenza 
A occurs through identification of both H and N pro-
teins; for example, influenza A subtype H1N1 expresses 
hemagglutinin 1 and neuraminidase 1. Because the viral 
RNA polymerase lacks error-checking mechanisms, the 
year-to-year antigenic drift is sufficient to ensure that 
there is a significant susceptible host population each 
year.43

In addition to humans, influenza also infects several 
animal species. More than 100 types of influenza A in-
fect most species of birds, pigs, horses, dogs, and seals. 
Influenza B has also been reported in seals, and influ-
enza C has been reported in pigs. New strains of influ-
enza may spread from animal species to humans, or an 
existing human strain may pick up new genes from a 
strain that usually infects birds or pigs.

Influenza A is a genetically labile virus, with muta-
tion rates as high as 300 times that of other microbes.44 
Its major functional and antigenic proteins change by 
either antigenic drift, which gives the virus the ability 
to evade annually acquired immunity in humans, or 
antigenic shift, which permits the reassortment of two 
strains of viruses. Although less frequent than antigenic 
drift, antigenic shift can result in a virulent strain of 
influenza that possesses the triad of infectivity, lethal-
ity, and transmissibility in a much greater population of 
susceptible individuals in whom more severe disease is 
possible, thus causing a pandemic.

Influenza viruses spread from human to human by 
aerosols created when an infected individual coughs or 
sneezes. Infection occurs after an immunologically sus-
ceptible person directly inhales the aerosol or touches 
the deposited aerosols on surfaces, which then allows 
for a point of entry via the eyes, nose, or mouth. Once 
the virus is within host cells, cellular dysfunction and 
degeneration occur and release inflammatory medi-
ators. The incubation period of influenza ranges from 
1 to 4 days. Transmission of influenza from poultry or 
pigs to humans appears to occur predominantly as a 
result of direct contact with infected animals or through 
exposure to water and surfaces contaminated by animal 
droppings.44

Viral shedding, the expulsion and release of virus 
progeny following successful reproduction during a 
host-cell infection, occurs at the onset of symptoms or 
just before the onset of illness (0–24 hours). Viral shed-
ding generally continues for 7 to 10 days, but young 
children may shed influenza viruses for a longer dur-
ation, placing others at risk for contracting infection. 
In highly immunocompromised persons, shedding may 
persist for weeks to months.45,46

Diagnosis
In most cases, influenza A or B infection is diagnosed 
based on symptoms, which include headache, fever, 
chills, muscle aches, weakness and fatigue, nasal con-
gestion, sore throat, and cough. However, depending 
only on the clinical symptoms to diagnose influenza 
infections may not be very reliable. Other viruses as-
sociated with upper respiratory tract infection, such as 
adenoviruses, enteroviruses, and paramyxoviruses, have 
a similar clinical presentation. Testing for influenza 
infection is optimally performed within 48 hours of the 
onset of symptoms, when a greater amount of the virus 
is present to be detected. Testing is recommended in 
particular for people who are hospitalized, have weak-
ened immune systems, or are otherwise at an increased 
risk of serious complications.47

A number of tests are available to detect influenza 
viruses and include the rapid influenza diagnostic test, 
viral cultures, and real-time RT-PCR molecular tests. 
The rapid influenza diagnostic test (RIDT) is one of 
the most common methods used to diagnose influenza 
infection, based on detecting the virus in nasal secre-
tions.48 It may be completed in the doctor’s office in less 
than 15 minutes or be sent to a laboratory, with the re-
sults available the same day. This test is best used within 
the first 48 hours of the onset of symptoms and will 
generally detect 40% to 70% of influenza cases. None of 
the available tests can differentiate among the strains of 
influenza, such H1N1. The main disadvantage of RIDTs 
is the high rate of false-negative results; RIDTs can also 
occasionally be positive even when the virus is not pres-
ent. Viral cultures are considered the gold standard for 
diagnosing influenza and can be used as confirmation of 
a RIDT.49 They can identify both the presence of the vi-
rus and the strains of virus present. However, it can take 
3 to 10 days to obtain the results.

Real-time RT-PCR and other molecular tests are the 
most sensitive tests, which detect viral genetic material 
in respiratory samples, such as a nasal or throat swab.50 
These tests can distinguish between A and B viruses as 
well as among different strains of influenza A virus.

Clinical Presentation
The classical signs and symptoms of influenza infection 
come on abruptly and include high-grade fever, head-
ache, maliase, fatigue, body aches, cough, sore throat, 
runny or stuffy nose, and diarrhea and vomiting, the last 
of which are more common in infants and children.51 
Most of these symptoms are similar to cold symptoms; 
the major difference is that symptoms of influenza in-
fection are felt sooner than cold symptoms and with 
much greater intensity (Table 14-4). Even without treat-
ment, most influenza infections will go away within 1 to 
2 weeks, although fatigue and a cough may last longer. 
However, serious secondary complications may develop 
just as influenza symptoms resolve.
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Anyone may be susceptible to complications from 
influenza, but young children (6 months to 4 years of 
age), the elderly (older than 65 years of age), pregnant 
women, nursing home residents, the immunocompro-
mised (HIV/AIDS), or those with preexisting heart and 
lung disease are at increased risk. Complications, such 
as viral or bacterial pneumonia, sepsis, pericarditis, 
myocarditis, and encephalitis, can be very serious and 
may require immediate medical treatment. Influenza 
infection can also worsen long-term conditions, such as 
congestive heart failure or diabetes.

Treatment
Prevention is the most effective strategy. The Advis-
ory Committee on Immunization Practices (ACIP) of 
the Centers for Disease Control and Prevention (CDC) 
recommends routine annual influenza vaccination for 
all persons aged 6 months or older, preferably before 
the onset of influenza activity in the community.51 For 
pregnant women, the CDC recommends that the influ-
enza vaccine be administered during all trimesters of 
the pregnancy, which is shown to decrease the risk of 
illness in the mother as well as the risk of influenza and 
influenza hospitalization in their infants during the first 
6 months of life.52

Each year in the United States, a vaccine containing 
antigens from the strains most likely to cause infection 
during the winter flu season is produced. Trivalent vac-
cines include two strains of influenza A and one strain 
of influenza B while the quadrivalent flu vaccines have 
an additional B virus strain.53 Both injectable and nasal 
spray vaccines are available; FluMist, the nasal spray 

vaccine, is usually indicated for healthy individuals who 
are 2 to 49 years old and not pregnant.54 The vaccination 
becomes effective 10 to 14 days after administration 
and usually has 50% to 60% efficacy against influenza 
A viruses and 60% to 70% efficacy against influenza B 
viruses.54 No avian influenza vaccine is currently avail-
able to the public; however, the U.S.  Department of 
Health and Human Services has purchased a recently 
developed avian flu adjuvanted vaccine for addition to 
the Strategic National Stockpile of drugs and medical 
supplies and, if warranted, subsequent distribution by 
public health officials.

Whenever there is a surge in severe influenza  
illness, it is imperative to implement and organize some 
proven effective guidelines and measures through sur-
veillance and diagnostic services, information sharing 
and dissemination, community support, hospital and 
physician capacity, and the supply and delivery of vac-
cines and drugs.55

The ACIP also published recommendations on the 
use of antiviral agents for prevention and treatment of 
influenza.56 When indicated, antiviral agents signifi-
cantly reduce the severity and duration of illness as well 
as the secondary complications of influenza infection.56 
However, potential adverse effects (headache, nausea, 
vomiting, bronchospasm) and higher costs are associ-
ated with these antiviral agents. In the United States, five 
prescription antiviral drugs are approved for chemopro-
phylaxis and treatment of influenza (Table 14-5). To be 
effective, oseltamivir, zanamivir, peramivir, amantadine, 
and rimatadine must be administered within 48 hours 
of symptom onset. Cases of suspected severe influenza 
infection should be treated early and aggressively, even 
before diagnostic tests can be confirmed. The literature 
reports that in critically ill patients with H5N1 infection, 
the initiation of oseltamivir therapy up to 6 to 8 days 
from onset of symptoms may reduce mortality.57

Symptom
Presentation 
in a Cold

Presentation in 
Influenza

Fever Rare High (37.7--38.8°C), 
lasting 3–4 days

Headache Rare Prominent

General aches Slight Frequent, often severe

Pain Mild Usually

Fatigue Very mild Prolonged, can last up 
to 2–3 weeks

Extreme exhaustion Never Early and prominent

Stuffy, runny nose Common Sometimes

Sore throat Common Sometimes

Sneezing Usually Sometimes

Cough Mild to 
moderate

Common and can 
become severe

TABLE 14-4 
Comparison between Cold and Influenza Symptoms

Drug Description

Oseltamivir Activity against influenza A and B, including H1N1 
Resistance emerged during the 2008–2009 

season

Zanamivir Activity against influenza A and B, including H1N1

Peramivir Approved by the U.S. Food and Drug 
Administration in December 2014

Activity against influenza A and B, including H1N1

Amantadine Activity against influenza A only
Resistance emerged to influenza A (H3N2) virus 

strains

Rimantadine Activity against influenza A only
Resistance emerged to influenza A (H3N2) virus 

strains

TABLE 14-5 
Common Prescription Antiviral Drugs Approved for 
Chemoprophylaxis and Treatment of Influenza
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Patients diagnosed with influenza should be edu-
cated about potential complications and encouraged 
to return for evaluation if concerned. This is especially 
true of patients with underlying chronic disease or 
those who are immunocompromised. Laninamivir oc-
tanoate, an investigational antiviral agent for influenza 
infection, has been approved in Japan but is not yet 
available in the United States.58

The CDC has made the following recommendations 
regarding the use of antiviral drugs in influenza:56

■■ Antiviral treatment is recommended as soon as 
possible for patients with confirmed or suspected 
influenza who have severe, complicated, or pro-
gressive illness or who require hospitalization.

■■ Antiviral treatment is recommended as soon 
as possible for outpatients with confirmed or 
suspected influenza who are at higher risk for 
influenza complications based on their age or 
underlying medical conditions. Clinical judgment 
should be an important component of outpatient 
treatment decisions.

■■ Currently recommended antiviral medications in-
clude oseltamivir and zanamivir.

■■ Oseltamivir may be used for treatment or chemo-
prophylaxis of influenza among infants younger 
than 1 year of age, when indicated.

■■ Antiviral treatment also may be considered on the 
basis of clinical judgment for any outpatient with 
confirmed or suspected influenza who does not have 
known risk factors for severe illness if treatment can 
be initiated within 48 hours of illness onset.

■■ Because antiviral resistance patterns can change 
over time, clinicians should monitor local antiviral 
resistance surveillance data.

Public health measures, such as enhanced surveil-
lance with daily temperature taking and prompt home 
isolation whenever indicated, have been reported to be 
effective in limiting influenza transmission in closed 
environments.58 Patients most often require hospitaliza-
tion when influenza exacerbates underlying chronic dis-
eases, particularly in vulnerable patients. Most patients 
with influenza recover in 3 days; however, malaise may 
persist for weeks.

Prehospital care for patients with influenza infection 
is predominantly supportive. Respiratory symptoms, 
including hypoxia, are managed with supplemental oxy-
gen. More serious manifestations of respiratory distress/
failure will require intubation and mechanical ventila-
tion. Hemodynamic stability should be maintained with 
intravenous administration of crystalloids. Strict atten-
tion should be given to the appropriate use of personal 
protective equipment.

Laryngotracheobronchitis
Laryngotracheobronchitis (LTB) affects the lower laryn-
geal (L) area, trachea (T), and occasionally the bronchi 

(B). It is used as a synonym for classic subglottic croup 
(Figure 14-4). LTB is a common pediatric viral respira-
tory tract illness and is the most common etiology for 
hoarseness, cough, and onset of acute stridor in febrile 
children. It is an inflammatory process that causes 
edema and swelling of the mucous membranes.59,60

Because the subglottic area is the narrowest region 
of the larynx in infants and children, a slight degree 
of edema can cause a significant reduction in the 
cross-sectional area. Morbidity occurs secondary to 
narrowing of the larynx and trachea below the level of 
the glottis (subglottic region), causing the characteristic 
audible inspiratory stridor. Figure 14-5 shows the stee-
ple sign, a classic radiologic sign associated with LTB.

Etiology
Viral infections are the most common causes of LTB, 
which is most typically seen in children between 
3 months and 3 years of age. The parainfluenza viruses 
1, 2, and 3 are the most frequently identified etiologic 
agents, found in nearly 80% of cases, with type 1 be-
ing the most prevalent.61 Influenza A and B viruses, 
RSV, rhinovirus, and adenoviruses may also cause LTB 
in children. These viruses are spread through either 
direct inhalation from a cough and/or sneeze or by 

FIGURE 14-4 An illustration of the pathology occurring with LTB. 
The subglottic of a child with LTB is significantly narrowed compared 
to that of an unaffected child.
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FIGURE 14-5 The steeple sign, a radiologic indicator of LTB.
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contamination of hands from contact with fomites and 
subsequent touching of the mucosa of the eyes, nose, 
and/or mouth. Mycoplasma pneumoniae, a bacterial 
pathogen, has also been identified in a few cases of 
LTB.62 LTB occurs most often during the late fall and 
winter seasons.

Pathophysiology
Viral upper respiratory tract infection causes naso-
pharyngeal inflammation that spreads to the larynx 
and trachea and occasionally to the mainstem bronchi. 
The subglottic inflammatory process produces edema, 
reduces the cross-sectional area of the airway, and com-
promises the airway at its narrowest portion. Airway 
resistance markedly increases and leads to excessive 
work of breathing. Airway inflammation and edema im-
pair vocal cord movement, leading to the characteristic 
cough.63 It is thought that some children who experi-
ence recurrent bouts of spasmodic croup have a primar-
ily allergic rather than infective etiology.64

Diagnosis
The diagnosis of LTB is usually made clinically, based 
on the classical signs and symptoms (barking cough 
and stridor), especially during a typical community 
epidemic of one of the causative viruses. A seal-like 
barking-type cough and stridor are most commonly 
associated with LTB. An anterioposterior and lateral ra-
diographic view of the neck might be needed to confirm 
the diagnosis of LTB and to rule out epiglottitis. The 
classic steeple sign will be seen in the case of LTB (Fig-
ure 14-5). No laboratory tests are necessary to make a 
diagnosis, although testing for the causative virus might 
be indicated when the results will influence decisions 
regarding treatment and contact precautions.

Clinical Presentation
Initially, infants and children with LTB present with 
nonspecific respiratory and cold-like symptoms. Sore 
throat, cough, and low-grade fever often precede 
LTB-specific symptoms by 1 to 3 days. The signs and 
symptoms of LTB include hoarseness, a seal-like bark-
ing cough, and inspiratory stridor. Varying degrees of 
respiratory distress may also be present. Most children 
have very mild cases and merely present with a croupy 
cough and a hoarse cry. Upper airway stridor might 
only be evident upon activity or agitation except in 
severe cases, where audible stridor along with some 
degree of respiratory distress is evident at rest.65 Signs 
of severe LTB include tachypnea; tachycardia; visible 
suprasternal, intercostal, and subcostal retractions with 
poor air entry; hypoxemia; and hypercapnia. Sudden 
respiratory arrest may occur during an episode of severe 
coughing. LTB symptoms are usually worse at night.

Spasmodic croup (recurrent croup) typically presents 
at night with the sudden onset of “croupy” cough and 
stridor. Spasmodic croup is mostly allergic in nature but 
has been reported in children with gastroesophageal re-
flux.66 Children will recover fully from recurrent croup 
within 3 to 6 hours.

Croup severity assessment scores have been devel-
oped for use during research and clinical practices. The 
Westley score evaluates the severity of LTB by assessing 
five factors: inspiratory stridor, retractions, air entry, cy-
anosis, and level of consciousness.67 Each of the factors 
is assessed and given a score of 0 if the assessment find-
ing is normal to a score of 2, 3, or 5. Any score higher 
than 0 indicates an abnormal finding (Figure 14-6). An-
other clinically useful LTB severity scoring system is the 
Alberta Clinical Practice Guideline Working Group.68

Complications in LTB are rare, and the vast majority 
of children recover without consequences or sequelae. 

FIGURE 14-6 An example of a croup severity assessment score. The Westley score evaluates the severity of LTB by assessing inspiratory 
stridor, retractions, air entry, cyanosis, and the infant’s level of consciousness. 
Data from Westley CR, Cotton EK, Brooks JG. Nebulized racemic epinephrine by IPPB for the treatment of croup. Am J Dis Child. 1978;132:484-487.

Westly Croup Scoring System

Finding

Score Associated with the Assessment of the Finding

0 1 2 3 4 5

Stridor None Audible with a 
stethescope (at 
rest)

Audible without a 
stethescope (at 
rest)

Retractions None Mild Moderate Severe

Air Entry Normal Decreased Severely 
decreased

Cyanosis None With agitation At rest

Level of 
Consciousness

Normal Altered
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The need for endotracheal intubation and mechanical 
ventilation remain the most severe complication, occur-
ring in about 3% to 6% of patients.69 Patients intubated 
secondary to LTB should be  extubated as soon as the 
airway inflammation has decreased and when pulmo-
nary secretions are minimal to prevent possible risks 
and complications related to endotracheal intubation 
and invasive mechanical ventilation. Death occurs in 
approximately 0.5% of intubated patients with LTB.

Treatment
Many patients with viral LTB will need only support-
ive care. Keeping the patient calm and nonagitated to 
 prevent increased respiratory efforts is paramount. 
Medications for soothing the swollen airways are help-
ful. Symptoms typically resolve within 3 to 7 days but 
can last as long as 2 weeks.

Urgent care of LTB depends on the degree of respira-
tory distress. In mild LTB, a child may require nothing 
more than parental reassurance, education regarding 
the course of the disease, and supportive homecare 
guidelines.69 However, in severe LTB, a thorough clini-
cal evaluation should be performed to ensure airway 
patency and effective oxygenation and ventilation.69 
Agitation and crying of the patient with LTB should be 
avoided as these might lead to respiratory distress. It is 
important to closely monitor vital signs, such as heart 
rate, blood pressure, and temperature. Assessment of 
respiratory parameters, including respiratory rate, res-
piratory mechanics, work of breathing, and pulse ox-
imetry, is also imperative in patients with LTB. Patients 
with evidence of severe respiratory distress may initially 
require high concentrations of oxygen and ventilatory 
support. Children requiring tracheal intubation and in-
vasive mechanical ventilation should be intubated with 
an endotracheal tube that is 0.5 to 1 mm smaller than 
predicted for the patient’s age.

Pharmacologic treatment with corticosteroids and 
nebulized racemic epinephrine is the cornerstone in 
the treatment of mild, moderate, and severe LTB.70 
However, the use of corticosteroids should be carefully 
evaluated in children with diabetes, who are immuno-
compromised, and who have been recently exposed to 
or diagnosed with varicella or tuberculosis due to the 
potential risk of exacerbating the systemic disease pro-
cess.69 A single dose of dexamethasone (0.3–0.6 mg/kg)  
is usually sufficient for reducing the overall severity of 
LTB, particularly if administered within the first 4 to 
24 hours after the onset of illness.71

Nebulized racemic epinephrine is also used to al-
leviate upper airway edema. This aerosolized alpha 
adrenergic bronchodilator is typically reserved for 
moderate to severe LTB patients with signs of respira-
tory distress in the hospital setting. Nebulized racemic 
epinephrine works by fluid resorption from the intersti-
tium to decrease laryngeal mucosal edema and by bron-
chial smooth muscle relaxation and bronchodilation. 

Evidence of therapeutic benefit is usually apparent 
within 30 minutes, with an effect that can last for 90 to 
120 minutes. Antibiotics are not required unless there 
is evidence of a secondary bacterial infection or in pa-
tients who appear toxic and do not adequately respond 
to corticosteroid administration and nebulized racemic 
epinephrine.

Intravenous fluid hydration may be required to sta-
bilize the fluid volume in patients with LTB who fail to 
maintain adequate oral intake and have increased insen-
sible fluid loss.

Cool mist administration was once the mainstay of 
treatment for patient with LTB, but randomized stud-
ies of children with moderate to severe croup reported 
no difference in outcome between those who received 
cool mist therapy and those who did not.72 Several clini-
cal trials have shown that heliox (a helium and oxygen 
mixture) delivered by a nonbreathing mask was equally 
effective to racemic epinephrine in patients with mod-
erate to severe LTB.73,74

Epiglottitis
Epiglottitis is a serious airway emergency and can be 
life threatening. It results from a bacterial infection that 
causes acute inflammation of the supraglottic region of 
the oropharynx and is seen in children between 2 and  
5 years of age.

Etiology
In children, Haemophilus influenzae type B is the 
most common organism that causes acute epiglot-
titis (>80%). Other causative agents include group 
A Streptococcus pneumoniae and H. parainfluenzae. 
Less common infectious etiologies include Staphylococ-
cus aureus, Escherichia coli, Klebsiella pneumoniae, and 
herpes simplex virus. Candida and Aspergillus may be 
the cause of epiglottitis in immunocompromised pa-
tients. Epiglottitis results from bacteremia and/or direct 
invasion of the pathogenic organism.68,75 It is transmit-
ted by aerosol droplets.

Noninfectious causes of epiglottitis are not uncom-
mon but include thermal injuries and throat burns af-
fecting the epiglottis of bottle-fed infants, caustic insults 
with ingestion of dishwasher soaps, and foreign body 
ingestion. Also, epiglottitis may occur as a reaction to 
head and neck chemotherapy.76, 77

Pathophysiology
Swelling of the supraglottic structures, including the 
epiglottis, vallecula, arytenoids, and aryepiglottic folds, 
occurs. The increased edema in the supraglottic region 
reduces the caliber of the upper airway and causes 
turbulent flow during inspiration.78 As the epiglottis 
swells, the lateral borders curl and the tip of the epiglot-
tis protrudes posteriorly and inferiorly. The dysmorphic 

Epiglottitis 207



shape of the epiglottis in the narrowed superglottic area 
acts as a ball-valve mechanism that may produce par-
tial to complete airway obstruction. Airway resistance 
and work of breathing are significantly increased. The 
inflamed and enlarged epiglottis may partially cover the 
esophageal opening and lead to dysphagia. Severe air-
way obstruction may cause cardiopulmonary arrest.

Diagnosis
Epiglottitis should be suspected when the child presents 
with signs of bacterial septicemia and an acute onset 
of upper airway obstruction. Children often present 
with signs of airway obstruction and increased work 
of breathing, including tachypnea, tachycardia, stridor, 
intercostal and suprasternal retractions, and cyanosis.79 
Additional clinical features include tripod positioning, 
anxiety, drooling, dysphagia, and respiratory distress.

Chest radiographs may be used to make a diagnosis 
of epiglottitis. Findings on a lateral neck radiograph 
include the classic thumb sign of an enlarged epiglottis, 
loss of the vallecular air space, thickened aryepiglottic 
folds, a distended hypopharynx, and straightening of 
the cervical spine (Figure 14-7).

However, radiography is not as sensitive and specific 
as direct laryngoscopy or flexible fiberoptic bronchos-
copy in diagnosing epiglottitis, which is confirmed 
when an erythematous and edematous epiglottis is 
seen (Figure 14-8). However, direct visualization or a 

FIGURE 14-7 Radiologic findings from a lateral neck X-ray 
consistent with epiglottitis include the thumb sign, an indication that 
the epiglottis is enlarged.
Reproduced from Noble, J et al. Aphonia and epiglottitis in neonate with concomitant MRSA 
skin infection. Respirol Case Rep. 2014;2(3),116–119. Licensed under CC BY 3.0, https:// 
creativecommons.org/licenses/by/3.0/.

FIGURE 14-8 A view of the epiglottis by flexible fiberoptic 
bronchoscopy. The epiglottis is erythematous and edematous, 
suggesting epiglottitis.
Reproduced from Abdallah C. Acute epiglottitis: Trends, diagnosis and management. 
Saudi Journal of Anaesthesia. 2012;6(3):279-281. Reproduced with permission from 
Wolters Kluwer Medknow Publications.

bronchoscopic view of the epiglottis should be done in 
the setting where the airway can be secured immedi-
ately if necessary.

To determine the pathogenic organism causing the 
infection, cultures from the blood and/or the surface 
of the epiglottis may be obtained. However, if such cul-
turing is necessary, it should be performed only after 
the airway is secured to avoid additional irritation and 
edema, which can further compromise the airway and 
cause significant danger to the patient.80

Clinical Presentation
The initial clinical presentation of epiglottitis is usually 
mild but may progress rapidly over 2 to 4 hours. Mostly 
all children, 95%, will complain of a sore throat. Within a 
few hours, a high-grade fever will be noted, and the child 
will have difficulty swallowing and clearing secretions. 
The child is usually pale and either lethargic or irritated. 
The supraglottic area becomes swollen, and breath-
ing becomes noisy as swelling occurs in this area. The 
tongue will thrust forward during inspiration, and the 
difficulty swallowing will cause the child to drool. The 
voice and cry are usually muffled. The child will appear 
air hungry and assume an upright tripod sitting position 
for leverage to maximize accessory muscle use dur-
ing inspiration.81 Cough is not common in epiglottitis. 
As the condition progresses, suprasternal retractions, 
tachycardia, tachypnea, and nasal flaring may be present, 
and the patient will appear toxic. Cyanosis might not ap-
pear until complete airway obstruction is impending.

Complete airway obstruction and cardiopulmonary ar-
rest are the most significant complications of epiglottitis.81 
Other complications of epiglottitis include meningitis, 
epiglottic abscess, cervical adenitis, vocal granuloma, car-
tilaginous metaplasia of the epiglottis, pneumonia, pul-
monary edema, empyema, cellulitis, and septic shock.81
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Treatment
Children with epiglottitis should be kept as calm as 
possible; any unnecessary tests, therapies, and causes 
for the child’s agitation should be avoided. Examination 
of the child’s mouth and upper airway should not be 
started until all personnel are present with the proper 
equipment to perform tracheal intubation or emergency 
cricothyroidectomy if needed. Temperature should be 
measured with a tympanic rather than an oral ther-
mometer. Because hypoxemia is associated with epi-
glottitis, supplemental oxygen may be required. Ideally, 
the parents can be involved and may need to hold the 
oxygen delivery device or oxygen tubing near the child’s 
face if proper placement of the  device causes agitation.82

During assessment of the child’s airway by direct 
laryngoscopy or bronchoscopy, the most skilled pe-
diatrician, anesthesiologist, or ears, nose, and throat 
specialist should be present. If needed, an endotracheal 
tube one size smaller than normal is typically placed 
nasally. If intubation cannot be done, a tracheostomy 
must be performed. Percutaneous transtracheal jet ven-
tilation may also be considered to ventilate the patient 
temporarily if the airway cannot be secured with an 
endotracheal or tracheostomy tube. Subsequently, these 
children need mechanical ventilation and appropriate 
monitoring, preferably in the pediatric intensive care 
unit. Pharmacologic treatment with sedatives and an-
tibiotics should be started,82 with antibiotic treatment 
adjusted based on the results of cultures.

Children with epiglottitis usually require intubation 
for 24 to 48 hours until no evidence of supraglottic swell-
ing is observed. This is usually assessed with repetitive di-
rect laryngoscopy. An assessment for the presence of air 
leaks is vital before the decision for extubation is made.

Pulmonary Air Leaks
Pulmonary air leak syndromes are common complica-
tions of positive pressure applied during mechanical 
ventilation, especially with high alveolar pressures and/
or volumes. However, a pulmonary air leak may also 
occur spontaneously.83 Pulmonary air leaks  occur more 
frequently in the newborn period than at any other time 
of life. The most common risk factors of pulmonary air 
leaks include lung immaturity, respiratory distress syn-
drome, aspiration syndromes, and congenital diaphrag-
matic hernia.84 Pulmonary air leaks occur when air 
escapes from the lung into extra-alveolar spaces where it 
is not normally present. The  resulting disorders depend 
upon the location of the air. The most common condi-
tions are pneumothorax and pneumomediastinum.

Etiology
Pulmonary air leaks frequently occur in children who 
receive invasive mechanical ventilatory support. The 
propensity for air leaks to occur is increased in children 
with a pulmonary pattern of atelectatic alveoli adjacent 

to normal alveoli, where high peak alveolar pressures 
and/or tidal volume are required to maintain acid–base 
balance. Pneumothorax and pneumomediastinum have 
also been associated with high positive end-expiratory 
pressure (PEEP), prolonged inspiratory time, and in-
verse ratio ventilation. Although prolonged inspiratory 
time and inverse ratio ventilation are used to improve 
oxygenation by increasing mean airway pressure 
(MAP), significant intrinsic PEEP or auto-PEEP results. 
Spontaneous pneumothorax may also occur in full-term 
infants as a result of the very high negative intrathoracic 
pressure created with the first breaths the infant takes 
after delivery.

Pathophysiology
Almost all pulmonary air leak syndromes follow a com-
mon pathophysiologic pathway. When high transpul-
monary pressures or tidal volumes are applied to an 
infant’s lungs, the distal airways and alveoli become 
overdistended or stretched and ruptured. Air from 
the ruptured alveoli will leak into the interstitium. Air 
continues to spread peripherally by dissecting along the 
peribronchial and perivascular spaces toward the vis-
ceral pleura and pulmonary hila, causing a pneumotho-
rax with rupture of the visceral pleura.84 In some cases, 
air continues to accumulate, moves medially, and dis-
sects out from the hila, causing a pneumomediastinum 
(Figure 14-9).84,85

The effect of pneumothorax depends on its size  
and on the resulting air pressure in the pleural space. 
Pneumothorax causes compression of the great veins 
and increases pulmonary vascular resistance. As a re-
sult, venous return and cardiac output decrease.  

FIGURE 14-9 An illustration of a pneumothorax, the presence of air 
in the space between the parietal and visceral pleurae.

Collapsed
lung
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A pneumothorax also causes losses in lung volumes 
and capacities that result in significant shunting and 
hypoxemia. A large pneumothorax is a life-threatening 
condition that necessitates immediate intervention and 
evacuation of the extraneous air.86,87

A pneumomediastinum may cause significant shunt-
ing and hypoxemia as air collecting above the dia-
phragm compresses the alveoli and restricts/prevents 
adequate inflation of the lung.85,88

Diagnosis
Pneumothorax should be suspected in any new-
born with the sudden onset of respiratory distress. 
Transillumination, a procedure in which a high-intensity 
light is placed against the chest wall, can be used to 
identify the free air. Typically, this is done in a dark-
ened room. As the light is placed against the chest 
wall, an area of increased lucency, or spreading of the 
light source, will occur when air is in the pleural space 
(Figure 14-10). Transillumination is a valuable tool for 
rapid and bedside detection and evaluation for the pres-
ence of a pneumothorax. However, a definitive diagno-
sis requires radiologic evidence of air leak; a dense dark  
area with absent lung markings that separates the lung 
from the chest wall is usually indicative of a pneumo-
thorax. The affected side may appear hyperlucent be-
cause air accumulates anteriorly when the infant lies in 
the supine position (Figure 14-11). A large pneumotho-
rax is associated with tracheal deviation to the opposite 
side of the pneumothorax; however, this X-ray finding 
would not be present when bilateral pneumothoraces 
are present. A lateral X-ray view might be helpful in de-
tecting anterior pneumothorax.

Clinical Presentation
Infants with a small pneumothorax may be asymptom-
atic. Depending on the severity of the air leaks, the onset 
of symptoms may be rapid or gradual. Rapid onset usu-
ally occurs with either a large or a tension pneumotho-
rax. With a large pneumothorax, infants usually present 

with signs of respiratory distress, including tachypnea, 
grunting, pallor, retractions, and cyanosis. On physical 
exam, there will be chest asymmetry with enlargement 
of the affected side, decreased breath sounds on the af-
fected side, and a shift of the point of maximal cardiac 
impulse away from the affected side.85,89

Hypotension, bradycardia, and hypoxemia occur 
with large pneumothorax secondary to increased in-
trathoracic pressure, decreased venous return, and 
decreased cardiac output.85,88 Due to the loss of lung 
volume on the affected side, ventilation/perfusion 
mismatch occurs with pneumothoraces. Arterial 
blood gas analysis reveals acidosis, hypercarbia, and 
hypoxemia.85,88

There are several complications associated with pul-
monary air leaks. In the immediate phase following the 
occurrence of the pneumothorax, there is a decrease in 
the lung compliance, compression atelectasis, and hy-
poxemia.89 As a consequence of hypoxemia, the infant 
may develop hypoxemia-induced pulmonary arterial va-
soconstriction, vasospasm, and pulmonary hypertension. 
The excessive intrathoracic pressure that develops during 
tension pneumothorax can result in a decrease of cardiac 
output and profound hypotension. Pulmonary interstitial 
emphysema may also be a complication to pneumothora-
ces. Additionally, complications may arise from the treat-
ment of pneumothorax. In particular, infants will be at 
risk for developing bronchopulmonary dysplasia. When 
chest tube placement is needed, the complications may 
include bruising of the diaphragm and mediastinal struc-
tures, perforation of the lung with possible hemorrhage, 
cardiac tamponade, and phrenic nerve injury.90

FIGURE 14-10 Use of translumination to detect a pneumothorax 
in an infant. An area of increased lucency, or spreading of the light 
source, will occur when air is in the pleural space.
Photo of Astodia courtesy of Futuremed.

FIGURE 14-11 Radiologic image showing a pneumothorax. The 
pneumothorax is seen as a dense dark area with absent lung 
markings.
Case courtesy of Dr Angela Byrne, Radiopaedia.org, rID: 7589
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Treatment
Small pneumothoraces in spontaneously breathing in-
fants will typically resolve in 1 to 2 days. These infants 
should be monitored closely, and oxygen supplementa-
tion should be provided as needed to maintain adequate 
saturation; however, the rate of resolution of sponta-
neous pneumothoraces is not improved with oxygen 
supplementation.91 In mechanically ventilated infants, 
ventilator settings should be adjusted to avoid alveolar 
distention and to minimize mean airway pressure by re-
ducing peak inspiratory and alveolar pressures, positive 
end-expiratory pressure, and inspiratory time.

For symptomatic infants who are not mechanically 
ventilated, thoracentesis may be the only intervention 
needed to treat pneumothorax and should be consid-
ered as a temporizing measure in infants who require 
ventilation.91 Thoracentesis involves aspiration of accu-
mulated air with a syringe attached to a 23- or 25-gauge 
scalp vein needle or an 18- to 20-gauge angiocatheter.

Pneumothorax that develops in a mechanically 
ventilated infant is best treated with chest tube place-
ment and underwater seal for drainage with continuous 
suction at a pressure of 10 to 15 cmH2O. Appropri-
ate positioning of the chest tube and resolution of the 
pneumothorax are assessed by chest radiographs. Reso-
lution of pneumothorax usually occurs in 2 to 3 days.

Pneumomediastinum
Pneumomediastinum is also a pulmonary air leak. This 
type of air leak occurs when alveolar rupture causes an 
accumulation of air in the mediastinal space.

Diagnosis
Pneumomediastinum is usually suspected on the routine 
newborn examination when heart sounds are distant. 
The diagnosis is made based on a chest radiograph. 
Pneumomediastinum is most reliably seen on a left an-
terior oblique view, in which minimal air in the medias-
tinum surrounds the thymus and lifts it from the cardiac 
shadow, resulting in the characteristic spinnaker sail sign 
(Figure 14-12), which derives its name from its visual 
resemblance to the headsail of a boat. This radiologic 
finding occurs with a spontaneous anterior pneumomedi-
astinum and usually resolves without specific treatment.

Clinical Presentation
Most cases of pneumomediastinum are asymptomatic. 
Clinically significant pneumomediastinum may result in 
tachycardia, tachypnea, and cyanosis.

Pneumomediastinum is associated with a range of 
complications, including lung collapse, subcutaneous em-
physema, and pneumopericardium.92 Figure 14-13 shows 
radiologic evidence of subcutaneous emphysema, in which 
air is present in the subcutaneous tissues of the chest 
and neck in a small child with a pneumomediastinum. 

FIGURE 14-12 Pneumomediastinum seen on a chest radiograph. In 
this image, air is in the mediastinum and surrounds the thymus, lifting 
it from the cardiac shadow. The pattern of air is the characteristic 
spinnaker sail sign.
Courtesy of A. Prof Frank Gaillard, Radiopaedia.org, rID: 6353.

FIGURE 14-13 Radiologic evidence of subcutaneous emphysema 
extending from the neck to the chest in an adolescent with a 
pneumomediastinum.
© Sopone/Shutterstock.

In severe cases, so much air is built up in the chest that it 
compresses the heart and the great blood vessels, causing 
hemodynamic compromises and cardiac dysfunction.87

Treatment
Pneumomediastinum does not require a specific treat-
ment, as it usually resolves spontaneously within a 
few days. However, adequate monitoring of the infant 
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should be maintained for early recognition and inter-
vention should cardiopulmonary compromise or other 
air leaks, such as a pneumothorax, develop. If a tension 
pneumomediastinum is suspected, infants should be 
treated emergently with ultrasound-guided percutane-
ous drainage of the tension pneumomediastinum.93

Disorders of the Pleura
Disorders of the pleura can occur from many different 
sources. Pleural disorders may manifest from illness, in-
jury, or medication or reactions to medications. Treat-
ment depends on the type and severity of the condition 
affecting the pleural space.

Pleural Effusion
The normal pleural space contains approximately 1 mL 
of fluid. Any abnormal collection of fluid in the pleural 
space is considered a pleural effusion (Figure 14-14). It 
is the most common manifestation of pleural disease, 
with approximately 1.5 million pleural effusions diag-
nosed in the United States each year. They are generally 
classified as either a transudate or an exudate, and clas-
sification is based on the mechanism of fluid formation 
and pleural fluid chemistry.94 Transudate results from 
an imbalance in oncotic and hydrostatic pressures, 
whereas exudates are the result of inflammation of the 
pleura or decreased lymphatic drainage. In some cases, 
the pleural fluid may have a combination of transuda-
tive and exudative characteristics. Pleural effusion is an 

FIGURE 14-14 Posteroanterior chest X-ray (left) and computed 
tomography scan (right) showing a pleural effusion in the right 
hemithorax.
© Jarva Jar/Shutterstock.

Cause
Frequency of 
Occurrence

Pneumonia (parapneumonic effusion) 50–70%

Renal disease 9%

Trauma 7%

Viral disease 7%

Malignancy 5–10%

Congenital heart disease 5–11%

Other (liver failure, sickle cell anemia, 
meningitis)

3%

TABLE 14-6 
Common Causes of Pleural Effusion in Infants  
and Children

indicator of an underlying disease that may be caused 
by pulmonary or nonpulmonary conditions.

Etiology
Pleural effusions result from disruption of the balance 
between hydrostatic and oncotic forces in the visceral 
and parietal pleurae and lymphatic drainage. Several 
etiologies cause pleural effusions (Table 14-6).

Transudates are due to an imbalance in hydrostatic 
and oncotic forces in the chest. Major causes of transu-
dative pleural effusion include congenital heart disease, 
congestive heart failure, hepatic cirrhosis, peritoneal 
dialysis, nephrotic syndrome, and pulmonary embolus. 
However, transudates can also be caused by the move-
ment of fluid from peritoneal spaces or by iatrogenic 
infusion into the pleural space from misplaced or mi-
grated central venous catheters or nasogastric feeding 
tubes. In clinical practice, transudates are often multi-
factorial, with renal failure plus cardiac failure plus poor 
nutritional status being a common trilogy.94,95

Exudates arise from pleural or lung inflammation, 
impaired lymphatic drainage of the pleural space, trans-
diaphragmatic movement of inflammatory fluid from 
the peritoneal space, altered permeability of pleural 
membranes, and increased capillary wall permeability 
or vascular disruption.95 Exudates often require more 
extensive evaluation and treatment than transudates.

Pathophysiology
The regulated fluid balance in the pleural space is dis-
rupted when local or systemic disorders occur. Alterations 
of local factors include leaky capillaries from inflamma-
tion due to infection, infarction, or tumor while alterations 
of systemic factors can be caused by an elevated pulmo-
nary capillary pressure with heart failure, excess ascites 
with cirrhosis, or low oncotic pressure due to hypoalbu-
minemia.96 When the accumulated fluid is rich in protein 
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Type of 
Effusion

Pleural Liquid 
Concentration

Pleural/Serum 
Concentration Ratio

Protein LDH Protein LDH pH level

Transudate <3 g/dL <2/3 <0.5 <0.6 >7.45

Exudate >3 g/dL >2/3 >0.5 >0.6 <7.3

TABLE 14-7 
Chemical Composition of Transudate versus 
Exudate

and lactic dehydrogenase (LDH), it is called exudate; if it is 
low in protein and LDH, it is called a transudate.

Diagnosis
Auscultation and percussion are valuable initial assess-
ment tools when a pleural effusion is suspected. How-
ever, imaging tests are essential for definitive diagnosis. 
On chest radiograph, a pleural effusion appears as a 
white space blunting the costophrenic angle at the base 
of the lung (Figure 14-14). Fluid aspiration by thoracen-
tesis is required to differentiate between a transudate 
and an exudate. Differentiation between transudates 
and exudates is based on the chemical characteristics of 
the accumulated fluid (Table 14-7).

Clinical Presentation
The clinical manifestations of pleural effusion are vari-
able and often are related to the underlying disease pro-
cess. Dyspnea is a common symptom. Cough may be 
present and is often mild and nonproductive. Pleuritic 
chest pain commonly occurs and may be mild or severe. 
This pain is typically described as localized sharp or 
stabbing pain; however, pain can be felt in the ipsilateral 
shoulder or upper abdomen. Other symptoms associ-
ated with pleural effusion may be present as a reflection 
of the primary underlying disease process, such as lower 
extremity edema in congestive heart failure, or cutane-
ous changes and ascites in liver disease.97

Children may be asymptomatic if the effusion is 
small. However, with significant pleural effusions, 
findings may include diminished or inaudible breath 
sounds, dullness to percussion, decreased tactile fremi-
tus, asymmetrical chest expansion, diminished expan-
sion on the side of the effusion, and mediastinal shift 
away from the effusion in severe cases.97

The pleural effusion formation causes flattening or 
inversion of the diaphragm, mechanical dissociation of 
the visceral and parietal pleurae, and a restrictive ventila-
tory defect.97 Increased peak airway and peak alveolar 
pressures may be seen in infants with pleural effusion 
who are intubated and mechanically ventilated. These 
increases in pressures will predispose the infant to venti-
lator-induced lung injuries. Significant pleural effusions 
can also lead to hypoxemia that will necessitate the use of 
excessive concentrations of inspired oxygen and place the 

infants at further risk for complications, such as bron-
chopulmonary dysplasia and retinopathy of prematurity.

Treatment
Respiratory symptoms and complications resulting 
from pleural effusion are best treated with drainage of 
the pleural effusion to relieve symptoms. Subsequent 
management of pleural effusion, whether transudative 
or exudative, should be focused on treating the under-
lying medical disorder. Discontinuation of some medi-
cations that are known to cause pleural effusions, such 
as procainamide, hydralazine, quinidine, nitrofurantoin, 
dantrolene, methysergide, procarbazine, and metho-
trexate, might be needed if the medical condition of the 
patient allows.

Immediate and urgent drainage of parapneumonic 
effusions that are frankly purulent, with a pH less than 
7.0 to 7.1 and bacteria on Gram stain or culture, is 
needed to prevent rapid coagulation and formation of 
fibrous peels that might require surgical decortication.98 
Parapneumonic effusions that are not of the nature just 
described will improve clinically within 1 week with the 
appropriate antibiotic treatment. Parapneumonic effu-
sions that cannot be drained adequately by needle or 
small-bore catheters may require surgical intervention.

In unusual cases, surgery might be required to close 
diaphragmatic defects to prevent recurrent accumula-
tion of pleural effusions in patients with ascites and to 
ligate the thoracic duct to prevent re-accumulation of 
effusions.98 Pleurodesis by insufflating talc directly onto 
the pleural surface using video-assisted thoracoscopy 
can be employed to sclerose the pleural space and pre-
vent recurrence of pleural effusion. However, the use of 
talc can produce fever, chest pain, nausea, and possibly 
acute lung injury. Decortication is usually required for 
trapped lungs to remove the thick, inelastic pleural peel 
that restricts ventilation and produces progressive or 
refractory dyspnea.

Therapeutic thoracentesis with a catheter rather than 
a needle is used to remove larger amounts of pleural 
fluid to alleviate dyspnea and to prevent ongoing inflam-
mation and fibrosis in parapneumonic effusions. This 
procedure is indicated when mediastinal shift is away 
from the pleural effusion. Only moderate amounts of 
pleural fluid should be removed to prevent reexpansion 
pulmonary edema. Large amounts of pleural fluid can 
be removed if pleural pressure is monitored by pleural 
manometry and is maintained above –20 cmH2O.99

Complicated parapneumonic effusions require drain-
age by tube thoracostomy. Small-bore tubes, size 7 to 14 
French, inserted at the bedside or under radiographic 
guidance have been demonstrated to provide adequate 
drainage.100

Chylothorax
Chylothorax, also known as chylopleura, refers to the 
presence of chyle in the pleural space secondary to 
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leakage from the thoracic duct. Chylothorax can be 
caused by trauma to the neck or thorax or by an ob-
struction of the thoracic duct.101

Etiology
Causes of chylothorax are either traumatic or nontrau-
matic. Malignancies account for more than 50% of the 
nontraumatic cases; lymphoma is the most common 
cause of malignant etiologies, with non-Hodgkin lym-
phoma being more likely than Hodgkin lymphoma. 
Other nonmalignant etiologies are classified into id-
iopathic, congenital, and miscellaneous. Congenital 
chylothorax is the leading cause of pleural effusion in 
neonates.101 Miscellaneous causes include cirrhosis, tu-
berculosis, sarcoidosis, amyloidosis, and filariasis.101

Surgical trauma is the leading cause of chylothorax. 
Cardiothoracic surgery has been associated with 69% to 
85% of cases of chylothorax in children.102 Nonsurgical 
trauma, usually penetrating trauma, is the second lead-
ing cause of chylothorax, accounting for approximately 
25% of cases.103

Pathophysiology
Chylous fluid leaking from the thoracic duct accumu-
lates in the pleural cavity, usually on the right side, and 
causes acute or chronic alterations in the pulmonary me-
chanics. Considerable amounts of fat and lymphocytes 
may be lost due to the leakage of chyle from the thoracic 
duct. Eosinophils are also present in a higher proportion 
than in circulating blood. If left untreated, chylothorax 
can lead to significant nutritional and immunologic pa-
thology. Protein loss in the drained lymphatic fluid can 
lead to hypoalbunemia, nutritional compromise, and 
metabolic complications. The chyle appears to have a 
bacteriostatic property, which accounts for the rare oc-
currence of infection complicating chylothorax.101

Chylothorax in children falls under two categories: 
congenital and acquired. Congenital chylothorax can 
represent a significant management challenge: A higher 
proportion of children with congenital chylothorax fail 
conservative therapy than those with acquired causes.103 
The majority of acquired cases in infants and children 
are secondary to traumatic injuries. Direct traumatic in-
juries to the thoracic duct, as well as thrombosis of the 
superior vena cava, account for the majority of acquired 
chylothorax cases.104

Diagnosis
Chyle is often suspected only after a thoracentesis. The 
confirmation of chylothorax is based on pleural fluid 
analysis and imaging techniques. Pleural fluid analysis 
for the diagnosis of chylothorax involves the analysis of 
fluid collected by thoracentesis for cell count and dif-
ferential, pH, triglycerides, glucose, cholesterol, LDH, 
total protein, cytology, and microbiologic smear and 
culture. Triglyceride levels greater than 110 mg/dL  

lead to a high suspicion of chylothorax; conversely, 
if the level is less than 50 mg/dL, chylothorax is un-
likely. When triglyceride levels are between 50 and 
110 mg/dL, lipoprotein analysis should be performed. 
Chylomicrons in the fluid establish the diagnosis of 
chylothorax.101 Cell counts reveal a predominance 
of lymphocytes, usually greater than 80% of the total 
nucleated cell count. Lactic dehydrogenase in chyle is 
typically low and remains in the transudative range in 
chylous pleural fluid.97 Chylous fluid usually has a pH 
range of 7.40 to 7.80.101

Another useful test is the ingestion of lipophilic dye or 
radio-labeled triglyceride (131I-triolein). Presence of the 
dye color in the fluid within 1 hour or detection of high 
radioactivity in the pleural fluid after 48 hours confirms 
the presence of chylothorax.101 Lymphangiography may 
be helpful in defining the site of chyle leak or obstruction 
or penetrating trauma in spontaneous chylothorax and in 
lymphangiomatous malformations. Lymphangiography 
has also demonstrated a therapeutic role in assisting oc-
clusion of the postoperatively damaged lymphatic vessel. 
This may occur from an inflammatory granulomatous 
reaction by the lipiodol dye during extravasation.

Once a chylothorax has been diagnosed, imaging 
techniques are used to identify the site and cause of 
chyle leakage. Demonstration of chyle leakage by direct 
visualization or lymphangiography has been the gold 
standard for the diagnosis of a chylothorax. Conven-
tional chest radiography can identify the side of the 
chest with the effusion (Figure 14-15) but is not helpful 
in determining the etiology of the chylothorax. Chest 
computed tomography (CT) of the thorax and abdomen 
is typically needed to identify the site of thoracic duct 
rupture. When the site of chyle leakage remains uncer-
tain after chest CT, lymphangiography or lymphoscin-
tigraphy may be helpful.101

FIGURE 14-15 Chest radiography identifying an effusion due to 
chyle, or a chylothorax.
Courtesy of Dr. Mohammad Ashkan Moslehi, Radiopaedia.org, rID: 19158.
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Clinical Presentation
Most children with a chylothorax remain asymptom-
atic. Children with a significant amount of chyle ac-
cumulation in the pleural space present with dyspnea 
and tachypnea. Chest pain and fever are uncommon 
because chyle is not irritating to the pleural surface. 
Findings on physical examination are nonspecific and 
include decreased breath sounds and shifting dullness. 
Traumatic chylothorax usually develops within  
2 to 10 days postinjury while in nontraumatic chylo-
thorax, the onset of symptoms is more insidious.103,104 
Spontaneous chylothorax may rarely present as a sud-
den neck mass.105 The severity of symptoms is related to 
the rate of accumulation of chyle and to the size of the 
pleural effusion. 

Due to the loss of chyle, which is rich in fats, pro-
teins, electrolytes, bicarbonate, lymphocytes, and 
fat-soluble vitamins, some serious complications of 
 chylothorax may occur in patients, such as malnutri-
tion, weakness, dehydration, metabolic acidosis, and 
compromised immunologic status. Hypoalbuminemia 
and lymphopenia with prolonged loss of chyle increase 
the risk of systemic bacterial and viral infections.101,103

Treatment
Treatment of chylothorax should be directed at the 
underlying cause. The thoracic duct leak closes spon-
taneously in nearly 50% of patients, but surgical man-
agement often is pursued after failure of conservative 
therapies.105,106

The placement of a chest tube and continuous drain-
age of fluid from the pleural space is the initial or con-
servative management approach.105,106 This normalizes 
pleural pressure and reexpands the partially collapsed 
lungs. Because up to 3L of chyle may drain daily, large 
amounts of fluid, electrolytes, fat, protein, and lympho-
cytes may be lost, leading to severe nutritional deple-
tion and an immunodeficient state. Replacements of 
fluids, electrolytes, protein, fat, and lymphocytes are 
essential when large amounts of chyle are drained. If 
drainage from the pleural space does not decrease and 
remains unchanged, parenteral alimentation should 
be started.105,107 Radiotherapy to the mediastinum to 
resolve the tumor mass in patients with lymphoma is 
helpful, as the chylothorax in these patients is secondary 
to lymphoma.105,106 Somatostatin, a peptide hormone 
that regulates the endocrine system, or octreotide, a cy-
clic octapeptide administered at 3.5 to 12 mcg/kg/hour, 
have shown some success in treating pediatrics with 
postoperative and iatrogenic chylothorax.105,106

Surgical intervention in chylothorax should be con-
sidered when the following conditions exist: (1) average 
daily loss exceeds 1L to 1.5L per year of age in children 
for a 5-day period, (2) chyle flow has not diminished 
over 14 days, (3) nutritional complications appear im-
minent, or (4) accumulation of chyle is continuous de-
spite chest tube drainage.101

Thoracic duct ligation is the standard surgical in-
tervention.106,108 Most recently, video-assisted thoracic 
surgery and fluoroscopic percutaneous embolization 
have provided an effective and potentially less invasive 
approach to chylothorax.108 A pleuroperitoneal shunt 
can be successful for refractory chylothorax but is as-
sociated with blood loss requiring transfusion.109 Talc 
pleurodesis is often used for malignant chylothorax.110

Hemothorax
The presence of blood in the pleural space is known as 
hemothorax (Figure 14-16). The source of blood may 
be the chest wall, lung parenchyma, heart, or great 
vessels secondary mainly to a blunt trauma, iatrogenic 
causes,111 or a spontaneous occurrence.112

Etiology
Penetrating injuries of the lung, heart, great vessels, or 
chest wall are the most common causes of a hemotho-
rax. This type of trauma may be accidental, deliberate, 
or iatrogenic in origin.113,114 Blunt chest trauma results 
in hemothorax when a laceration of internal vessels 
occurs113,114 while central venous catheter and thoracot-
omy tube placement are primary iatrogenic causes.104,114 
Other nontraumatic or spontaneous causes of hemo-
thorax are listed in Table 14-8.

Pathophysiology
The development of a hemothorax is manifested mainly 
by hemodynamic and respiratory physiologic responses. 
The degree of hemodynamic response is determined by 
the amount and rapidity of blood loss. Early recogni-
tion of signs and symptoms of significant blood loss 
and poor perfusion is essential to patient outcome.114 
Normal respiratory movement of air to the lung may be 
hampered by the space-occupying effect of a significant 

FIGURE 14-16 Illustration of a hemothorax.
© joshya/Shutterstock.
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Hemorrhagic disease of the newborn (e.g., vitamin K deficiency, 
Henoch-Schönlein purpura, beta thalassemia/hemoglobin E disease)

Primary or metastatic neoplasia

Congenital cystic adenomatoid formation

Type IV Ehlers-Danlos syndrome

Von Recklinghausen disease

Blood dyscrasias

Pulmonary embolism with infarction 

Torn pleural adhesions in association with spontaneous pneumothorax 

Bullous emphysema

Necrotizing infections

Tuberculosis

Pulmonary arteriovenous fistulae

Hereditary hemorrhagic telangiectasia

Thoracic aortic aneurysm or aneurysm of the internal mammary 
artery

Intralobar and extralobar sequestration

Abdominal pathology (e.g., ancreatic pseudocyst, splenic artery 
aneurysm, or hemoperitoneum) 

TABLE 14-8 
Causes of Nontraumatic or Spontaneous 
Hemothorax

FIGURE 14-17 Right hemothorax caused by a gunshot wound to  
the chest.
Courtesy of Dr. Henry Knipe, Radiopaedia.org, rID: 41474.

provide immediate and accurate information regarding 
the pericardium and possible presence of serious cardiac 
injury and pericardial effusion.114 CT is a highly accurate 
diagnostic study for pleural fluid or blood and is particu-
larly helpful in localizing collections of blood114 that may 
not be evident on the initial chest radiograph.

Measurement of the hematocrit of pleural fluid is 
virtually never needed in a patient with a traumatic he-
mothorax; however, it is necessary for the analysis of a 
bloody effusion from a nontraumatic cause. A hemotho-
rax is present when the hematocrit of the pleural fluid is 
at least 50% that of the peripheral blood.114

Clinical Presentation
Symptoms and findings associated with hemothorax in 
trauma vary widely, depending on the amount and rapid-
ity of bleeding, the existence and severity of underlying 
pulmonary disease, and the nature and degree of associ-
ated injuries. Chest pain, dyspnea, tachypnea, and shal-
low breathing are common symptoms.114 In severe cases, 
hypoxemia may be present. Diminished ipsilateral breath 
sounds and dull percussion are noted. With substantial 
blood loss, hypotension and tachycardia are present.114 
Although hemothorax is associated with chest wall in-
juries, bony fractures of the chest wall are not necessarily 
present in infants and children with hemothorax.

Hemodynamic manifestations associated with mas-
sive hemothorax are those of hemorrhagic shock. De-
pending on the amount and rate of bleeding, symptoms 
can range from mild to severe derangements in hemo-
dynamic variables.114

Delayed hemothorax can occur at some interval after 
blunt chest trauma. In such cases, the initial evaluation 
reveals findings of rib fractures without any evidence 
of hemothorax. However, hours to days later, a hemo-
thorax is seen. The mechanism is believed to be either 

accumulation of blood within the pleural space. In 
trauma cases, derangements of ventilation and oxygen-
ation variables may result, especially if associated with 
injuries to the chest wall.114

Late physiologic sequelae of unresolved hemothorax 
include empyema and fibrothorax. If undetected or 
improperly treated, empyema can lead to bacteremia 
and septic shock. Fibrothorax traps the lung in position 
and prevents it from full expansion, causing persistent 
atelectasis of portions of the lung and reduction in pul-
monary function.114

Diagnosis
A chest radiograph, preferably in the upright position, 
is the primary diagnostic tool in the detection of hemo-
thorax. In blunt trauma cases, hemothorax is frequently 
associated with other chest injuries visible on the chest 
radiograph, such as rib fractures, pneumothorax, or a 
widening of the superior mediastinum (Figure 14-17). 
However, additional studies with ultrasonography and 
CT may be needed for identification and quantification of 
a hemothorax.114 Ultrasonography plays a complement-
ary role in specific cases where the chest X-ray findings of 
hemothorax are equivocal. Bedside echocardiography can 
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rupture of a trauma-associated chest wall hematoma 
into the pleural space or displacement of rib fracture 
edges with eventual disruption of intercostal vessels 
during respiratory movement or coughing.

Lysis of red blood cells and the increase in the protein 
concentration of the pleural fluid will lead to an increase 
in the osmotic pressure within the pleural cavity. This fa-
vors transudation of fluid into the pleural space and the 
progression of small asymptomatic hemothorax into a 
large and symptomatic bloody pleural effusion.

In nontraumatic hemothorax, symptoms and clini-
cal findings are variable, depending on the underlying 
pathology. Hemothorax due to acute hemorrhage from 
structures within the chest, such as arteriovenous mal-
formation, can produce profound hemodynamic changes 
and symptoms of shock. Occult hemorrhage is most 
commonly related to metastatic disease or complications 
of anticoagulation. In such cases, bleeding into the pleural 
cavity occurs slowly, resulting in subtle or absent changes 
in hemodynamics. When the effusion is large enough to 
produce symptoms, dyspnea is usually the most prom-
inent complaint. Signs of anemia may also be present. 
Other findings include dullness to percussion and de-
creased breath sounds over the area of the hemothorax.

After full drainage and evacuation of the  hemothorax, 
reexpansion pulmonary edema may occur. A hemotho-
rax that is not fully drained will lead to clotted hemo-
thorax, which may become infected, and empyema can 
develop. Even if it remains uninfected, clotted hemo-
thorax will progress to a fibrothorax secondary to fibrin 
deposition. This can lead to lung entrapment, persistent 
atelectasis, and impaired pulmonary function.114

Treatment
Initial treatment of hemothorax is directed toward 
cardiopulmonary stabilization and evacuation of the 

pleural blood collection. A hemothorax must be effec-
tively managed to prevent complications, such as fibro-
thorax and empyema.

Tube thoracostomy drainage is the primary mode 
of treatment for hemothorax, and as many as 70% to 
80% of patients who sustain traumatic hemothorax 
are successfully treated by tube thoracostomy drain-
age and require no further therapy.113,114 However, 
this procedure is relatively contraindicated when sig-
nificant pleural adhesions are present. Drainage of 
hemothorax in a patient with a coagulopathy should 
be performed with great care; normalization of coagu-
lation function should be initiated before drainage of 
the hemothorax, if possible. If drainage is incomplete 
as visualized on the postthoracostomy chest radio-
graph, placement of a second drainage tube should be 
considered.

Video-assisted thoracoscopic surgery has been used 
as an alternative treatment to tube thoracostomy. It per-
mits direct removal of the clot and precise placement of 
the chest tubes, and it is associated with fewer postop-
erative complications and shorter hospital stays.113,114

Thoracotomy is the procedure of choice for surgi-
cal exploration of the chest for massive hemothorax, 
persistent bleeding, late management of retained clot, 
drainage of empyema, or decortication.113,114 During the 
surgical exploration, the source of bleeding is controlled 
and the hemothorax is evacuated.

Postoperative ventilator management should pro-
gress according to the individual status of the patient. 
When no other significant injury or disease process is 
present, weaning and extubation may be quick. In more 
critically ill patients, such as those with severe chest 
wall injuries or those requiring massive transfusion, 
ventilator management might be more challenging and 
must be tailored to the condition of the patient.

Case Study 1
A 3-month-old female presents with a 4-day history of 
cough, rhinorrhea, congestion, and fevers. Today her 
mother noticed she was breathing faster and looked 
like she was having difficulty breathing. She has been 
taking less formula than normal. Her 3-year-old sis-
ter had a cold last week. On physical exam her tem-
perature is 39.0°C, heart rate is 150 beats per minute, 
respiratory rate is 70 breaths per minute, and blood 
pressure is 90/50 mm Hg. Her oxygen saturation is 
90%. She appears alert but agitated and is tachypneic 
and coughing with nasal congestion with a lot of secre-
tions. She has significant work of breathing, with sub-
costal and intercostal retractions. On auscultation of 
her lungs, breath sounds are decreased and wheezing is 
heard on both inspiration and expiration. A prolonged 
expiratory phase is also noted. The wheezing has a 

“wet” quality to it. Sputum culture was sent at this 
time, patient is RSV+.

1. You are requested to assess the child. What re-
spiratory treatment considerations would you 
recommend at this time?

The patient is admitted to the inpatient floor, where she 
received oxygen therapy by heated high-flow nasal can-
nulaat an Fio2 of 0.36. The patient required Q1 to Q2 hours 
suctioning for thick secretions. An IV was placed for de-
creased feeds and dehydration. The patient was weaned 
from heated high flow nasal cannula therapy to room air. 
Feeds improved, and she was discharged 2 days later.

2. What are specific diagnostic tests for confirming 
RSV infection?

3. When would you consider using palivizumab?
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Case Study 2
An 18-month-old male presented to the emergency de-
partment with a chief complaint of cough. He had a two 
day history of rhinorrhea; fever; a hoarse cry; a progres-
sively worsening, harsh, “barky” cough; and a whistling 
sound when he breathes. He has been drinking, but his 
appetite is diminished. His past medical history is un-
remarkable. His 5-year-old brother also has cold symp-
toms. Physical exam includes heart rate at 138 beats 
per minute, respiratory rate at 38 breaths per minute, 
blood pressure of 90/63 mm Hg, and oxygen saturation 
of 95% on room air. He is awake and alert, in moderate 
respiratory distress, and with subcostal and intercostal 
retractions. Work of breathing increases with nasal 
flaring when he gets upset. He has a dry, barking cough 
and a hoarse cry. He has some clear mucus rhinorrhea 
but no nasal flaring. His pharynx is slightly injected. He 
has good aeration bilaterally upon auscultation and has 
inspiratory stridor at rest. No wheezing or rhonchi are 

noted. His extremities are warm and pink with good per-
fusion, capillary refill <2 seconds. 

1. How would you classify this patient according to 
the Westley croup severity scale?

2. You are called to the room to do an assessment. 
What respiratory treatment considerations 
would you recommend at this time?

He is treated with nebulized racemic epinephrine; 
his coughing subsides and his stridor resolves. A lateral 
neck X-ray was also completed at this time, which re-
veals no prevertebral soft tissue widening or evidence 
of epiglottitis. The subglottic region is mildly narrowed. 
He is treated with oral dexamethasone. He is discharged 
home after 1 hour of monitoring, and his parents were 
instructed to treat him with humidified mist therapy.

3. What is the most common cause of 
laryngotracheobronchitis?
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OBJECTIVES
1. Describe the pathophysiology of asthma.
2. List the tests used to diagnose asthma.
3. Explain the therapies used in the step-wise approach to the 

treatment of asthma.
4. Discuss the importance of an asthma action plan.
5. Differentiate among SABAs, LABAs, and ICSs.
6. Discuss the essential elements of asthma treatment across 

the continuum of care.

7. List the complications associated with poor asthma 
control.

8. Describe the pathophysiology of cystic fibrosis (CF).
9. List the tests used to diagnose CF.

10. Explain the therapies used in the daily treatment of CF.
11. List the four pillars of CF care.
12. Discuss how an acute exacerbation is identified and 

treated.
13. List the complications associated with CF.
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inhaled corticosteroids 
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lung clearance index (LCI)
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sweat chloride test
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Introduction
Asthma and cystic fibrosis are two chronic diseases that 
require the use of respiratory modalities to maintain 
health and prevent acute exacerbations or flare-ups of 
the disease process. Clinicians play an important role 
in helping the child and family understand their disease 
process, their therapeutic regimen, and how to recog-
nize the need to contact their healthcare provider for 
additional intervention or escalation of care.

Asthma
Asthma is one of the most common and serious chronic 
diseases in childhood. According to the Centers for 
Disease Control and Prevention (CDC) National Health 
Interview Survey conducted in 2012, over 10 million 
children in the United States younger than age 18 years 
have been diagnosed with asthma.1 The Environmental 
Protection Agency (EPA) ranked asthma as third for 
the cause of hospitalization among children younger 
than the age of 15 and noted, on average, that 1 out of 
every 10 school-aged children has an asthma diagno-
sis. Asthma accounts for over 10.5 million school days 
missed per year.2

Asthma also accounts for significant morbidity and 
mortality. Asthma was the cause for 479,300 hospital-
izations, 1.9 million emergency department visits, and 
8.9 million doctor visits in 2009.3 Data from the CDC’s 
Asthma’s Impact on the Nation factsheets reveal that 
about nine people die from asthma each day.3 The eco-
nomic cost for asthma in the United States is $56 billion 
each year, with the average yearly cost to care for a child 
with asthma at $1,039.3

Etiology
The National Institutes of Health (NIH) National Asthma 
Education and Prevention Program (NAEPP) Guidelines 
for the Diagnosis and Management of Asthma Expert 
Panel Report 3 (EPR-3) define asthma as follows:

A chronic inflammatory disorder of the airways in which 
many cells and cellular elements play a role: in particular, 
mast cells, eosinophils, neutrophils (especially in sudden 
onset, fatal exacerbations, occupational asthma, and pa-
tients who smoke), T lymphocytes, macrophages, and epi-
thelial cells. In susceptible individuals, this inflammation 
causes recurrent episodes of coughing  (particularly at night 
or early in the morning), wheezing, breathlessness, and 
chest tightness. These episodes are usually  associated with 
widespread but variable airflow  obstruction that is often 
reversible either spontaneously or with treatment.4

These guidelines continue to characterize this com-
plex disorder by stating that, if left untreated, the inter-
action between the inflammation in the airway causes 
variable and recurring symptoms, airflow obstruction, 
bronchial hyperresponsiveness, and ongoing underlying 
inflammation.4 Figure 15-1 illustrates how the airways 
react to certain stimuli—smooth muscles that wrap 

around the airways tighten, the airway wall becomes 
inflamed, and thick mucus is produced.

The exact cause of asthma is not known, and there 
is no cure. However, asthma can be managed very well 
with medication and by controlling environmental fac-
tors, such as allergens and irritants. Researchers con-
tinue to explore the inflammatory process in hopes of 
finding a cause and cure for this disease. The EPR-3 
guidelines describe the development of asthma as a 
relationship between host factors (genetic and environ-
mental exposures) that occurs during the development 
of the immune system early in life.4

Pathophysiology
Although the cause may not be known, the bronchi 
appear to be hyperreactive to stimuli, increasing the 
production of immunoglobulin E (IgE), mast cell de-
granulation, and release of inflammatory mediators. 
Due to this response in the airway, the lung tissue swells, 
causing the airways to be overly reactive. Mucus produc-
tion increases, adding to the constriction of the airways. 
Inflammation, if left untreated, can cause permanent 
structural changes, also known as airway remodeling. It 
is important to note that airway remodeling can be pre-
vented or minimized with proper asthma management.

Diagnosis
A detailed medical history and physical examination 
are important to the diagnosis of asthma. For the child 
older than 1 year of age who presents with their first 
episode of wheezing, a family history of asthma or 
 allergies may be suggestive of a diagnosis of asthma.

Past Medical and History of Present Illness
The medical history should ascertain the factors con-
tributing to the abrupt episode of wheezing, shortness 
of breath, chest discomfort, and/or nocturnal awaken-
ings for dyspnea. It is important for the clinical team 
to identify the factors or stimuli that trigger the acute 
asthma exacerbation, such as exposure to changes in 
weather (cold, heat), emotions (crying, laughing), ani-
mal dander (cat, dog, horse), or environmental expos-
ures (pollen, smoke).

An account of the frequency of symptoms and the 
number of physician office visits, emergency depart-
ment visits, hospitalizations, and intensive care unit 
(ICU) admissions for asthma are important for iden-
tifying the severity risk for and control of this chronic 
condition. This history should also include quality 
of life determinants, such as the number of missed 
school- and/or workdays associated with asthma 
exacerbations.

Diagnostic Testing
Spirometry is essential for the diagnosis and manage-
ment of asthma in children older than 5 years of age. 
The forced vital capacity (FVC), forced expiratory 
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volume in 1 second (FEV1), and ratio of forced expira-
tory volume in 1 second to forced vital capacity (FEV1/
FVC%) are most commonly used.

Typically, when the child is not having an exacerba-
tion of asthma and is free of asthma exacerbation symp-
toms, the FEV1/FVC should be within the normal range, 
which is ranked by age.

The FEV1 measures small-airway obstruction. Typi-
cally, spirometry is performed before and after bron-
chodilator administration to determine the presence of 
airway obstruction and the response to bronchodilator 
therapy. An FEV1 is measured prior to a bronchodilator 
treatment and again 15 minutes after bronchodilator 
administration to determine reversibility of airway ob-
struction. Reversibility, or an indicator of airway respon-
siveness to bronchodilator administration, is defined as 
an increase in FEV1 and FVC of 12%.5 Airway response 
to bronchodilator treatment is a key feature of asthma. 
Spirometry is patient effort dependent. It is important 
for the clinician who performs the test to be trained in 
coaching children on the proper way to perform the ma-
neuver in order to obtain a satisfactory test.

Additional diagnostic testing, such as a broncho-
provocation challenge; chest radiograph; allergy testing; 
and sputum, blood, or urine testing, may be needed to 
differentiate asthma from other childhood diseases, es-
pecially if the child is too young to perform spirometry 

or is not responding to bronchodilator therapy. It is im-
portant to remember that bronchoprovocation challenge 
and/or allergy testing are never conducted when the 
child is symptomatic or experiencing an acute exacerba-
tion of asthma. The bronchoprovocation challenge test 
is more commonly used in the adult population, but it 
has been used in older children. The test is performed 
in a clinic setting using either methacholine or man-
nitol. Following baseline spirometric testing, the child 
repeatedly inhales a dose of methacholine by aerosol 
mist or dry powder in increasing concentrations until 
hyperreactivity of the small airways is noted. Spirometry 
is performed after each dose to evaluate response, or a 
reduction in FEV1. A 20% reduction of FEV1 is consid-
ered a positive test.6,7 A short-acting bronchodilator is 
administered to reverse the effects of the methacholine. 
Mannitol challenge testing is a new method used for 
assessment of asthma and is reported to be especially 
helpful with diagnosing  exercise-induced asthma. Pre-
filled mannitol capsules in escalating doses are adminis-
tered by a dry powder inhaler device. Spirometry testing 
is performed 60 seconds after each dose, watching for a 
15% fall in FEV1 value.8

Exercise tolerance tests may be performed to diag-
nose exercise-induced asthma. A variety of forms of 
exercise, including bicycle ergometry and running on 
a treadmill or free running, have been used. The child 

FIGURE 15-1 In the asthmatic airway, the airway wall thickens, smooth muscle spasms, and there is an increase in mucus production.
© Alila Medical Media/Shutterstock.
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is monitored during the exercise interval, which lasts 
approximately 5 to 8 minutes. Exercise may be graded, 
or the intensity elevated, in order to increase the child’s 
heart rate to 85% of predicted for age and gender. 
Spirometry is performed prior to exercising and in be-
tween each exercise interval. A decline in FEV1 of 15% 
or greater is indicative of a positive response.9 How-
ever, when compared to bronchoprovocation challenge 
using pharmacologic agents, exercise challenge is less 
sensitive and may be a poorer predictor of bronchial 
hyperresponsiveness.9,10

A chest radiograph has little value in the diagnosis of 
asthma. Typically the chest radiograph is normal, but 
it may be helpful to exclude other diagnoses. Allergy 
testing may be performed to check for sensitivities to 
common allergens that cause bronchial reactivity. When 
identified, education about avoidance of allergens is 
often beneficial for preventing future asthma exacerba-
tions. Sputum, blood, or urine testing can also assist 
with diagnosing allergic sensitivities, elevated IgE levels, 
and other comorbid conditions.

A combination of a positive family history, the inter-
mittent presence of typical asthma symptoms, spirom-
etry indicating reversible obstruction, and ruling out 
of asthma mimics are instrumental in the diagnosis of 
asthma.

Classifying Asthma Severity
Once a diagnosis of asthma has been made, classifying 
and assessing asthma severity by using evidence-based 
national guidelines will assist with creating a treatment 

plan to achieve asthma control. The EPR-3 guidelines 
divide recommendations for asthma assessment and 
treatment into three age ranges: 0 to 4 years, 5 to  
11 years, and 12 years and older.

Asthma severity is categorized into two domains—
impairment and risk—and four classifications: intermit-
tent, mild persistent, moderate persistent, and severe 
persistent. The impairment domain concentrates on 
symptoms and lung function.4 Knowing the current 
frequency and intensity of symptoms and lung function 
measurements can assist with obtaining an appropriate 
treatment plan. The risk domain is a predictor of future 
asthma exacerbations. Medical history, along with past 
visits to the emergency department, hospitalizations, 
unscheduled clinic visits, and oral corticosteroid use, 
for asthma exacerbations play a big part in assessing the 
risk factor. Other predictors include monitoring for re-
duction in lung growth and medication side effects from 
the treatment plan.

The four classifications of asthma are based on fre-
quency of daytime and nighttime symptoms, frequency 
of reliever/rescue medication usage, interference with 
normal activity, lung function measurements, and oral 
corticosteroid usage. Recommendations for medical 
providers on how to initiate a treatment plan and to 
adjust the treatment plan by the patient’s response to 
therapy are presented in Table 15-1, which provides an 
example of an asthma severity table for children 4 years 
of age or younger.4 The National Asthma Guidelines 
provide tables for children within each of the three 
aforementioned age ranges.

Components of Severity Classification of Asthma Severity 0–4 Years of Age

Intermittent Persistent

Mild Moderate Severe

Impairment Symptoms ≤2 days/week >2 days/week, but not 
daily

Daily Throughout the day

Nighttime awakenings 0 1–2 times/month 3–4 times/month >1 time/week

SABA for symptoms ≤2 days/week >2 days/week, but not 
daily

Daily Several times per 
day

Interference with normal 
activity

None Minor limitation Some limitation Extremely limited

Risk Exacerbations requiring oral 
systemic corticosteroids

0–1/year >2 exacerbations in 6 months requiring oral systemic corticosteroids 
or 
4 wheezing episodes/1 year lasting >1 day AND risk factors for 
 persistent asthma

Consider severity and interval since last exacerbation. Frequency and severity may fluctuate 
over time.

SABA = short-acting beta2-agonist

Data from National Asthma Education and Prevention Program Expert Panel Report 3. Guidelines for the  diagnosis and management of asthma. National Heart 
Lung and Blood Institute, National Institutes of Health: U.S. Department of Health and Human Services; 2007 Aug 28. Report no. 07-4051. Full Report.

TABLE 15-1
An Example of Classifying Asthma Severity for Children 4 Years of Age or Younger
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Upper airway inflammation 
•	 Nasal secretions
•	 Swelling of the nasal mucosa
•	 Nasal polyps

Wheezing
•	 Wheezing on exhalation
•	 Bilateral wheezing

Retractions

Hyperexpansion of the thorax

Changes in the skin
•	 Atopic dermatitis
•	 Eczema
•	 Allergic shiners (dark circles under the eyes)

Accessory muscle use

Cough

Shortness of breath

Tachypnea

Pulses paradoxis

TABLE 15-2
Common Symptoms Associated with an Acute 
Exacerbation of Asthma

Clinical Presentation
The physical examination of the child is very import-
ant. The combination of a detailed history and physical 
examination are helpful in differentiating asthma from 
other childhood diseases, such as bronchiolitis, and for-
eign body obstruction. Children experiencing an acute 
exacerbation of asthma will have varying degrees of res-
piratory distress, depending on the severity of airway 
constriction, inflammation, and obstruction. Table 15-2 
provides a list of common symptoms associated with an 
acute exacerbation of asthma. The physical examination 
of a child who has asthma, but who is not currently ex-
periencing an acute exacerbation of asthma, is generally 
normal.

Management
There are four key components for achieving and then 
controlling asthma: (1) assess and monitor asthma 
 severity and control, (2) partner with patients and 
 families to educate them on their asthma plan of care,  
(3) control environmental factors and comorbid condi-
tions that trigger asthma exacerbations, and (4) pre-
scribe appropriate medications for treatment of asthma.

Assess and Monitor Asthma Severity and Control
The NAEPP’s EPR-3 recommends a step-wise approach 
to asthma treatment based on an assessment of the 
child’s severity and control.4 These guidelines serve as a 

standardized tool based on the best available evidence. 
Treatment depends on collaboration between the family 
and the clinical team to identify and minimize asthma 
exacerbation triggers, formulation of a plan that estab-
lishes management goals to improve asthma control, 
and enhanced patient and family satisfaction with their 
asthma care. Asthma care, including pharmacologic 
intervention, escalates, described in the guidelines as 
“step up,” during an acute exacerbation, when asthma 
symptoms worsen or when the child’s asthma is not well 
controlled. Treatment deescalates or is “stepped down” 
when asthma is controlled.

Step-Wise Approach
A child with poorly controlled asthma will have symp-
toms that frequently interfere with age-appropriate 
activity and require short-acting beta2-agonists 
(SABAs) for symptom relief several times per day. 
Table 15-3 outlines the classification for asthma con-
trol for children 4 years of age and younger. Pharma-
cologic management depends on the child’s asthma 
severity and level of control. Table 15-4 outlines the 
step-wise approach to care for children 4 years of age 
or younger with intermittent or persistent asthma. A 
comprehensive home asthma management plan should 
include trigger identification and a strategy for trigger 
avoidance, the use of quick-relief medications to relieve 
symptoms of an acute exacerbation, and, depending on 
the severity of asthma, the use of long-term controller 
medications.

It is important to assess a patient’s adherence to 
therapy, investigate environmental changes that may 
trigger an asthma exacerbation, rule out comorbid con-
ditions, and assess the child’s ability to properly admin-
ister medication, such as observing inhaler technique to 
ensure proper administration, before stepping up or es-
calating therapy. It is equally important for the primary 
care team to decrease pharmacologic therapy when the 
child’s asthma control improves and sustains that im-
provement for least 3 months.

Educate Children and Their Families/Caregivers
Education is a key element of asthma home manage-
ment. Children and their families must be able to differ-
entiate controller medications from those used for quick 
relief and understand the plan of care for maintain-
ing health and addressing asthma symptoms. NAEPP 
recommends that asthma education be provided and 
reinforced by the healthcare team during every oppor-
tunity with the patient. Asthma self-management educa-
tion is a partnership among the child, their parents or 
caregivers, and the interdisciplinary healthcare team. 
Asthma education should include information on how 
to control asthma symptoms or to maintain health and 
prevent asthma exacerbations. The use of open-ended 
communication allows the child and family to have an 
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Components of Control

Classification of Asthma Control 0–4 Years

Well Controlled Not Well Controlled Very Poorly Controlled

Impairment Symptoms ≤2 days/week >2 days/week Throughout the day

Nighttime awakenings ≤1 night/month >1 night/month >1 night/week

Interference with normal activity None Some limitation Extremely limited

SABA use for symptoms ≤2 days/week >2 days/week Several times per day

Risk Exacerbations requiring oral 
systemic corticosteroids

0–1/year 2–3/year >3/year

Treatment-related adverse effects Medication side effects can vary in intensity from none to very troublesome and 
worrisome. The level of intensity does not correlate to specific levels of control 
but should be considered in the overall assessment of risk.

Recommended action for treatment *Maintain current 
treatment. 

*Regular follow-up 
every 1–6 months. 

*Consider step 
down if well 
controlled for at 
least 3 months.

*Step up (1 step).

*Reevaluate in 2–6 
weeks.

*If no clear benefit in 
4–6 weeks, consider 
alternative diagnoses 
or adjusting therapy. 

*For side effects, 
consider alternative 
treatment options.

*Consider short course of oral 
systemic corticosteroids.

*Step up (1–2 steps).

*Reevaluate in 2 weeks.

*If no clear benefit in 4–6 
weeks, consider alternative 
diagnoses or adjusting therapy. 

*For side effects, consider 
alternative treatment options.

NOTE: Before step up in therapy, review adherence to medications, inhaler technique, and environmental control. If alternative treatment option was used in a step, 
discontinue it and use preferred treatment for that step.

SABA =short-acting beta2-agonist

*2007 NIH/NHLBI Asthma Guidelines

Data from National Asthma Education and Prevention Program Expert Panel Report 3. Guidelines for the  diagnosis and management of asthma. National Heart 
Lung and Blood Institute, National Institutes of Health: U.S. Department of Health and Human Services; 2007 Aug 28. Report no. 07-4051. Full Report.

TABLE 15-3
Matrix Used to Assess Asthma Control for Children 4 Years of Age or Younger

active role in preparing and using their asthma plan 
of care or asthma treatment plan. Emergency phone 
numbers are listed on the plan in case urgent medical 
attention is needed. Giving the families some scenarios 
during education will provide them with the opportunity 
to see how to respond and allow them to ask questions.

Peak Flow Monitoring
Measurement of peak expiratory flow is an effect-
ive way to monitor airflow during forced expiration. 
Peak flow monitoring is not as sensitive as the FEV1 to 
changes in the diameter of the small airways. However, 
it does provide an objective indicator of lung function, 
especially in patients with persistent asthma and/or 
those who are not adept at perceiving the frequency 
or severity of asthma symptoms. Peak flow monitoring 
and symptom monitoring are considered appropri-
ate ways of determining the action plan for asthma 
management.

A peak flow meter is used to measure how much 
air can move out of the airway with a momentary 

blast of exhalation. Peak flow helps the patient 
 monitor airway changes so that they can take their 
reliever medication quickly according to their asthma 
action plan.

The meter is marked by a provider using either a pre-
dicted value from a nomogram or after determining the 
child’s personal best. To obtain a personal best value, 
three peak flow measurements should be performed 
every day in the morning and evening for a 2- to 3-week 
period when the child’s asthma is well controlled. The 
highest value among the three measurements is the per-
sonal best. Instructions for peak flow use are found in 
Figure 15-2.

The patient is instructed to keep a diary of the read-
ings and concurrent symptoms and triggers so that the 
provider can guide the child and family on the appropri-
ate actions to take. Using the meter on a regular basis 
can provide more information about a patient’s asthma 
severity and control. Because effort and technique play 
an important role for obtaining accurate readings, chil-
dren should be observed and coached on correct use of 
the peak flow meter on a daily basis.
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Intermittent 
Asthma

Persistent Asthma: Daily Medication

Consult with asthma specialist if step 3 care or higher is required. 

Consider consultation at step 2.

    Step 6 Step up if 
needed

Step 5 Preferred: (First, check 
adherence, 
inhaler 
technique, 
environmental 
control)

  Step 4 Preferred:    

Step 3 Preferred:   High dose ICS + 
either LABA or 
montelukast

Assess Control

  Step 2 Preferred:   High-dose ICS + 
either LABA or 
montelukast 

Oral systemic 
corticosteroids

 

Step 1 Preferred:   Medium-dose ICS 
+ either LABA or 
montelukast

    Step down if 
possible

Preferred:   Medium-dose ICS        

  Low-dose ICS         Asthma is well 
controlled for at 
least 3 months

SABA PRN          

  Alternative: 
Cromolyn or 
montelukast

       

Patient Education and Environmental Control at Each Step

Quick-Relief Medications for All Patients:  
*SABA as needed for symptoms. Intensity of treatment depends on severity of symptoms. 
*With viral respiratory infection: SABA q 4–6 hours up to 24 hours (longer with physician consult). Consider short course of oral systemic 
corticosteroids if exacerbation is severe or patient has history of previous severe exacerbations.  
*Caution: Frequent use of SABA may indicate the need to step up treatment.

ICS = inhaled corticosteroid; LABA = long-acting beta2-agonist; SABA = short-acting beta2-agonist 

Note: Studies on children 0–4 years of age are limited. Step 2 preferred therapy is based on Evidence A.

All other recommendations are based on expert opinion and extrapolation from studies in older children.

*2007 NIH/NHLBI Asthma Guidelines

Data from National Asthma Education and Prevention Program Expert Panel Report 3. Guidelines for the  diagnosis and management of asthma. National Heart 
Lung and Blood Institute, National Institutes of Health: U.S. Department of Health and Human Services; 2007 Aug 28. Report no. 07-4051. Full Report.

TABLE 15-4
An Example of a Step-Wise Approach for the Management of Children 4 Years of Age and Younger with 
Intermittent and Persistent Asthma
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Asthma Action Plan
The written asthma action plan (Figure 15-3) uses peak 
flow and symptom monitoring to determine the actions 
a child and family need to take in response to changes 
in the child’s symptoms. Children with asthma should 
have home and school treatment plans to ensure con-
sistent care. Coaches and school nurses should have a 
copy of the child’s asthma action plan and should be 
able to perform peak flow monitoring and administer 
medications. Asthma action plans are often based on 
the colors of a traffic light: green, yellow, and red. Use 
of these colors provides a visual indication of the sever-
ity of symptoms during an acute exacerbation, with 
green signifying symptoms that are the least severe and 
red indicating the most severe. The asthma action plan 
illustrated in Figure 15-3 provides instructions for the 
type and dose of medication to administer, when to es-
calate care, and who to call for help for each of the three 
colored zones.

The green zone means “go” and indicates that the 
child’s asthma is controlled. The child may be symptom-
free or intermittently experiencing mild symptoms. 
Daily controller medications are administered as indi-
cated in this section of the plan, and type and dose of 
reliever medication prior to exercise, or when inter-
mittently symptomatic, are outlined. Peak flow for the 
green zone is typically >80% of the child’s personal best.

Patients in the yellow zone have had an exposure to 
triggers and experience an increase in frequency and 
severity of symptoms. Symptoms include cough, which 
may worsen at night or with exercise; wheezing; chest 
tightness; itchy, runny nose; and/or itchy, sore throat. 
The peak flow rate in this zone is lower than that in 
the green zone, ranging from 50% to 80% of the child’s 
personal best. The yellow zone means to slow down 
and take caution. The instructions in this section con-
centrate on using prescribed quick-relief medications 
as well as when to contact the physician or healthcare 
provider. The yellow zone also provides instructions 

for stepping up care, which includes increasing the fre-
quency and/or dose of the quick-reliever medication. 
Medications, such as a course of oral corticosteroids, 
may be initiated if the prescribed quick-reliever medica-
tion is ineffective (usually within 24 hours) in alleviating 
symptoms.

The red zone denotes that the child’s symptoms are 
severe and peak flow is <50% of their personal best. 
Red zone or late-warning signs include refractory short-
ness of breath, nasal flaring, retractions, grunting, dif-
ficulty walking or talking, and/or cyanosis of the lips or 
fingernails. Action should be taken immediately if the 
child reaches this zone. Reliever medication is given in 
this zone at a faster pace, and the patient/caregiver must 
proceed to the emergency department or call 911 im-
mediately. Recognizing the signs of an asthma episode 
early and taking immediate action are important. Early 
treatment can keep an asthma episode from becoming 
worse.

Other components of asthma education that can be 
discussed by the healthcare provider are basic asthma 
facts, what asthma is, the purpose of medications, how 
to use any devices prescribed, asthma triggers, how to 
avoid triggers, and the importance of scheduled asthma 
checkups. Education can be overwhelming to children 
and their families, so reviewing the components of 
asthma education during well-child primary care visits 
or throughout the length of the emergency department 
visit or hospitalization is helpful. Tailor the education 
to the age and literacy level of the child and family. It 
is also important to be mindful of the child/family’s 
cultural background. If English is not the family’s na-
tive language, interpretive services may be required to 
explain the elements of care and to provide education 
in a manner in which the child and family will best 
understand.

Control Environmental Triggers  
and Comorbid Conditions
Identifying and reducing exposures to allergens and 
irritants have been shown to reduce asthma exacerba-
tions. Table 15-5 lists the broad categories the NAEPP 
identifies as contributing factors for asthma exacerba-
tions and provides some examples of the conditions 
and/or tangible items for each of the factors.4 Educa-
tion on trigger identification and limiting exposure to 
the irritants, allergens, and other factors contribut-
ing to asthma exacerbations is a key component of 
asthma control.11 The literature reports that severe or 
difficult-to-treat asthma in children and adolescents is 
characterized by high frequencies of comorbid allergic 
diseases, allergen sensitization, and high IgE levels.12 
These children may benefit from allergy skin testing 
to identify the indoor, outdoor, and seasonal allergen 
triggers.13 Identifying the precipitants and predictors 
of asthma exacerbations can be used to construct an 

FIGURE 15-2 A peak flow meter with the green, yellow, and red 
zones marked. The zone markings correspond to the plan of care 
outlined on the child’s asthma action plan.
© Rob Byron/Shutterstock.
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FIGURE 15-3 An example of an asthma action plan, outlining the symptoms and peak flow measurements that correspond to each of the zones 
(green, yellow, and red) and the treatment plan.
Asthma Action Plan sample courtesy of Asthma Alliance of North Carolina. www.communitycarenc.org/media/tool-resource-files/nc-asthma-action-plan-nc-dhhsdpi-english.pdf

Asthma Action Plan

Name: ________________________________ DOB:__________

Doctor: ______________________ Date:___________________ 

Phone for Doctor or Clinic: _____________________________

Predicted/Personal Best Peak Flow Reading:_______________

Asthma Triggers
Try to stay away from or control these things:

Exercise              Smoke, strong odors or spray

Mold                   Colds/Respiratory infections

Chalk dust/dust Carpet

Pollen Change in temperature

Animals Dust mites

Tobacco smoke Cockroaches

Food ________     Other ____________________

� Breathing is good.

� No cough or wheeze.

� Can work and play.

Or Peak Flow ______ to ______ (80-100%)

Use these controller medicines every day to keep you in the green zone:

Medicine: How much to take: When to take it: Home

School

_________________________________________________________________

_________________________________________________________________

5-15 minutes before very active exercise, use Albuterol  ______ puffs.

Coughing Wheezing

Tight Chest            Wakes up at night

Or Peak Flow ______ to ______ (50-80%)

Keep using controller green zone medicines everyday.

Add these medicines to keep an asthma attack from getting bad:
Medicine How much to take When to take it

Albuterol                           2 puffs by inhaler May repeat every

or 4 puffs by inhaler 20 min up to 3 doses

________ with spacer, if available in first hour, if needed    

by nebulizer

If symptoms DO NOT improve after first hour of treatment, then go to red zone.

If symptoms DO improve after first hour of treatment, then continue:

Albuterol

or 4 puffs by inhaler       for _______ days

_________ with spacer, if available

by nebulizer                       

______________________________, _____times a day for ______days Home

(oral corticosteroid)             (how much)     School

Call your doctor if still having some symptoms for more than 24 hours!

� Medicine is not helping.

� Breathing is hard and fast.

� Nose opens wide.

� Can’t walk.

� Ribs show.

� Can’t talk well.

Or Peak Flow ______ (Less than 50%)

Call your doctor and/or parent/guardian NOW!
Take these medicines until you talk with a doctor or parent/guardian:

Medicine: How much to take: When to take it:

Albuterol                         2 puffs by inhaler May repeat every

or 4 puffs by inhaler 20 minutes until

________ with spacer, if available you get help

by nebulizer                       

______________________________, _____times a day for ______days Home

(oral corticosteroid)             (how much)     School

Call 911 for severe symptoms, if symptoms don’t improve, or you can’t reach your doctor 
and/or parent/guardian.

Physician Signature ______________________   Date______________  Phone__________________

WHITE – PATIENT                    YELLOW – CHART                       PINK – SCHOOL

Provided by Community Care of N.C., N.C. Asthma Program, and Asthma Alliance of N.C.                   10/08

1.  Green – Go

2.  Yellow – Caution 

3.  Red – Stop – Danger 

Every 4 - 8 hours2 puffs by inhaler

effective, individualized asthma management approach 
and educational plan for the child and family.14

Counseling the patient on how to modify or elimi-
nate exposure to allergens may not always be a simple 
step. Some patients may be sensitive or emotionally 

attached to an animal in their home. Therefore, the fam-
ily may not be willing to remove the animal from the 
home and be averse to discussing this subject. Educa-
tion, in this case, would focus on minimizing the child’s 
exposure to the allergen rather than removing the 

Asthma 229



allergen from the home. Education would then focus on 
keeping the pet out of the child’s bedroom, grooming 
the pet regularly, and home cleaning tips on removing 
dander and fur from flooring and furniture.

There are many inhalant allergens, such as 
house dust mites, cockroaches, and mold, that a child 
may be exposed to in their home environment, school, 
childcare facility, or work. Parents may even bring a 
trigger from their place of employment home on their 
clothing and expose the child. Therefore, trigger iden-
tification and control needs to be broad-based and 
encompass all the touchpoints the child and family 
encounter.

Irritants can cause asthma to get worse and to inter-
fere with asthma control if not addressed. The literature 
reports a link between increased asthma symptoms, 
poor asthma control, and increased morbidity and 
mortality among children exposed to environmental 
tobacco smoke.15 The educational and self-management 
plan should incorporate information on avoiding sec-
ondhand smoke exposure as well as smoking cessation 
counseling resources.

Air quality can make breathing difficult on days when 
pollen counts are high, nitric oxide levels are elevated, 
or ozone levels are increased. Educating children and 
their families on the resources available to alert them to 
the air quality in their area is helpful. Some television 
and radio stations and newspapers report air quality 
data and provide environmental alerts. Smartphone 
apps are also available that provide air quality alerts, 
making it convenient for families to plan activities that 
will minimize environmental triggers.

Other indoor irritants include strong fumes from 
cleaning products, gas stoves or appliances that are not 
vented properly, wood-burning stoves or fireplaces, 
perfumes, colognes, paints, glues, insect sprays, or 
other aerosol sprays. It is also important to educate the 
child and family on the methods to avoid these trig-
gers and the benefits of trigger avoidance in achieving 

asthma control to decrease or prevent future asthma 
exacerbations.

Diagnosing and treating comorbid conditions can 
also improve asthma control. Extreme weather changes 
(hot and cold) can cause an attack. Helpful techniques 
for teaching a child how to protect their airway, includ-
ing wearing a scarf, cupping their hands over their 
mouth and nose, or using their coat collar, can be very 
beneficial when going outside on cold days. Encourag-
ing families to comply with seasonal flu vaccines to 
minimize upper respiratory infections like flu or colds 
and lower respiratory infections like pneumonia and 
bronchitis is also helpful and one of the key elements of 
preventive care.16

Prescribe Pharmacologic Asthma Treatment
Medications used to treat asthma can be divided into 
two categories: quick relief and controller. Quick-relief 
medications are also called rescue medications. They 
are used during an acute exacerbation to treat broncho-
spasm and airway constriction by relaxing bronchial 
smooth muscles. Controller medications are used to 
maintain health. These medications help prevent acute 
exacerbations of asthma by relaxing bronchial smooth 
muscles or by decreasing airway inflammation. Typ-
ically the controller medications used to relax bronchial 
smooth muscles have a longer duration to onset and a 
longer half-life.

Quick Relievers
Quick-relief medications, also known as short-acting  
beta2-agonists (SABAs), are prescribed for all patients 
who have asthma to treat bronchoconstriction and 
bronchospasm during an acute exacerbation. The onset 
of action is rapid, or within 3 to 5 minutes following ad-
ministration, and the effects last for 4 to 6 hours.

Quick-relief medications should not be used on a reg-
ular basis. Children who are symptomatic and require the 

Inhaled 
Allergens

Occupational 
Factors Irritants Comorbid Conditions Other

•	 Animal 
dander

•	 House dust 
mites

•	 Cockroach 
allergen

•	 Indoor mold
•	 Pollen

•	 Chemicals
•	 Dust
•	 Cleaners
•	 Grain/flour dust

•	 Environmental tobacco smoke
•	 Indoor/outdoor
•	 Air pollution
•	 Wood fires
•	 Strong fumes (e.g., paint, 

perfumes, scented candles/
soaps/lotions)

•	 Glues
•	 Insect sprays

•	 Allergic bronchopulmonary 
aspergillosis 

•	 Rhinitis/sinusitis
•	 Obesity
•	 Obstructive sleep apnea
•	 Stress, depression, and 

psychosocial factors

•	 Medication and food
•	 sensitivities
•	 Airway infections
•	 Sulfite sensitivity
•	 Female hormones
•	 Weather changes

Data from National Asthma Education and Prevention Program Expert Panel Report 3. Guidelines for the  diagnosis and management of asthma. National Heart 
Lung and Blood Institute, National Institutes of Health: U.S. Department of Health and Human Services; 2007 Aug 28. Report no. 07-4051. Full Report.

TABLE 15-5
Categories and Examples of Conditions or Factors That May Trigger an Acute Exacerbation of Asthma
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use of quick-relief medications more than twice weekly is 
a sign that asthma is poorly controlled. The clinical team 
should then review the child’s asthma plan of care and, 
depending on the asthma severity, add controller medica-
tions. Changes to the plan of care should be discussed 
with the family, and patient/family education should 
be provided. An exception to routine use would be the 
prophylactic use of SABAs 10 to 15 minutes prior to 
exercise or physical activities for children diagnosed with 
exercise-induced bronchospasm to prevent shortness of 
breath, coughing, and other symptoms during their phys-
ical activity.

The most common side effects are tremor, restless-
ness, headache, and tachycardia. Common SABA and 
manufacturer recommendations for initial dosing are 
listed in Table 15-6. Children with asthma should be in-
structed on the importance of keeping the SABA readily 
available. The child and family should be instructed on 
how to follow the asthma action plan and to properly 
use the quick-relief medication.

Children whose symptoms are not relieved by 
albuterol require combination therapy with other 

quick-relief medications, such as corticosteroids and/
or ipratropium bromide (Atrovent). Oral systemic 
corticosteroids are used in conjunction with SABAs 
during a moderate to severe asthma exacerbation to 
assist with quick relief for the patient. Ipratropium is 
not generally used to treat asthma, but it may be used 
to treat asthma exacerbations in combination with a 
short-acting bronchodilator to provide a synergetic 
effect. This treatment regimen typically occurs in the 
emergency department.

Controller Medications
Controller medications are prescribed for daily use 
and recommended for patients who have persistent 
asthma. Different classes of controller medications 
are available: corticosteroids, leukotriene modifiers, 
long-acting beta2-agonists (LABAs), and theophyl-
line. Combination therapy, such as a corticosteroid 
and a LABA, may also be prescribed. The most com-
mon and most effective controller medications are the 
inhaled corticosteroids (ICSs). Table 15-7 lists common 

Medication Name Dosing Delivery Device

AccuNeb (albuterol for 
nebulization)

Children 2–12 years of age: 0.63 mg albuterol/3 mL administered by 
nebulization

Nebulizer

Children 6–12 years of age with more severe asthma (baseline FEV1 less than 
60% predicted), weight >40 kg, or children 11–12 years of age: 1.25 mg 
albuterol/3 mL

Albuterol 0.083% 2.5 mg albuterol/3 mL Nebulizer

Albuterol 0.5% Children 2–12 years of age: Initial dosing should be based on body weight 
(01.–0.5 mg/kg per dose), with subsequent dosing titrated to achieve the desired 
clinical response. Dosing should not exceed 2.5 mg three to four times daily by 
nebulization.

Nebulizer

Adults and children 12 years of age and older: 2.5 mg of albuterol administered 
three to four times daily by nebulization.

ProAir (albuterol sulfate) 
HFA

90 mcg per inhalation. Dosing for adults and children 4 years of age and older is 
two inhalations.

MDI

Proventil (albuterol 
sulfate) HFA

90 mcg per inhalation. Dosing for adults and children 4 years of age and older is 
two inhalations.

MDI

Ventolin (albuterol 
sulfate) HFA

90 mcg per inhalation. Dosing for adults and children 4 years of age and older is 
two inhalations.

MDI

Xopenex (levalbuterol) 
HFA

45 mcg per inhalation. Dosing for adults and children 4 years of age and older is 
two inhalations.

MDI

Xopenex nebulized 
(levalbuterol)

Children 6–11 years of age: 0.31 mg Nebulizer

Children ≥12 years of age: 0.63 mg, 1.25 mg

MDI = metered dose inhaler

TABLE 15-6
Formulations of Quick-Relief Medications
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corticosteroids and corticosteroid/LABA formulations 
used for asthma control, along with the drug’s strength 
and dosage. ICSs generally cause mild side effects, 
such as throat and mouth irritation, hoarseness, and 
oral yeast infections (thrush).17 Children should be in-
structed to use a spacer device when administering the 
ICS by metered dose inhaler (MDI) and to rinse their 
mouth after using the medication to prevent oral yeast 
infections. Long-term use of these medications in chil-
dren has shown a slight growth delay, but studies have 
found no evidence that children fail to reach their full 
height potential.18 Oral systemic corticosteroids, such 
as prednisone and methylprednisolone, may be used for 
asthma treatment but are associated with more side ef-
fects than inhaled corticosteroids. A 5- to 7-day course 
of oral prednisone during asthma exacerbations effec-
tively relieves inflammation, but long-term use is gener-
ally not recommended.

Leukotrienes are chemical mediators of inflam-
mation, produced by airway mast cells. Mast cells 
degranulate during an acute exacerbation and release 
leukotrienes, which cause bronchial smooth muscle 
contraction, mucus production, and eosinophil migra-
tion from the blood to the bronchi. Leukotriene recep-
tor antagonists block leukotrienes from interacting with 
their receptor sites. They are most effective for children 
with allergic asthma and nasal allergies. Three leukot-
riene modifiers are commercially available: zafirlikast 
(Accolate, not recommended for children younger than 
5 years), zileuton (Zyflo, not recommended for chil-
dren), and montelukast (Singulair). Only montelukast is 

Medication Name Class Dose

Methylprednisolone, 
prednisolone, prednisone

Oral systemic 
corticosteroid

0–11 years: short course “burst” 1–2 mg/kg/day, maximum  
60 mg/day, for 3–10 days

≥12 years: short course “burst” 40–60 mg/day as single dose or two divided doses 
for 5–10 days

Montelukast sodium 
(Singulair)

Leukotriene modifier 12–23 mos: 4 mg sprinkles with 1 spoonful of CAIR (carrots, applesauce, ice cream, 
or rice); 1–5 years: 4 mg chewable tablet

6–14 years: 5 mg chewable tablet 

>15 years: 10 mg tablet

Zafirlukast (Accolate) Leukotriene modifier 7–11 years: 10 mg bid; >12 years: 20 mg bid 

Zileuton (Zyflo) Zileuton CR 
 (Zyflo-extended release)

Leukotriene modifier 12 years or older: Immediate release: 600 mg orally four times per day; Extended 
release:1200 mg orally twice a day (within one hour after morning and evening 
meals); Max dose 2400 mg

Omalizumab
(Anti IgE)

Immunomodulator ≥12 years: 150–375 mg SC q 2–4 weeks, depending on body weight and 
pretreatment serum IgE level

Theophylline Methylxanthine Maintenance dose: 42 days to 18 days starting dose 20 mg/kg/day orally; Alternate 
dosing [(0.2 cage in weeks + 5)] x kg = 24 hour oral dose in mg; 1–8 years: 20–24 
mg/kg/day; 9–11 yrs: 16 mg/kg/day; 12–15 yrs: 13 mg/kg/day; 16 yrs or older: 
10 mg/kg/day; Do not exceed 900 mg/day

TABLE 15-8
Noninhaled Controller Medications Used in the Treatment of Asthma

available for children as a chewable tablet (4 and 5 mg) 
and as oral granules (4 mg, to be mixed with food or liq-
uid; see Table 15-8).

LABAs are inhaled medications that have a slightly 
longer onset of action but provide bronchodilation 
for a longer duration of time (e.g., 12 hours). Salme-
terol (Serevent) and formoterol (Foradil) are the most 
commonly prescribed LABAs for the treatment of 
moderate to severe asthma. LABAs are not to be used 
as monotherapy; rather, this medication is combined 
with ICSs to relax airways and reduce inflamma-
tion. Common formulations include fluticasone and 
salmeterol (Advair Diskus or MDI), budesonide and 
formoterol (Symbicort MDI), and mometasone and for-
moterol (Dulera MDI; see Table 15-7).

Theophylline is a methylxanthine that is used for 
relief and prevention of bronchoconstriction. Although 
used more routinely in the treatment of chronic ob-
structive pulmonary disease, theophylline is recom-
mended only as an alternative to the recommended 
drugs for asthma due to its difficult management. 
Theophylline is more commonly seen in children hospi-
talized with a severe asthma exacerbation that is refrac-
tory to conventional emergency care. In the acute care 
setting, the use of theophylline IV in combination with 
SABA and steroid therapy was associated with a shorter 
hospital length of stay, improved steroid responsive-
ness, and reduced duration of oxygen use in children 
hospitalized with status asthmaticus.19 Common trade 
names include Theo-24 and Elixophyllin. The thera-
peutic window for this medication is narrow; therefore, 
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routine or regularly scheduled theophylline blood levels 
are needed to make sure the correct dose is being pre-
scribed. Possible side effects include insomnia, gastro-
esophageal reflux, nausea, and arrhythmia.

Omalizumab is a recombinant humanized anti-IgE 
monoclonal antibody approved in the United States for 
moderate to severe persistent allergic asthma  (severe 
persistent asthma in the European Union) that is un-
controlled despite treatment with ICSs and  LABAs.20 
NAEPP recommends consideration of omalizumab 
(Xolair) for patients 12 years and older with moder-
ate to severe persistent asthma when asthma is not 
well controlled, who have a documented allergy to at 
least one perennial allergen, and IgE levels are in the 
range of 30 to 700 units.5

Management of an Acute Exacerbation
Asthma action plans are very helpful for patients to 
know how to recognize and respond to worsening 
asthma and when to seek medical care. However, when 
a child’s symptoms cannot be controlled by treatment 
outlined on the asthma action plan, or they become 
worse, emergency treatment is warranted.

Emergency Department Treatment
The emergency department (ED) serves as an important 
access point for children experiencing asthma exacerba-
tions. For some families, the ED visit may be the only 
source for care because many families lack a medical 
home or primary care provider. ED visits for acute ex-
acerbations of asthma are on the rise, many of which 

can be potentially preventable and/or contribute to an 
increased risk for fatal asthma.21 Thus, the interaction 
the medical team has with the patient and family in the 
ED is crucial.

Urgent asthma care requires early identification 
and classification of the exacerbation severity and the 
prompt involvement of the interdisciplinary team. 
Early identification, accurate assessment of the sever-
ity of airway obstruction, and response to therapy are 
fundamental to the treatment of patients experienc-
ing acute asthma symptoms in the ED setting. Asthma 
severity scoring tools are often used to objectively rate 
or classify the severity of the exacerbation. The use of a 
scoring tool reduces variability in rating the severity of 
the asthma exacerbation and, when coupled with a care 
path or asthma treatment protocol, can improve timeli-
ness of care, reduce variation in practice, and improve 
adherence to evidence-based care.22,23 There are several 
asthma scoring tools available for use. Figure 15-4 pro-
vides an example of one asthma scoring tool, the pedi-
atric asthma score. This tool uses a simple rating system 
to identify the severity of the acute exacerbation. Higher 
scores signify a greater deviation from normal, indicat-
ing a severe asthma exacerbation. In this example, the 
scoring tool was modified from its original form to 
describe dyspnea and respiratory rate in greater detail, 
with descriptions appropriate for different age ranges.

Treatment in the emergency department focuses 
on relieving bronchospasm, reducing airway inflam-
mation, and preventing respiratory failure. As with the 
treatment of an acute exacerbation in the home man-
agement of an asthma exacerbation, administration of 

1 2 3

Respiratory rate

1–3 years

4–5 years

6–12 years

>12 years

≤34

≤30

≤26

≤23

35–39

31–35

27–31

24–27

≥40

≥36

≥31

≥28

Oxygen 
Requirement

>95% on room air 90–95% on room air <90% on room air or requiring any amount 
of O2

Retractions None of intercostal Intercostal and substernal OR 
nasal flaring (infants)

Intercostal, substernal, and supraclavicular 
OR nasal flaring and head bobbing (infants)

Dyspnea  
1–4 years

Normal feeding, vocalization, 
and play

Decreased appetite, coughing 
after play, hyperactivity

Stops eating or drinking, stops playing, OR 
drowsy and confused and/or grunting

Dyspnea  
>5 years

Counts to ≥10 in one breath 
OR speaks in complete 
sentences

Counts to 4–6 in one breath OR 
speaks in partial sentences

Counts to ≤3 in one breath OR speaks in 
single-word grunts

Auscultation Normal breath sounds and end-
expiratory wheezes

Expiratory wheezing Inspiratory and expiratory wheezing to 
diminished breath sounds

Total PAS Mild 5–7 Moderate 8–11 Severe ≥12

FIGURE 15-4 An example of an asthma scoring tool, the modified pediatric asthma score.
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a quick-relief medication or beta2-agonists is first-line 
therapy. Initial treatment of a child experiencing a mild 
exacerbation of asthma consists of a single short-acting 
beta2-agonist by nebulizer or MDI. Those presenting 
with a moderate to severe exacerbation require care es-
calation, which includes additional beta2-agonist treat-
ments, typically three treatments spaced 15 minutes 
apart; the addition of inhaled ipratropium bromide; and 
administration of systemic corticosteroids.4

Medications that also may be initiated in the ED as 
second-line therapy include continuous nebulization of  
beta2-agonists and a dose of intravenous magnesium 
sulfate.24,25 Additional therapy that is administered for 
those patients refractory to first- and second-line thera-
pies or who present with a life-threatening exacerba-
tion includes heliox and noninvasive positive pressure 
ventilation.26

Children who respond to ED treatment and are dis-
charged home require asthma education and an asthma 
action plan outlining the medications to continue, new 
medications to begin, and when to follow up with the 
primary care provider. The goal of asthma education in 
this setting is to provide the child and family with an 
asthma management foundation from which the pri-
mary care team can build upon. The literature reports 
that children with one asthma-related ED visit are 
more likely to experience a subsequent ED visit within 
1 year.27 Children more likely to return with an asthma 
exacerbation within 1 week of discharge from the ED 
for asthma-related symptoms include those meeting any 
of the following criteria:

■■ Younger than 2 years of age
■■ Categorized with persistent asthma
■■ On government-assisted insurance
■■ Reporting a poor quality of life due to asthma 

symptoms
■■ An increased use of healthcare resources in the 

preceding 12 months for asthma28

Children and families who receive asthma education 
and demonstrate an understanding of the plan for con-
trolling asthma and who can recognize an acute exacer-
bation, how to treat symptoms according to the asthma 
action plan of care, and have a scheduled follow-up visit 
with a primary care physician are less likely to revisit 
the ED for an asthma-related illness.29

Management in the Hospital
Children requiring hospitalization are those who have 
a poor response to therapy within the first few hours 
of treatment (2–4) in the ED or who have a repeat visit 
within 24 hours of discharge home from the ED. Those 
with poor access to medical care, or previous hospital 
admission requiring treatment in the ICU or ventilatory 
assistance, may also require hospitalization. In the latter 
case, the decision to admit the child for additional acute 

care depends on a combination of the child’s response 
to therapy and the family’s understanding of the asthma 
care plan and demonstrated ability to administer medi-
cations and follow the post-ED discharge plan of care.

Children who are refractory to first- and second-line 
therapy and demonstrate respiratory muscle fatigue are 
at high risk for respiratory failure. Elective intubation 
and ventilatory support may be required to stabilize 
the child and prevent cardiorespiratory arrest. Low 
tidal volume or lung protective strategies are essential 
to minimize complications associated with mechan-
ical ventilatory support. Table 15-9 provides a list of 
complications associated with mechanically ventilating 
a child with asthma who is refractory to medical treat-
ment. Providing sufficient time to exhale, or a sufficient 
expiratory time, will avoid worsening air trapping and 
increasing resistance through the narrowed conducting 
airways. First- and second-line therapies are continued. 
Sedation may be required and is dependent on the peak 
ventilating pressures and hemodynamic, acid–base, and 
oxygenation status.

Children discharged home also require asthma 
 education and an asthma action plan outlining the 
medications to continue, new medications to begin, 
and when to follow up with the primary care provider. 
During the acute care stay, the clinical team has an op-
portunity to work with the child and family to reinforce 
asthma education. The child and/or family should dem-
onstrate the ability to distinguish the controller from 
quick-relief medications as well as the ability to admin-
ister the medication properly.

Complications
Missed school and work time and a reduced ability 
to lead a healthy, active lifestyle are associated with 
poor asthma control. Respiratory failure second-
ary to an exacerbation that is refractory to treatment 
may occur. More than one asthma hospital admis-
sion, three ED visits, or five physician visits for asthma 

Air trapping

ARDS

Auto-PEEP

Death

Hypotension

Pulmonary air leaks (pneumothorax, pneumomediastimum)

ARDS = acute respiratory distress syndrome; PEEP = positive end-expiratory 
pressure

TABLE 15-9
Complications Associated with Ventilatory Support 
of the Child with Status Asthmaticus
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exacerbation–related symptoms is associated with an 
increased risk of mortality. Complications associated 
with mechanical ventilatory support of asthma patients 
with respiratory failure include pneumothorax, hypo-
tension, and acute respiratory distress syndrome.

Outcomes
The development of evidence-based guidelines facili-
tates better management of children with asthma. Part-
nering with patients and families to improve adherence 
to the asthma plan of care improves asthma control and 
quality of life.

Cystic Fibrosis
Cystic fibrosis (CF) is a life-limiting autosomal reces-
sive disorder affecting approximately 80,000 individuals 
worldwide. Scientific progress in the understanding of 
the pathophysiology of CF and advancements in clinical 
treatment have improved the median predicted survival 
rate and quality of life for those affected by this disease.

Etiology
CF is caused by a single gene defect on chromosome 7.  
Those with the gene defect may be unaffected by the 
disease and carry the mutated gene, or they may be 
affected and have the genetic condition. Persons who 
carry a single mutated cystic fibrosis transmembrane  
conductance regulator (CFTR) gene along with a normal 
CFTR allele are termed carriers. Carriers have few or no 
symptoms attributable to CF, but their children may be 
affected: Each child conceived from two CF carriers has 
a 25% chance of being affected with CF, a 50% chance 
of being a CF carrier, and a 25% chance of not having 
a gene defect (Figure 15-5). Since the discovery of the 
CFTR gene in 1989, more than 1800 individual muta-
tions have been identified.30 The most common muta-
tion is F508del, which accounts for 66% of CF alleles 
reported worldwide.30 Approximately half of all persons 
with CF are homozygous for this mutation or have an 
F508del/F508del mutation.30 The prevalence of individ-
ual mutations varies, with the F508del mutation being 
more common in those who are Caucasian.31

Mutations in the CFTR gene have been categorized 
into groups that reflect the mechanism for decrease or 
loss of CFTR function. The groups, in which the muta-
tions may permit the production of adequate CFTR 
levels, result in less severe manifestations of the disease. 
Current research in CF is investigating specific CFTR 
defects and determining ways to treat it.

Pathophysiology
CFTR is a chloride channel expressed in the apical 
membrane of epithelial cells lining the lung, pan-
creas, gut, sweat duct, reproductive tract, kidney, liver, 
and submucosal glands. CFTR regulates several ion 

conductance pathways, including epithelial sodium, 
chloride, and potassium channels, as well as bicarbonate 
transport.32 Loss of a normally functioning CFTR can 
have a profound impact on water and electrolyte trans-
port across the epithelium. Pulmonary impact  
may include a reduction in intact mucin (mucus) in the 
CF airway, leaving the airway more vulnerable to  
chronic bacterial infection and airway inflammation 
(Figure 15-6). The sequelae of mucus retention, chronic 
bacterial infection, and airway obstruction contribute 
to lung damage, which can be quantified by the measur-
able reduction in lung function.

Diagnosis
The diagnosis of CF is based on the combination of 
one or more typical phenotypic features and evidence 
of CFTR malfunction. The phenotypic findings can be 
present on physical exam or through diagnostic testing, 
such as chest radiography and pulmonary function test-
ing or laboratory evaluation.

FIGURE 15-5 Children born to parents who carry one CF mutated 
gene have a 25% chance of being born with two gene mutations (cc) 
and having CF, a 50% chance of becoming a carrier for this disease 
(Cc), and a 25% chance of having no gene mutation (CC).

CC

Functioning CFTR gene
Unaffected, not a carrier

Mother’s CF Genes
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FIGURE 15-6 The sequelae of events that contribute to lung 
damage and the decline in lung function.
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Newborn Screening
There are several tests available to detect abnormali-
ties in the CFTR. In the United States, all newborns are 
screened for CF. As with all newborn screening, within 
the first few days of life blood is taken for analysis from 
the baby’s heel. Although not used in all states, the Im-
munoReactive Trypsinogen (IRT) screens for CF in the 
newborn. In those states in which the IRT is not used, 
genetic screening is performed. Genetic screening or a 
sweat chloride test is commonly performed when the 
IRT screen is positive or high.

Sweat Chloride Testing
Evidence of CFTR dysfunction is typically provided by a 
sweat chloride test, which can be performed in children 
older than 6 months. A minimum of 75 mg of sweat 
over a 30-minute interval must be collected to perform 
the analysis. A chloride concentration of more than 
60 mmol/L on two or more occasions is suggestive of 
CF. Sweat chloride values may be elevated (i.e., between 
60–80 mmol/L) in non-CF-related diseases, such as 
atopic dermitis and anorexia nervosa. Values between 
40 and 60 mmol/L are considered borderline and are 
more suggestive of CF in infants. Laboratory errors are 
common with this technique, and even a small amount 
of water vapor loss from the collected sweat can con-
centrate ions and cause a false-positive test result. If the 
test is not initially performed at a Cystic Fibrosis Foun-
dation (CFF)–accredited center, a subsequent positive 
or borderline test should be repeated. The repeat test 
should then be performed at a center accredited by the 
CFF to minimize the possibility that inaccurate results 
from variations in laboratory testing will result.

Genetic Testing
CFTR mutational analysis is used to identify CF alleles, 
and genetic testing is used as a complement to IRT and 
sweat testing. The identification of two disease-causing 
CFTR mutations is highly specific for the diagnosis of 
CF. CFTR mutation analysis lacks sensitivity and usually 
screens for only 32 to 70 common mutations. Although 
mutation analysis does detect up to 95% of CF alleles, 
it does not identify all the known mutations capable of 
causing CF. A family history of CF should also be sought 
in support of a clinical CF diagnosis.

Clinical Presentation
There is a broad range of clinical features that may pres-
ent with CF. These include pulmonary and extrapulmo-
nary manifestations. Clinical manifestations depend on 
a combination of genetic (modifier genes) and environ-
mental factors. There are, for example, individuals with 
CF whose CFTR mutation is associated with pancreatic 
sufficiency and mild pulmonary impairment. A sum-
mary of the common manifestations associated with CF 
can be found in Table 15-10.

Extrapulmonary Manifestations
There are several manifestations of CF that affect other 
organs within the body. The frequency and severity with 
which children are affected with extrapulmonary mani-
festations depends on a combination of the genetic mu-
tation and environmental factors.

Gastrointestinal
Meconium ileus occurs in approximately 18% of all 
newborns with CF.33 A meconium ileus is an intestinal 
obstruction that results from the impaction of thick, 
tenacious meconium in the distal small bowel of a 
newborn. A barium enema is used to identify the site 
of the obstruction.33 Depending on the severity, the 

Pulmonary Chronic sinopulmonary disease

Nasal polyps and chronic sinus (but not 
middle ear) involvement

Chronic cough, especially with sputum 
expectoration

Persistent infection with typical cystic fibrosis 
pathogens (e.g., Staphylococcus aureus, 
Pseudomonas aeruginosa, Burkholderia 
cepacia, atypical Mycobacteria)

Persistent chest radiographic abnormality 
(e.g., bronchiectasis, hyperinflation, 
atelectasis)

Airway obstruction pattern on pulmonary 
function testing

Digital clubbing

Gastrointestinal Intestinal: Meconium ileus, rectal prolapse, 
distal intestinal obstruction syndrome

Pancreatic: Pancreatic insufficiency, recurrent 
pancreatitis

Hepatic: Focal biliary cirrhosis

Nutritional: Malnutrition, hypoproteinemia, fat-
soluble vitamin deficiency

Electrolyte and 
metabolic

Salt loss syndrome

Acute salt depletion, especially with water 
loss, such as during exercise in heat

Chronic metabolic alkalosis 

Reproductive Male urogenital abnormality

Obstructive azoospermia resulting from 
congenital bilateral absence of the vas 
deferens

TABLE 15-10
Common Phenotypic Features of CF
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obstruction may be cleared with enema-guided radiog-
raphy or may require surgical intervention.

Intestinal obstruction may also occur after the 
newborn period. Typically, the obstruction occurs in 
the distal or terminal ileum and is associated with the 
passage of large amounts of food that are not com-
pletely digested into the small bowel. Patients with 
distal intestinal obstruction syndrome (DIOS) present 
with a myriad of symptoms, including right lower quad-
rant pain, anorexia, nausea, vomiting, and occasionally 
fever.34 DIOS is typically associated with poor adher-
ence to pancreatic enzyme therapy but can occur with 
enzyme intolerance, especially in small children.

Pancreatic
Pancreatic insufficiency is present from birth in a 
majority of patients with CF.35 Destruction of acinar 
pancreatic tissue, pancreatic ductular obstruction, and 
pancreatic enzyme deficiency result in maldigestion of 
fats and proteins. Stools are foul smelling, bulky, and 
have an oily appearance. If uncorrected, malabsorption 
results in failure to gain weight and stunting of linear 
growth. Exocrine pancreatic enzyme supplements are 
required to address malabsorption and minimize the 
steatorrhea. Because fat is malabsorbed, the diet for 
those with CF concentrates on high-energy, high-calorie 
foods that are lower in fat.

Children with CF may present with signs and symp-
toms of vitamin deficiency, including fatigue, muscle 
aches and weakness, pale or yellowish skin color, 
and tingling of extremities. Impaired absorption of 
fat-soluble vitamins causes the deficiency. Prophylactic 
supplementation of vitamins A, D, E, and K can prevent 
this from occurring.

Gradual loss of insulin production may occur as the 
child grows into adulthood. Because children with CF 
are living longer, the propensity for comorbidities, such 
as CF-related diabetes, increases. In the United States, 
among those older than 18 years of age, the prevalence 
of CF-related diabetes requiring chronic insulin therapy 
ranges from 15% to 30%.36 Clinical manifestations of 
CF-related diabetes include failure to gain or maintain 
weight despite nutritional intervention, poor growth, 
and unexplained decline in lung function.36 Typically 
caloric restriction is not required, as obesity and CF are 
a rare combination. A high-calorie diet, consisting of 
40% fat, and insulin therapy are used as primary man-
agement strategies.

Reproductive Tract
Male infertility is nearly universal, with more than 98% 
of cases resulting from an obstruction of the vas defer-
ens.37 During physical examination, the clinician may 
not be able to palpate the vas deferens. Consequently, 
the volume of ejaculate is one-third to one-half the nor-
mal volume and does not contain spermatozoa. Sperm 

are developed in the testes and can be harvested by 
micro-aspiration as a component of family planning.

Very few women, only 20%, experience infertility 
issues.38 Reproductive issues vary and include anovu-
lation and changes in the cervical mucus that impair 
implantation. Pregnancy in women with CF may have a 
negative impact on lung function and contribute to an 
increased risk of CF comorbid conditions as well as the 
risk of death. Women with CF must consider the impact 
pregnancy will have on their health as well as the health 
of their unborn child when considering conceiving.

Sweat Glands
Reduced sodium chloride absorption in the sweat duct 
is a common clinical feature and the reason sweat 
chloride is elevated in individuals with CF.39 This reduc-
tion in sodium chloride reabsorption may predispose 
those with CF to salt depletion. Vomiting, diarrhea, or 
 exercise/play can easily cause salt/volume loss in young 
children with CF. These children will present with leth-
argy, anorexia, and hypochloremic acidosis. Increased 
salt intake is encouraged when there is an increased risk 
for salt loss (i.e., during viral illness where vomiting and 
diarrhea present or during activities in which the child 
will sweat).

Pulmonary Manifestations
Children with cystic fibrosis have pulmonary manifesta-
tions. Because there is no known cure, respiratory ther-
apy is aimed at minimizing the frequency and severity 
of acute exacerbations and reducing the rate of decline 
in lung function.

Upper Respiratory Tract
Chronic rhino-sinusitis and opacification of paranasal 
sinuses are common to nearly all individuals with CF, 
although some will appear relatively asymptomatic.40 
Commonly reported symptoms include anosmia, head-
ache, facial pain, nasal obstruction, chronic congestion, 
and nasal discharge. Nasal endoscopy typically reveals 
mucosal edema, purulent discharge, and nasal polypo-
sis. Upon visual inspection, the bridge of the nose may 
be widened. Imaging by computed tomography (CT) 
demonstrates sinus hypoplasia or aplasia with general-
ized opacification. The type of bacteria associated with 
sinus disease varies with age and is similar to that iso-
lated from the individual’s lower respiratory tract.

The therapeutic goal for CF-related sinusitis is to 
ameliorate symptoms. Treatment includes the use of 
hypertonic saline, topical and systemic steroids, and an-
tibiotics. Endoscopic sinus surgery is considered when 
medical management fails to alleviate symptoms. Fol-
lowing endoscopic procedures, medical management 
is very important because sinus symptoms and nasal 
polyps often reoccur.
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Lower Respiratory Tract
Newborns with CF, identified by newborn screening, 
appear to have normal lung function, implying nor-
mal intrauterine lung development.41 Clinical symp-
toms or evidence of increased airway resistance and 
gas trapping often develop very early in life. However, in 
a minority of patients with CFTR mutations associated 
with milder pulmonary involvement, the clinical symp-
toms associated with lower respiratory tract manifesta-
tions may not be apparent until adulthood.

There is a triad of pulmonary manifestations that 
occur in the lung: Those affected with CF have an in-
creased number of goblet cells and submucosal gland 
hypertrophy, contributing to increased production of 
airway secretions that are dehydrated and viscid.

A cough that becomes persistent and productive of 
purulent sputum over time is the hallmark symptom. 
During an acute exacerbation, individuals with CF pres-
ent with increased cough, sputum, fatigue, anorexia, 
weight loss, and decreased lung function. Exacerbations 
negatively impact clinical stability. During an exacerba-
tion, more intensive therapy is required. The therapeu-
tic goals in the treatment of an acute exacerbation are 
to alleviate symptoms and to restore lost lung function 
through the use of antibiotics, nutritional support, and 
airway clearance maneuvers. As the child grow and 
develops, exacerbations become more frequent, and 
depending on the bacteria causing the exacerbation, the 
individual with CF may be less responsive to these in-
terventions and thus at risk for respiratory failure.

Management
In the past decade, a paradigm shift in the medical 
management of CF has occurred. The focus was pre-
dominately reactive, concentrating efforts on alleviating 
symptoms and correcting pulmonary and extrapulmo-
nary organ dysfunction. Currently there is a shift in 
focus to preventive care, including delaying the onset of 
the initial and minimizing subsequent pulmonary infec-
tions and preserving lung function.

There are four key pillars of CF care: prompt iden-
tification and treatment of pulmonary infections, 
suppression of airway inflammation, relief of airway 
obstruction, and attention to nutritional status and nu-
tritional support.42

Standard Respiratory Therapy
Treatment of CF lung disease can be categorized as 
therapies used to prevent deterioration of lung function 
and those used to treat acute exacerbations. Although 
therapies are being developed that are aimed at the cor-
rection of either the gene defect or the ion transport 
abnormalities that characterize CF epithelia, currently 
available therapies either promote the physical removal 
of airway secretions or reduce airway infection and 
inflammation. A successful outcome of this research is 

ivacaftor (Kalydeco), the first available CFTR modula-
tor therapy drug that targets the underlying cause of CF. 
Ivacaftor is an oral medication that was approved for 
use in 2012 for people with CF 6 years of age and older 
with the CFTR gene mutation G551D, which is a Class 
III mutation. This medication is classified as a “poten-
tiator” because it improves (potentiates) the function 
of the CFTR protein on the cell surface by allowing 
Cl absorption in the sweat gland, decreasing sweat 
Cl  concentration. Patients on this medication show 
marked improvement in lung function and weight gain, 
which are strong predictors of life expectancy in CF. 
However, only 4% of people with CF have the G551D 
mutation. Further research is aimed at determining the 
effectiveness other CFTR modulator therapies that may 
treat the other 96% of the CF population.

Identification and Treatment of a Pulmonary 
Exacerbation
Prompt identification and treatment of pulmonary 
infections are essential components of CF care. Pulmo-
nary exacerbations are associated with inflammation 
and impaired mucociliary clearance, which contributes 
to worsening airway obstruction, a decline in lung func-
tion, and a profound negative impact on perceived qual-
ity of life.

Identification of a Pulmonary Exacerbation
Sputum culture and sensitivity identify the infectious 
agent and antimicrobial agents that are most effective. 
Over time, the organisms that a patient with CF is colo-
nized or infected with may change, or multiple organ-
isms may be present. Obtaining a sputum culture and 
sensitivity when an acute exacerbation is suspected is an 
important part of the treatment plan.

The respiratory tract of newborns often becomes in-
fected with typical CF pathogens early in life. Staphylo-
coccus aureus and Haemophilus influenzae are often the 
first organisms detected. H. influenzae, however, rarely 
persists beyond childhood while S. aureus may not per-
sist after its initial isolation during childhood or may be 
isolated for the first time during the adult years.43 The 
prevalence of S. aureus is nearly 50% in newly   
diagnosed children and peaks in school-age children 
(6–10 years) to just over 55%, then gradually  decreases 
to 33% during adulthood. Methicillin-resistant S.  aureus 
(MRSA) strains are becoming increasingly more 
 prevalent in persons with CF. Infection with MRSA is 
associated with more rapid decline in pulmonary func-
tion, more frequent exacerbations than infection with 
Pseudomonas aeruginosa, and decreased survival.44,45

The airways of CF patients have a propensity to be-
come persistently infected with otherwise uncommon 
gram-negative pathogens. These form bacterial biofilms 
in the airway, making eradication particularly diffi-
cult. P. aeruginosa is the most common and clinically 

240 CHAPTER 15 Chronic Respiratory Disorders of the Child



significant pathogen colonizing and infecting the air-
ways of those with CF. The prevalence ranges from 
about 25% during the first year of life to nearly 80% in 
adulthood.44,45 With the progression of lung disease,  
P. aeruginosa, particularly the mucoid and biofilm form, 
is often the only organism recovered from sputum and 
may be present with different antibiotic sensitivity pat-
terns. Efforts focus on avoiding or delaying the onset of 
infection with this organism, as it is a predictor of wors-
ening lung function and survival.45

Burkholderia cepacia complex is highly transmis-
sible organism and is difficult to treat because it is often 
resistant to antimicrobial therapy. Although the precise 
pathogen and host factors are unknown, a subset of 
patients will have cepacia syndrome,46 characterized by 
fever and sepsis after initial infection and a precipitous 
and often fatal decompensation in their clinical con-
dition. Strong evidence exists that person-to-person 
spread of B. cepacia complex occurs; therefore, strin-
gent infection control measures are now advocated for 
outpatient and hospitalized care.

Fungi and molds, such as Aspergillus, are fre-
quently cultured from the respiratory secretions 
of CF patients. Although much less common, 
allergic bronchopulmonary aspergillosis (APBA) may 
occur. The diagnosis of ABPA is based on five clinical 
features: new infiltrates, wheezing, increased cough, 
expectoration of brown plugs, and/or an unexplained 
deterioration in lung function. Immunologic sensitivity 
to Aspergillus or other fungi, including elevated titers of 
Aspergillus precipitating antibodies and high total IgE 
levels above 500 IU, should also prompt consideration 
of this diagnosis. Therapy includes systemic corticoste-
roids and antifungal medications.

Clinically, during an acute exacerbation, the child 
will have malaise, lack of appetite, increased cough, and 
sputum production and will complain of increasing dys-
pnea. Fever may also be present. In addition to clinical 
findings, radiography and pulmonary function studies 
are of value in quantifying the severity of the disease, 
detecting an acute exacerbation, and monitoring the 
response to therapy.

Early in the course of this disease, chest radio-
graphs are normal and have little diagnostic value. 
In children, hyperinflation, followed by increased 
interstitial markings, may be the first radiographic 
findings. As the disease progresses, these increased 
interstitial markings develop into the typical findings 
of cystic bronchiectasis. The right upper lobe is more 
frequently and severely affected than the left, although 
the rationale is not quite clear. Despite high densities 
of bacteria in airways, findings consistent with bacte-
rial pneumonia are not generally seen, even during an 
acute exacerbation. Airway obstruction from retained 
secretions commonly manifests radiologically as seg-
mental or subsegmental atelectasis and lobar collapse. 
Chest radiography is also useful for the detection of 

complications of CF lung disease, which include lobar 
collapse and pneumothorax.

High-resolution CT scans of the chest may also 
be useful to detect early pathologic changes, such as 
bronchiectasis, that are not visible on routine chest ra-
diograph early in the course of the disease. Chest CT is 
of value during the evaluation of a patient with chronic 
cough and sputum production who is not otherwise 
known to have bronchiectasis. More recently, magnetic 
resonance imaging (MRI) has emerged as an alterna-
tive, radiation-free imaging technique for quantitative 
assessment of CF lung disease. In addition to structural 
lung damage, chest MRI enables noninvasive assess-
ment of abnormalities in lung perfusion and ventilation 
characteristically associated with mucus plugging in CF 
lung disease.47

Pulmonary function testing is a reliable method used 
to quantify the severity of CF lung disease. It is also an 
objective means to detect a decline or deterioration 
in the child’s clinical status, necessitating more inten-
sive therapy. Pulmonary function testing is also used 
to measure the response to therapy. Effective thera-
peutic interventions will manifest as improved lung 
function (i.e., lung function returns to or near to the 
pre-exacerbation baseline) or a plateau, demonstrating 
that lung function is no longer declining as a result of 
the acute exacerbation.

Initially, obstruction of small airways is detected. 
This is indicated by reduced flow at low lung volumes 
(e.g., FEF25–75%) and gas trapping with an increase in 
the ratio of residual volume to total lung capacity (RV/
TLC).48 As the disease progresses, pulmonary func-
tion tests demonstrate progressive reduction in FEV1, 
followed by decreased functional vital capacity (FVC). 
The FEV1 is the accepted indicator of disability and is 
somewhat predictive of length of survival.49 An FEV1 
of about 30% of predicted often is used as one of the 
factors taken into consideration for lung transplant 
evaluation.49

Lung clearance index (LCI) is a more sensitive test, 
especially in the early stages of CF, when lung pathology 
is more difficult to detect. LCI is also easier for younger 
patients to perform.50 LCI is measured by performing 
an inert gas washout using a low concentration of an 
inert gas.

Treatment of an Acute Exacerbation  
of CF Lung Disease
Treatment of CF lung disease focuses on therapies 
aimed at preventing deterioration of lung function 
and those used to treat acute exacerbations. Inhaled 
medications, including a proteolytic, an antibiotic, and 
airway clearance therapy (ACT), are essential compo-
nents of routine care. However, when the child with CF 
has an acute exacerbation, airway clearance therapy is 
intensified. Therefore, the frequency with which a child’s 
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routine ACT regimen is performed may be increased 
(i.e., a child performing high-frequency chest wall com-
pressions twice daily at home may require this therapy 
to be performed three to four times per day during an 
acute exacerbation). Another form of ACT may also be 
added (i.e., the addition of oscillatory positive expira-
tory pressure therapy to the ACT regimen of a child 
who performs high-frequency chest wall compression 
as routine home therapy). ACT in combination with 
nutrition, antibiotic, and anti-inflammatory therapy 
provide optimal care during an acute exacerbation by 

treating infection, reducing airway inflammation, and 
mobilizing and clearing retained secretions. CF airway 
secretions are difficult to clear because of their lower 
viscosity and higher tenacity. Table 15-11 provides a 
list of inhaled medications frequently used to reduce 
airway resistance, enhance secretion mobilization, 
and treat infection. The aforementioned therapies are 
also important in daily maintenance care to prevent 
secretion retention, progressive airway obstruction, 
and inflammation. In addition to inhaled medica-
tions, performing ACT promotes the expectoration 
of airway secretions. ACT is a cornerstone of CF care 
that has several therapeutic modalities available for 
use, including postural drainage and clapping, oscil-
latory positive expiratory pressure (OPEP) devices, 
high-frequency chest wall compression, and breath-
ing techniques. No one technique is superior, but it 
is important to incorporate patient preference into 
the decision-making process; age and other factors 
will influence airway clearance technique selection 
(Table 15-12). Patients and families should be included 
as informed consumers when a decision regarding the 
type of ACT to be incorporated into the child’s plan 
of care is made. Patients and, in the case of very small 
children, families are more likely to be adherent to 
therapy when their preferences are taken into consid-
eration. By identifying clinical characteristics associ-
ated with the risk for airway obstruction, malnutrition, 
and decline in lung function, clinicians may be better 
equipped to promptly recognize and treat pulmonary 
exacerbations, which can ultimately improve their pa-
tient’s long-term prognosis. Respiratory therapists play 
a key role in the treatment of patients with pulmonary 

Inhaled Agent Rationale

Dornase alfa Decreases secretion tenacity by 
degrading DNA polymers 

Bronchodilator (beta-
adrenergic agonist) 

May protect against bronchospasm 
induced by expectorants and/or 
antibiotics

No proven effect on airway 
clearance

Hypertonic saline or 
mannitol 

May improve airway surface 
fluid hydration, increase mucin 
secretion, and increase cough 
effectiveness

Antibiotic (TOBI, Cayston) Treat pulmonary bacterial infection

TABLE 15-11
Inhaled Medications Used During Daily or Routine 
Care as Well as in the Treatment of an Acute 
Exacerbation of CF

Technique
Age 
Considerations

Ability to Be Used 
Concurrently with 
Aerosol Therapy Other Factors for Consideration

Postural drainage 
and clapping 

No age limitations When patient is positioned 
upright 

Time/labor intensive
Positions may need modification

Active cycle of 
breathing 

Begin at 3–4 years
Coaching until  

~10 years 

Yes Takes time to learn
May be difficult to perform during an exacerbation or 

with severe lung disease

Autogenic drainage Begin at ~10–12 years 
of age

No May be difficult to perform during an exacerbation or 
with severe lung disease

Takes concentration

Oscillatory positive 
expiratory pressure

Children and adults With some devices, such as 
the Acapella and AerobiKa

Difficult to determine the pressure delivered to the 
patient

High-frequency chest 
wall compression

>2–3 years of age Yes Precaution needs to be taken with indwelling catheters 
and chest tubes

Exercise Children and adults No Bronchospasm oxygen desaturation

TABLE 15-12
Common Airway Clearance Techniques for Patients with CF
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manifestations of CF. Respiratory therapists not only 
are essential in providing direct care but also are instru-
mental in ensuring that patients and families properly 
perform inhaled medication and airway clearance ther-
apies. As an integral member of the interdisciplinary 
team, respiratory therapists should continually evalu-
ate ACT for therapeutic effectiveness and recommend 
changes to the plan of care as needed.

Although the prompt treatment of airway obstruc-
tion, infection, and inflammation are key components 
of care for CF patients, complicated treatment regi-
mens and lengthy treatment times contribute to non-
adherence. Optimal management may be hindered by 
other patient-related factors, such as depression, lack of 
disease-related education aimed at performing airway 
clearance therapies properly, and limited understanding 
of medication/therapy regimens to promote self-care. 
Adverse effects of therapy, such as toxicity, unpalatable 
taste, and drug interactions; inconvenience of medica-
tion delivery systems and airway clearance modalities; 
and lack of clinician time dedicated to patient/family 
education, are factors that contribute to nonadherence 
to the prescribed plans of care. Technologic advances 
in antimicrobial therapy and inhaled delivery systems 
bring the promise of improved tolerance, reduced 
treatment times, and enhanced adherence to recom-
mended care.

Nutritional Support
Attention to nutritional status and focus on nutri-
tional support are two of the pillars of CF care. There 
is an interrelationship between lung function and 
nutritional status. Progressive lung disease further 
increases calorie requirements by the increase in the 
child’s work of breathing. The basic tenets of nutri-
tional repletion in CF include the use of pancreatic 
enzyme replacement therapy and following a high-
calorie, high-protein, unrestricted diet. Children who 
receive aggressive nutritional support with adequate 
pancreatic replacement management should have both 
normal growth and lung function preservation. Dur-
ing an acute exacerbation, increasing calorie intake is 
necessary to combat the higher energy expenditure 
due to the increased work of breathing. Routine as-
sessment of the child’s nutritional status includes an-
thropometric parameters and, as the child matures, an 
annual assessment of body composition, bone density, 
glucose tolerance, and various biochemical and micro-
nutrient levels.

Complications
Hemoptysis, pneumothorax, and respiratory failure are 
major pulmonary complications that tend to occur in 
association with more severe lung disease. In the adult 
CF population, major hemoptysis and pneumothorax 
each occurs in about 1% of patients annually.

Hemoptysis in CF may range from minor blood 
streaking of the sputum, requiring little intervention, 
to massive bleeding (more than 240 mL in 24 hours). 
Minor hemoptysis is common and usually self-limited, 
although it may indicate an exacerbation of lung dis-
ease. Massive hemoptysis most commonly comes from 
the bronchial artery circulation, which is at systemic 
arterial pressure. The new occurrence of any amount of 
bleeding may signal the presence of an increased infec-
tion or inflammation and the need for intensified treat-
ment. It is important to identify the cause of a minor 
amount of hemoptysis to determine if intensified treat-
ment with antibiotics is really necessary. Medications, 
such as nonsteroidal inflammatory agents, aspirin, or 
penicillin, can cause a new occurrence of bleeding. Vi-
tamin K deficiency may also contribute to new onset of 
bleeding.

Hemoptysis greater than 240 mL in 24 hours from 
bronchiectatic airways occurs in approximately 5% of 
patients51 and may lead to airway obstruction and as-
phyxiation. Hypotension, anemia, and chemical pneu-
monitis may result from massive hemoptysis. Bronchial 
artery embolization may be required to control bleeding 
and to minimize the propensity for adversely impacting 
the unaffected lung. Hemoptysis that persists for sev-
eral days (such as 100 mL/day for 3 days) also should be 
considered a major bleeding event. This type of bleed-
ing may be a precursor to massive bleeding, and these 
children require hospitalization and treatment with 
antibiotics based on their recent sputum culture results. 
Airway clearance is temporarily withheld, and patients 
are encouraged to suppress vigorous cough efforts. Bed 
rest may also be used to lessen the likelihood of further 
bleeding. However, suspending ACT, coughing, and 
mobility should not be continued for prolonged periods 
in patients with advanced lung disease, as these patients 
will most likely suffer further complications from inad-
equate airway clearance.

Spontaneous pneumothorax is typically caused by 
rupture of subpleural air cysts. Pneumothorax occurs 
in approximately 16% to 20% of patients but is more 
common in those reaching adulthood.52 Most patients 
complain of a sudden increase in dyspnea or chest dis-
comfort. However, some may be asymptomatic. The 
presence of a newly detected pneumothorax requires 
hospitalization, irrespective of whether chest tube in-
sertion is initially planned. Asymptomatic pneumotho-
races that occupy less than 20% of the hemithorax may 
not require treatment, but clinical monitoring is needed 
to assess progression.52 Larger pneumothoraces leading 
to symptoms should be treated with a chest tube. The 
chest tube may be removed once the pneumothorax has 
resolved.

Most patients who suffer massive hemoptysis or 
pneumothorax can be treated successfully. However, 
respiratory failure, as the result of progressive airway 
obstruction and destruction, typically results in death. 
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Hypoxemic and hypercapnic respiratory failure oc-
curs in the late stages of CF.52 Treatment of hypoxemia 
may improve both the quality and the duration of life. 
 Ventilation/perfusion mismatch and hypoxemia oc-
cur as infection and inflammation progress and airway 
obstruction and parenchymal destruction worsen. In-
creased partial pressure of carbon dioxide, intrapulmo-
nary shunt, reduced mixed venous saturation resulting 
from increased oxygen consumption, malnutrition, and 
weakness also contribute to hypoxemia.52

The use of noninvasive mechanical ventilation (NIV) 
has been used to alleviate respiratory muscle fatigue 
in CF patients with severe end-stage lung disease. NIV 
may be used alone or in conjunction with long-term 
oxygen therapy. The literature reports that NIV can im-
prove nocturnal ventilation, oxygenation, sleep quality, 
and functional capacity.53,54 The initial goal of treating 
hypoxemic respiratory failure is to correct revers-
ible processes. This includes treating airway infection, 
clearing retained secretions, improving nutrition, and 
medically managing other complications that occur. 
Supplemental oxygen may be needed to maintain an 
SpO2 of greater than or equal to 90%. Even when day-
time oxygen saturation is adequate, hypoxemia during 
sleep or exercise may occur. Assessment of nocturnal 
oxygen saturation is important in those with severe lung 

disease or an FEV1 ≤30% of predicted. Low resting oxy-
gen saturations can contribute to cor pulmonale.

Outcomes
Cystic fibrosis is a life-limiting disease. Treatment at 
an approved CF center and adherence to the thera-
peutic plan of care can increase longevity and quality 
of life. Lung transplantation is an accepted therapy for 
end-stage CF lung disease, but there are often long 
waiting times before organ availability, with waiting 
times exceeding 2 years at some centers. Those with an 
FEV1 of less than 30% of predicted; hypercapnia (PCO2 
≥45 mm Hg); the presence of an accelerated clinical 
decline, characterized by more frequent exacerba-
tions that respond incompletely to aggressive therapy; 
recurrent pneumothoraces; massive hemoptysis; or 
pan-resistant organisms should receive prompt con-
sideration for a lung transplantation referral.55 CF lung 
transplant recipients have good outcomes after lung 
transplantation, and quality of life is dramatically im-
proved. However, those with CF are still prone to the 
common complications germane to all lung transplant 
recipients, including primary graft dysfunction, acute 
and chronic rejection, infections, malignancies, and 
renal failure.

Case Study 1
A 7-year-old female weighing 26 kg presents to the 
emergency department with an asthma exacerbation. 
Her mother reports she has had an upper respiratory 
tract infection for the last 2 days and has been using 
her albuterol inhaler more frequently. Today she has 
received treatments every 2 to 3 hours but still com-
plains of shortness of breath and has frequent cough-
ing. She reports taking her controller medication, 
Flovent 44 mcg 2 puffs bid as prescribed. Her mother 
states that the patient uses her controller medication 
every day. Your assessment reveals the following: an 
alert yet anxious 7-year-old, sitting on the edge of the 
bed leaning forward. She has moderate intercostal 
retractions. You ask her to tell you her name and fa-
vorite activity at school, but she must stop and take a 
breath after four words. At this time, vitals are as fol-
lows: heart rate of 140 beats per minute, respiratory 
rate of 42 breaths per minute, SpO2 at 93% on room 
air, blood pressure of 90/60 mm Hg, temperature of 
37.5°C. Upon auscultation, breath sounds are dimin-
ished with very faint expiratory wheezes throughout 
all lung fields.

1. You are called to the room. What is your recom-
mendation at this time?

Your reassessment after an hour reveals the fol-
lowing: heart rate of 156 beats per minute, respira-
tory rate of 36 breaths per minute, SpO2 at 95% 
on room air. Mild intercostal retractions persist. 
Breath sounds reveal increased expiratory wheezes 
throughout all lung fields. The patient status has 
improved after an additional hour of observation 
(heart rate of 140 beats per minute, respiratory rate 
of 28 breaths per minute, SpO2 at 98%, blood pres-
sure of 88/60 mm Hg). Intercostal retractions are 
no longer present. Breath sounds show improved air 
entry throughout all lung fields, and few expiratory 
wheezes persist. The patient is discharged home 
with follow up with her primary care physician in 
2 days.

2. What key components are necessary for improv-
ing this patient’s asthma control? 

3. Are there other recommendations that you 
might make for this patient at this time?
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Case Study 2
A 9-month-old child presents with a history of poor 
growth and a chronic cough. He was postterm  
(41 weeks’ gestation), born to a 30-year-old gravida  
1 para 1 mother with an uncomplicated pregnancy. 
Soon after birth, he developed respiratory distress 
and was admitted to the neonatal intensive care unit, 
where he was mechanically ventilated for 2 days and 
discharged after a week. He was initially breastfed, 
but due to frequent vomiting and loose bowel move-
ments, he was changed to formula feeding. Despite 
trials of different types of formula, he continued with 
bloating, diarrhea, and failure to thrive (weight  
<5th percentile). He developed a daily cough and 
some respiratory  difficulty. At 6 months of age, he 
was again hospitalized for respiratory distress. He 
continued to have loose, large, greasy, foul-smelling 
stools and failure to thrive. A sweat test and genetic 
testing were recommended. At this time the patient 

is alert and in no distress, heart rate is 120 beats per 
minute, respiratory rate is 40 breaths per minute, 
blood pressure is 85/65 mm Hg, temperature is 37.5°C, 
and oxygen saturation is 96% on room air. He contin-
ues to be small for his age. Heart regular. Lungs with 
good aeration and mild wheezing and rales. Color and 
perfusion are good. Sweat test revealed weight  
120 mcg; 105 mmol/L. Cystic fibrosis mutation analysis 
from the genetic testing was positive for one copy of 
Delta F508 and one copy of R1066C.

1. What will be the key pillar of care for the patient 
newly diagnosed with CF?

2. What is the most common pathogen present in 
patients with CF?

3. This patient is in the <5th percentile for weight. 
What therapeutic intervention should be 
implemented?
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OBJECTIVES
1. Explain the pathophysiology of neurodisability disorders 

affecting the infant and child.
2. Identify the clinical symptoms of neurodisability disorders 

affecting the infant and child.

3. Discuss the diagnosis of neurodisability disorders affecting 
the infant and child.

4. Define the pulmonary composite for the infant and child 
with neurodisability disorders.

5. Identify the pulmonary composite factors and the particular 
role each plays in airway secretion overload and pulmonary 
dysfunction.

6. Discuss how airway secretion overload can progress to 
chronic lung disease.

7. Explain the approach to physical assessment of the infant 
and child with a neurodisability disorder.

8. Describe the effects of chronic bacterial colonization 
on the pulmonary stability of the infant and child with a 
neurodisability disorder.

9. Develop a respiratory management plan for the infant 
and child with a neurodisability disorder and pulmonary 
compromise.

10. Understand the role of airway clearance in the respiratory 
management plan of the infant and child with a neurodisability 
disorder and pulmonary compromise.

11. Discuss the importance of education and skills 
validation for the caregiver of the infant and child with a 
neurodisability disorder and pulmonary compromise.

12. Recognize the psychological characteristics of the 
caregiver of the infant and child with a neurodisability 
disorder.

KEY TERMS
airway secretion overload
bacterial colonization
cerebral palsy (CP)
Guillain-Barré 

syndrome (GBS)
mitochondrial disorders
muscular dystrophy (MD)
myasthenia gravis
neurodisability disorders
ptosis

pulmonary composite
skills validation
spina bifida
spinal muscular 

atrophy (SMA)
stertor
stridor
transverse myelitis
traumatic brain injury
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Introduction
Pediatric patients with a primary neurodisability who 
have secondary pulmonary complications represent a 
population consisting of both congenital and acquired 
etiologies for their primary diagnosis. Ongoing pulmo-
nary assessment is critical in stabilizing chronic pul-
monary disease and preventing irreversible pulmonary 
dysfunction that often presents in these patients.

Neurodisability Disorders
Congenital neurodisability disorders as well as acquired 
conditions, such as traumatic brain injury, make up a 
challenging list of diagnoses. Table 16-1 lists congenital 
neurodisability disorders while Table 16-2 lists neu-
rodisability disorders that are acquired.

Although many of the primary neurodisability dis-
orders are relatively rare, Table 16-3 lists those seen 
commonly in the pediatric population. To develop an 
appropriate respiratory management plan, one should 
be readily familiar with the disorder’s etiology, how it 

Bethlehem myopathy
Cerebellar atrophy
Cervicothoracic syringomyelia/syrinx
CHARGE syndrome
Cockayne syndrome
Congenital hypomyelination syndrome
Congenital scoliosis
CFC syndrome
Down syndrome
Fredericks ataxia
Jacho-Levin syndrome
Metachromatic leukodystrophy
Muscular dystrophy
Myotonic dystrophy
Neiman pick
Neuronal migration disorder
Partial complex IV mitochondrial disease
Pompe disease
Soto syndrome
Spina bifida
Spinal muscular atrophy, types I and II
Thoracic dystrophy
Undiagnosed mitochondrial disorder
Undiagnosed neurodegenerative disorder
X-linked myotubular myopathy

TABLE 16-1
Congenital Neurodisability Disorders

Complications of prematurity
Term newborns with neurologic insults at birth
Traumatic brain injury
Spinal cord injury
Kernicterus

TABLE 16-2
Acquired Neurodisability Disorders

Muscular dystrophy (MD)
Spinal muscular atrophy (SMA)
Cerebral palsy (CP)
Spina bifida
Guillain-Barré syndrome
Myasthenia gravis
Transverse myelitis

TABLE 16-3
Common Pediatric Neurodisability Disorders

is identified, and the primary symptoms that would be 
expected to be seen.

Muscular Dystrophies
The muscular dystrophies are a group of genetic dis-
orders that are characterized by progressive muscular 
degeneration and weakness. There are more than 30 
forms of muscular dystrophy (MD). This weakness is 
usually due to abnormalities in muscle proteins caused 
by genetic mutations. Diagnosis can be made through 
history and physical exam, genetic testing, or muscle 
biopsy. Table 16-4 lists the most common types of mus-
cular dystrophy; Duchenne muscular dystrophy is seen 
most often and is one of the most severe forms. Several 
muscular dystrophies can affect the muscles of the re-
spiratory system, causing difficulty with swallowing, 
ineffective cough, and respiratory failure.1

Spinal Muscular Atrophy
Spinal muscular atrophy (SMA) is a group of heredi-
tary diseases that progressively cause muscle weakness 
and wasting of muscle (atrophy). They are the second 
most common autosomal-recessive inherited disorders 
(cystic fibrosis being the most common). The disorders 
are caused by a mutation in a gene known as the sur-
vival motor neuron gene 1 (SMN1). The abnormal gene 
causes motor neurons in the spinal cord to degenerate 
and die.2 This can be offset by a neighboring SMN2 gene 
that is similar in function. As shown in Table 16-5, there 
are four types of SMA: types I, II, III, and IV. Progno-
sis depends upon the type, with type I (also known as 
Werdnig-Hoffman disease) being the most severe form, 

Duchenne
Myotonic
Becker
Congenital
Limb-girdle
Facioscapulohumeral
Oculopharyngeal
Distal
Emery-Dreifuss

TABLE 16-4 
Most Common Types of Muscular Dystrophy
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Type Usual Onset Description

I Birth to 6 months Severe weakness; often fatal

II 6 months to 2 years Unable to walk; may have 
respiratory symptoms

III 18 months to  
adolescence

Mildest form in children; may 
need wheelchair

IV Early adulthood Rarely occurs; mild motor 
impairment

TABLE 16-5
Types of Spinal Muscular Atrophy

followed in decreasing severity by II, III, and IV. The 
type is determined by the age at onset of symptoms and 
by the copies of SMN2 gene that are present. Definitive 
diagnosis is made through genetic testing. Respiratory 
symptoms can include a weak cry and cough, swallow-
ing and feeding difficulty, abdominal breathing, and re-
spiratory failure.3 Death is most often due to respiratory 
complications.

Cerebral Palsy
The term cerebral palsy (CP) refers to a group of non-
progressive neurodisability disorders that appear in 
infancy or early childhood and permanently affect body 
movement and muscle coordination. It is caused by 
brain injury or abnormal development of the brain. The 
majority of cases of cerebral palsy are congenital, al-
though a small number of children have cerebral palsy 
as the result of brain damage in the first few months 
or years of life. The most common causes of acquired 
CP are brain infections, such as bacterial meningitis or 
viral encephalitis, and head injury as a result of a motor 
vehicle crash, fall, or child abuse.4 There is no definitive 
diagnostic test for CP. If a child does not meet devel-
opmental milestones, the presence of characteristic 
symptoms and the use of testing to rule out other neu-
rodisabilities can be used to diagnose CP. Respiratory 
symptoms associated with CP can range from impaired 
airway clearance to respiratory failure requiring mech-
anical ventilation.

Spina Bifida
Spina bifida is a disorder involving incomplete develop-
ment of the brain, spinal cord, and/or their protective 
coverings. This occurs during the first month of preg-
nancy, when the fetal spine fails to close properly. The 
result is permanent nerve damage with varying degrees 
of paralysis of the lower limbs.5 Research indicates that 
inadequate maternal intake of folic acid during preg-
nancy is the major cause of spina bifida. Diagnosis is 
usually made prenatally by ultrasound or amniocentesis 
and postnatally with radiologic studies. Respiratory 

symptoms are restrictive in nature and caused by scolio-
sis or other spinal malformations.

Guillain-Barré Syndrome
Guillain-Barré syndrome (GBS) is a rare disorder in 
which the body’s immune system attacks the nerves. 
Tingling and weakness in the legs are usually the first 
symptoms. Over the course of hours, days, or weeks, 
symptoms can spread to the upper body and increase in 
intensity. Complaints often include dyspnea, dysphagia, 
and slurred speech, and progression may lead to muscle 
paralysis with respiratory failure.6 The exact cause of 
GBS is unknown, but it usually follows a viral or bac-
terial infection of the respiratory or gastrointestinal 
systems. In rare cases, surgery and vaccinations have 
triggered GBS. Diagnosis is made through a history and 
physical exam. A nerve conduction velocity test can 
help in diagnosis, with signals traveling slower along 
the nerves affected by GBS. A spinal tap showing an 
elevated protein level in the cerebrospinal fluid strongly 
supports the diagnosis. Respiratory symptoms are 
related to respiratory muscle weakness and can some-
times require mechanical ventilation.

Myasthenia Gravis
Myasthenia gravis is a chronic autoimmune neuro-
muscular disease that causes varying degrees of muscle 
weakness. In myasthenia gravis, the body’s own an-
tibodies block, alter, or destroy acetylcholine recep-
tors, which in turn disrupts the transmission of nerve 
impulses to the muscles.7 The most commonly affected 
muscles are those that control the eyes, face, speech, 
and swallowing. Diagnosis is made through a neuro-
logic exam and patient history. Early symptoms include 
drooping of one or both eyelids (ptosis), double vision 
(diplopia), dysphagia, and slurred speech. Muscle weak-
ness can spread from the face and neck to the arms, 
hands, and legs. In rare cases it may progress to involve 
the muscles of the respiratory system and lead to res-
piratory failure and the need for mechanical ventilation. 
Muscle weakness that increases during periods of activ-
ity and improves after periods of rest is a key charac-
teristic of myasthenia gravis. Although patients may go 
into remission, there is no known cure for this disorder.

Transverse Myelitis
Transverse myelitis is a neurodisability disorder caused 
by inflammation of an area across the spinal cord, re-
sulting in damage to the myelin that covers nerve cells. 
Researchers are uncertain of the causes of transverse 
myelitis, but it is believed to result from viral infections 
or abnormal immune responses.8 Some cases have oc-
curred following vaccinations. Diagnosis is provided 
through a medical history and neurologic examination. 
Symptoms usually develop within hours and become 
worse within a few days. The most common early 
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symptom is sudden pain, usually in the lower back. 
Other symptoms associated with transverse myelitis 
are muscle weakness in the limbs, sensory disturbances 
(numbness, tingling, coldness, or burning) in the legs or 
feet and toes, fatigue, and bladder and bowel dysfunc-
tion. Respiratory symptoms include muscle weakness or 
paralysis and may range from impaired airway clearance 
to respiratory failure.

Mitochondrial Disorders
Mitochondrial disorders are a group of neuromuscular 
diseases that occur when there is damage to the mito-
chondria in the cells. Enzymes within the mitochondria 
change nutrients into cellular energy; mitochondrial 
failure leads to death of the cells and ultimately organ 
failure. These disorders can be caused by genetic muta-
tion or may be acquired following the adverse effects 
from drugs or infections.9 Diagnosis is made from the 
clinical picture obtained through a neurologic exam 
and the medical history. The symptoms of mitochon-
drial disorders may include muscle weakness or exer-
cise intolerance, heart failure or rhythm disturbances, 
dementia, movement disorders, stroke-like episodes, 
deafness, blindness, droopy eyelids, limited mobility 
of the eyes, vomiting, and seizures. Muscle biopsy and 
genetic testing can also be used to confirm the diagno-
sis. Respiratory symptoms are a result of muscle weak-
ness or abnormalities in the brain leading to respiratory 
control issues.

The Pulmonary Composite
Faced with such a large, heterogeneous group of pri-
mary neurologic diagnoses, it becomes a challenge for 
the healthcare professional to evaluate and manage the 
secondary pulmonary complications. However, a careful 
examination of this patient population reveals similar-
ities of physical abnormalities and pulmonary symp-
toms. This allows for the development of individualized 
respiratory care management plans.

Careful historical assessment can identify a set of 
etiologic factors that come into play on a routine basis 
in this population, each contributing to the production 
or retention of secretions, regardless of the primary 
neurologic diagnosis. The pulmonary symptoms can 
be relegated to this set of factors—to be defined as the 
pulmonary composite—applicable to all neurodisability 
patients with pulmonary complications. The number of 
specific primary neurologic diagnoses in the pediatric 
age group that have the potential to have secondary 
 pulmonary complications is extensive.

Airway Secretion Overload
A broad etiologic concept is that, regardless of the neu-
rologic diagnosis, the primary finding in these patients 
is related to the presence of excessive airway secre-
tions. The introduction, production, and retention of 

secretions creates a clinical picture that can be referred 
to as airway secretion overload. Airway secretions natu-
rally occur in the airway and are responsible for main-
taining normal airway function. When disease states 
result in excessive secretion accumulation, the stage is 
set for the beginning of chronic pulmonary dysfunction, 
which over time may progress to respiratory failure and 
the need for mechanical ventilator support.

A major key to successful respiratory care manage-
ment of the patient with neurodisability is to identify the 
factors that make up the pulmonary composite in each 
individual patient and to address each factor so as to 
minimize its impact on the total airway secretion over-
load status of the patient. Table 16-6 lists the pulmonary 
composite factors and the particular role each plays in 
airway secretion overload and pulmonary dysfunction.

Chronic Lung Disease
A major beginning point in the progression of excessive 
airway secretions to chronic lung disease is the pres-
ence of an ineffective cough. This is one of the most 
commonly seen factors in the pulmonary composite 
regardless of the primary diagnosis. An ineffective 
cough, which is most closely linked to hypotonia and 
the ambulatory status of the patient, sets the stage for 
secretion retention.

Secretions also commonly invade the airway overtly 
due to aspiration from dysphagia and gastroesophageal 
reflux. Over time, chronic secretion retention results in 
airway hyposensitivity as irritant fiber receptors cease 
to respond to both the volume and the irritant effect 
of airway secretions. Secretion retention also leads to 
airway inflammation, resulting in mucosal gland prolif-
eration and hypertrophy, as the mucous glands react to 
the inflammatory response. Finally, retained secretions 

Pulmonary Composite Factors
Effect on Secretion 
Accumulation

Drooling Introduction

Gastroesophageal reflux Introduction

Dysphagia Introduction

Seizure Introduction

Recurrent respiratory illness Production

Hypotonia Production/retention

Hypopneic breathing pattern Production/retention

Spasticity Production/retention

State of ambulation Production/retention

TABLE 16-6
Pulmonary Composite
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become a perfect milieu for chronic bacterial infec-
tion, producing more inflammation and more airway 
secretion production. As seen in Figure 16-1, the result 
is a vicious cycle leading to airway and parenchymal 
destruction. The end result is hypoxia and chronic 
hypoventilation with CO2 retention. This progressive 
sequence of events forms the basis for the selection 
of medications and therapy devices that should be 
included in a patient’s individualized respiratory care 
plan. An effective management plan would reduce the 
impact of airway secretion production and accumula-
tion. This leads to an increase in pulmonary stability 
and a decrease in the degree of progression and the se-
verity of chronic pulmonary dysfunction. Reducing the 
specific effect of each factor in the pulmonary compos-
ite may delay the progression of chronic lung disease, in 
some cases for years.

Patient Assessment
The pulmonary composite can be used as a guide in the 
clinical assessment of the patient during pulmonary 
clinic visits. These periodic visits are needed to update 
the patient’s pulmonary history and to obtain a phys-
ical assessment. Laboratory data may be obtained on a 
 regular basis as well as on a semi-urgent basis should 
the patient present to the clinic visit in an unstable con-
dition. The approach to the patient in the clinic setting 
should be outlined in an organized fashion.

Patient History
It is important to inquire as to the presence or absence 
of each pulmonary composite factor as well as the rela-
tive degree of activity of the factor. For example, if seiz-
ure activity has been significantly increased since the 
last clinical assessment, then there may be an increase 

in the total sum of airway secretions and thus an in-
crease in pulmonary symptoms. If ambulation has been 
decreased significantly for whatever reason, then an 
increase in potential accumulation of secretions is pos-
sible. This process of reasoning can be followed through 
for each factor in the composite.

Physical Examination
Physical assessment begins with making an initial over-
view observation of the patient in totality prior to the 
use of palpation, percussion, or by examination using 
the stethoscope. Much can be gained by observing com-
ponents of the composite factor, such as spasticity, seiz-
ure activity, and drooling. Audible airway sounds can 
denote an increase in airway secretions, which may be 
accompanied by increased respiratory rates if not mild 
respiratory distress.

A “hands-on” approach is used to evaluate tracheal 
positioning, assess for extremity edema, and examine 
the nail beds for clubbing. Palpation of the chest can de-
termine asymmetry and diaphragm movement as well 
as identify the location of the point of maximal impulse 
of the heart. Abdominal palpation can identify any liver 
or spleen enlargement, which may indicate chronic ob-
structive pulmonary changes due to an increase in lung 
volume and airway disease.

Audible noises heard on auscultation of the res-
piratory system include stridor, stertor, and the noises 
produced as turbulent airflow passes around, under, and 
above fixed secretions in the large airways. It is incum-
bent upon the respiratory care practitioner to become 
an expert in the use of the stethoscope. The need for ex-
pertise in auscultation is necessary for routine physical 
examination, to assess efficacy of respiratory therapy 
treatments, and to be able to identify acute pulmonary 
changes when the patient is in respiratory distress.

Pulmonary Function
Obtaining objective pulmonary function data is a major 
challenge in the neurodisability patient. Routine spi-
rometry, which is the most commonly used laboratory 
parameter to identify both restrictive and obstructive 
pulmonary dysfunction, especially as it is performed 
over time, is unfortunately rarely applicable to this pa-
tient population due to the neurologic and cognitive 
deficits caused by the patient’s primary disease process. 
Pulmonary function data that can be of benefit include 
measurement of the resting tidal volume to evaluate 
the presence or absence of hypopnea and the use of 
end-tidal CO2 measurement to document hypoventila-
tion. Because a significant factor in the pulmonary com-
posite is chronic aspiration, the presence of dead space 
ventilation due to the acquired airway disease produced 
by aspiration makes the end-tidal CO2 value unreliable 
and may underestimate CO2 elevation due to pulmo-
nary insufficiency. For that reason, it is important to 

FIGURE 16-1 Evolution of chronic lung disease in children with 
neurodisability disorders.

Impaired cough and retained secretions

Aspirated secretions from dysphagia
and gastroesophageal reflux

Respiratory infection/atelectasis

Bronchiectasis/pulmonary dysfunction

Diminished oxygenation

Alveolar hypoventilation and CO2 retention
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correlate on a periodic basis the end-tidal CO2 with the 
CO2 assessment from blood gas analysis. As long as the 
correlation between end-tidal CO2 and blood gas analy-
sis is stable, end-tidal CO2 monitoring may be consid-
ered reliable. This is seen when the patient is evaluated 
in a steady clinical state. The unreliability of end-tidal 
CO2 monitoring is found most often when assessing a 
patient during an acute respiratory illness; therefore, 
clinical judgement is required to decide when end-tidal 
CO2 measurements are valid data in assessment.

Radiography
The chest radiograph of a patient with a primary 
neurologic diagnosis who has secondary pulmonary 
complications must be evaluated carefully. The chest 
radiograph is used primarily when an acute respiratory 
illness is present. Where there is a history of recurrent 
respiratory illness, and especially when factors related 
to aspiration are present, the chest radiograph will 
usually become abnormal over time and demonstrate 
chronic changes of atelectasis that remain even when 
the patient is stable. This becomes problematic if se-
rial chest radiographs obtained over the years are not 
available during an acute illness. This is because chronic 
changes on the chest radiograph can easily be misinter-
preted as acute changes when the patient presents with 
other acute symptoms of fever or respiratory distress. 
An improper diagnosis of pneumonia may be made and 
unnecessary hospitalizations and medical treatment 
undertaken when the proper diagnosis is, for example, a 
simple viral respiratory illness.

When there are significant upper respiratory symp-
toms, especially mucopurulent nasal discharge with 
associated fever and tenderness and swelling over the 
area of the maxillary sinuses, there may be an indication 
to obtain a single Water’s view of the maxillary sinuses. 
When acute sinus disease is present, the medical man-
agement required is more intensive, as has been docu-
mented in the patient with cystic fibrosis.10

Assessment of Bacterial Colonization
Chronic bacterial colonization is considered to be that 
condition in which bacteria are identified in the airway 
even though the patient is otherwise stable and free  
of acute respiratory illness. Secretions that accumulate 
in the airways provide a perfect environment for bacte-
rial invasion and chronic bacteria residence. Over time, 
multiple organisms can take up residence in the airway 
and remain there for years. Etiologic factors, primar-
ily viral disease, such as the common cold, will cause 
exponential growth of the bacteria that are chroni-
cally present in the airway, producing symptoms of 
cough, congestion, and fever. When the acute illness 
is resolved, the bacterial colony count in the airway is 
reduced, acute symptoms disappear, and the bacteria 
return to a status of colonization.

Bacterial colonization is present in the airway of the 
patient with neurodisability. This was demonstrated in 
a recent study that looked at 92 patients who had un-
dergone tracheostomy placement due to upper airway 
obstruction related to their neurodisability.11 Specific 
etiologic factors of the intermittent upper airway ob-
struction included severe hypotonia with inability to 
maintain an open airway, inability to clear secretions 
leading to respiratory distress, and multiple recurrent 
acute respiratory illnesses. Table 16-7 lists the mul-
tiple organisms identified in subjects within this par-
ticular study.

The presence of chronic bacterial colonization may 
result in recurrent acute infection, mucus plugging, 
and atelectasis, leading ultimately to bronchiectasis 
and chronic pulmonary insufficiency, and is a signifi-
cant factor in the progression of chronic lung disease 
and respiratory failure. An important component in 
the management of the acute respiratory illness is an 
initial aggressive increase in respiratory therapy using 
medications and devices to clear airway mucus. This is 
more important in the resolution and stabilization of 
the acute illness than antibiotic therapy, although an-
tibiotic therapy must always be a consideration.12 This 
further makes an important case for obtaining periodic 
respiratory cultures to monitor the organisms present, 
to determine when new organisms appear, and espe-
cially to see the antibiotic sensitivities to the bacteria. It 
is somewhat controversial that a culture taken while a 
patient is in a stable clinical state at a routine clinic visit 
can be used to direct antibiotic therapy in an acute ill-
ness.13 It should be appreciated that the relationship ex-
ists between chronic bacterial colonization and changes 
in airway inflammation.14–16

Respiratory Management Plan
Individualization of the respiratory management plan 
is the key to care of the neurodisability patient. Man-
agement includes the following three areas: inhaled 

Pseudomonas aeruginosa
Stenotrophomonas maltophilia
Serratia marcescens
Moraxella catarrhalis
Methicillin-resistant Staphylococcus aureus (MRSA)
Methicillin-sensitive Staphylococcus aureus (MSSA)
Haemophilus influenzae
Group B streptococcus
Streptococcus pneumonia
Acinetobacter baumanii
Acinetobacter calcoacetuis
Serratia liquificacins
Haemophilus parainfluenzae

TABLE 16-7
Organisms Commonly Found in Patients with 
Neurodisability
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medications, airway clearance techniques, and ventila-
tory support. The plan should be created to address the 
patient’s clinical presentation of pulmonary symptoms. 
It should also be uniquely tailored not only in the selec-
tion of the specific medication but also to the method 
of delivery, patient interface, frequency of therapy, and 
ability of the caregiver to perform the therapy.

Medication Selection
Bronchodilators, anti-inflammatories, mucolytics, and 
antibiotics are all inhaled medications that may be in-
corporated into the respiratory management plan for 
the neurodisability patient.17 Bronchodilators are used 
to relieve acute bronchospasm, facilitate secretion re-
moval, prevent bronchospasm due to irritation caused 
by mucolytics, and possibly promote ciliary function. 
Albuterol and ipratropium bromide are the most com-
mon bronchodilators used in the neurodisability patient 
population. Anti-inflammatories reduce airway swell-
ing and inflammation. As previously stated, airway 
inflammation leads to increased secretion production, 
so the addition of an anti-inflammatory to the respira-
tory management plan can help to interrupt this cycle 
of chronic secretion production. Mucolytics are very 
effective in facilitating airway clearance by thinning 
thick, retained secretions that have the potential to lead 
to mucus-plugging and atelectasis. Most mucolytics 
can be very irritating to the airway, causing broncho-
spasm, so they should always be given in conjunction 
with a bronchodilator. Inhaled antibiotics are used to 
treat acute bacterial pulmonary infections. Table 16-8 
lists medications that are commonly administered as an 
aerosol to infants and children with neurodisability dis-
orders and pulmonary compromise.

After selecting the appropriate medications based 
on the clinical picture, the appropriate delivery method 
must be chosen. Medications may be delivered using 
nebulization devices or metered dose inhalers (MDIs). 
A holding chamber should always be used to deliver 
MDI medications to the spontaneously breathing pa-
tient. Available in mouthpiece, face mask, and trache-
ostomy tube options, the mouthpiece chambers are not 
typically used in the neurodisability population because 
the patient is unable to produce a good seal around the 
mouthpiece. For those patients with shallow breath-
ing patterns, a nonvalved holding chamber is used in 

conjunction with a self-inflating resuscitation bag to de-
liver MDI medications with hyperinflation.17 However, 
there are no data to substantiate the idea that patients 
with shallow breathing patterns and reduced inspira-
tory flow rates benefit from hyperinflation techniques. 
Nebulized medications, with or without hyperinflation 
with a resuscitation bag, are delivered using an aerosol 
face mask or a connection to the tracheostomy tube.

When a patient requires more than one inhaled 
medication, as so many neurodisability patients with 
pulmonary complications do, the order in which each 
medication is given should be carefully considered. 
The rule to follow is “bronchodilator—mucolytic—
anti-inflammatory—antibiotic.” Bronchodilators are 
given first to dilate the airways and to aid in secretion 
removal. Mucolytics are delivered next to thin the se-
cretions, making for easier clearance. After secretions 
have been cleared, the anti-inflammatory medication is 
introduced, followed by any inhaled antibiotics.

Airway Clearance Therapy
Because airway secretion overload is a major compon-
ent of the pulmonary picture in neurodisability patients, 
airway clearance is an essential part of the respiratory 
management plan. Airway clearance techniques are 
used to both mobilize and remove secretions from the 
airways. The use of traditional forms of positive expira-
tory pressure (PEP) or vibratory PEP therapy are typ-
ically unsuccessful in the neurodisability patient due to 
the need for patient cooperation. Chest physiotherapy 
(CPT) with postural drainage is an effective method of 
airway clearance and is typically the first choice because 
it requires minimal equipment. However, CPT is highly 
dependent upon the technique of the person perform-
ing the therapy as well as the patient’s ability to tolerate 
it. It is often more effective in infants and smaller pa-
tients because it is easier for the caregiver to correctly 
position the child. High-frequency chest wall oscillation 
with a therapy vest does not require patient cooperation 
and is much less labor intensive for the caregiver; how-
ever, the vibration created can trigger or increase the 
frequency of seizures for some neurodisability patients. 
For patients with in-dwelling ports or gastrostomy 
tubes, special padding can be used to prevent the vest 
from irritating those sites. Intra-pulmonary percussive 
ventilation is a very effective means of airway clearance 

Bronchodilators Anti-Inflammatories Mucolytics Antibiotics

Albuterol (Proventil)
Levalbuterol (Xopenex)
Ipratropium bromide (Atrovent)

Fluticasone (Flovent)
Budesonide (Pulmicort)

Dornase alpha (Pulmozyme)
Acetylcysteine (Mucomyst)
Sodium bicarbonate
Hypertonic saline

Tobramycin (TOBI)
Ceftazidime (Fortaz)

TABLE 16-8
Inhaled Aerosol Medications Common to Patients with Neurodisability and Pulmonary Compromise
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in patients with tracheostomies. Treatment can be de-
livered using a mask interface to patients without a tra-
cheostomy, but effectiveness may be reduced and it can 
also be difficult for caregivers to perform.

Once secretions have been mobilized, they must be 
removed from the airway. This process must be facili-
tated in patients who have an ineffective cough due to 
muscle weakness, as there are reported cases of patients 
receiving secretion mobilization therapy without fa-
cilitated secretion removal that resulted in respiratory 
distress.18 The manually assisted cough is a technique 
in which the caregiver uses their hands to physically 
apply pressure underneath the diaphragm to increase 
the expiratory flow during a cough. This technique can 
be effective but requires patient cooperation and can be 
affected by the caregiver’s limitations. The cough assist 
device is another technique used to remove secretions. 
This device facilitates a cough by delivering positive 
pressure during inspiration to increase the size of the 
breath and then immediately creating negative pressure 
to increase the expiratory force. The cough assist device 
can be applied with a face mask or directly to a trache-
ostomy tube. This is a valuable therapy for the neurodis-
ability patient, not only for secretion removal but also 
for lung expansion. Patients using a mask may have 
difficulty adjusting to the mask and/or positive pressure, 
so mask and/or pressure desensitization may be neces-
sary to help improve patient tolerance.

Frequency of Therapy
The final step in developing the respiratory manage-
ment plan is determining the frequency of selected 
medications and airway clearance. Frequency of therapy 
is determined by patient symptoms and their response 
to the management plan. Some patients may require 
medication and airway clearance therapy only as needed 
during acute illnesses while others may require it four 
times daily to maintain clinical stability. The frequency 
of therapy should be adjusted in response to changes in 
the patient’s clinical picture.

Mechanical Ventilation
Regardless of the degree of expertise of respiratory 
care management provided by the caregiver, there will 
always be a certain number of patients who progress 
to the need for evaluation of mechanical ventilator 
support. The need for ventilation is predicted through 
diagnosis, assessment of the pulmonary composite, and 
trends in diagnostic and clinical presentation informa-
tion. Specific neurologic diagnoses lend themselves to 
clinical patterns with the potential for pulmonary insuf-
ficiency. For example, chronic respiratory failure is gen-
erally anticipated in those diagnoses with progressive 
muscle weakness, such as the muscular dystrophies and 
spinal muscular atrophies, and is often within predict-
able time frames.

Specific diagnostic information and clinical symp-
toms are used to determine the need to initiate mech-
anical ventilation. Daytime hypercapnia (PaCO2 greater 
than 45 torr) and nocturnal hypoventilation (SpO2 less 
than 88% for 5 consecutive minutes) are established 
indications for the initiation of ventilator support. Pa-
tient symptoms, including fatigue, respiratory accessory 
muscle use, tachypnea, and dyspnea, as well as recur-
rent pulmonary exacerbations requiring frequent hos-
pital admissions, are all common indicators of the need 
for mechanical ventilation.19

If proper management of the patient and proper 
consultation with the caregivers has been carried out 
over time, the decisions made at this point regarding 
whether to proceed with mechanical ventilator sup-
port will be easier and made with less anxiety and 
emotional upheaval within the family. The interim step 
of providing ventilator support only at night, for ex-
ample, is becoming more acceptable to the family. This 
is especially true with the developing expertise in the 
use of noninvasive mechanical ventilation techniques; 
thus, there are several points in time along the pathway 
leading to respiratory failure where caregivers may 
decide on partial ventilator management strategies, 
such as nighttime mechanical ventilation only. Use of 
noninvasive interfaces can avoid and delay the ques-
tion of tracheostomy tube placement. This allows more 
time for caregivers to develop their thoughts and to be 
more confident of the decisions they ultimately make. 
Unfortunately, there are times when pulmonary events 
are sudden and require fairly quick decisions regard-
ing comprehensive ventilator support. Because of this 
possibility, it is even more important that consulta-
tions between the caregivers and the healthcare team 
be carried out early and often so as to better prepare 
families for the decision making required in such acute 
circumstances.

If routine clinic appointments are part of the man-
agement plan, the healthcare team will acquire a clini-
cal database over time that will allow some degree of 
prediction as to the speed and severity of progressive 
pulmonary dysfunction. This can be used to provide 
information and recommendations to the family re-
garding pulmonary deterioration and again allow for 
decision making to be a much more deliberate and 
thought-out process, especially regarding the institution 
of mechanical ventilator support.

Caring for the Caregiver
Due to the labor-intensive respiratory care management 
required in many patients with a neurodisability, this 
chapter would be incomplete without consideration 
of the caregivers. The primary caregiver of the child 
with a neurodisabilty can generally be characterized, 
with respect to medical training, as a lay person who 
is required usually on a daily basis to utilize medical 
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equipment, administer multiple medications, and  
determine the frequency and intensity of respiratory 
therapy based on their child’s respiratory symptoms. 
It is incumbent on the caregiver to be knowledgeable 
about devices and medications as well as to be compe-
tent in clinical assessment.

Figure 16-2 demonstrates the three areas of activity 
where the respiratory management plan is used for the 
child with a neurodisability and pulmonary comprom-
ise. The caregiver is involved in all three. At home, the 
caregiver is predominantly the active deliverer of the 
respiratory management plan. In the outpatient setting, 
the caregiver can demonstrate knowledge and exper-
tise that they provide for the patient at home. During a 
hospitalization, the caregiver works with the inpatient 
team to understand the “breakdown” that occurred in 
the home setting and resulted in the need for hospital-
ization. It may not be a breakdown due to lack of proper 
care but instead the development of an acute respira-
tory illness that prevents the child from maintaining 
clinical stability at home.

Caregiver Education
When pulmonary symptoms appear and the need for 
respiratory management is determined, the caregiver 
should receive instruction in delivering medications 
and use of the airway clearance devices. Education may 
begin during the child’s hospitalization or initiated 
during a clinic visit. This may be further augmented by 
instruction from the home medical equipment company 
staff, primarily on the devices the company is providing. 
Although initial instruction, especially if received in a 
hospital setting, may be comprehensive, the follow-up 

encounters during routine pulmonary clinic visits are 
usually relatively brief and focused on specific prob-
lems. Furthermore, home medical equipment company 
protocols are quite varied and often without any stan-
dardization of instruction.

Caregiver Skills Validation
Because caregivers must remain skilled in the daily res-
piratory management that their child may require, many 
medical facilities who care for these patients and follow 
them on an outpatient basis are now utilizing annual 
or semi-annual skills validation for the caregivers.20–22 
Skills validation is a well-known concept in the medical 
profession and is an important tool used to document 
ongoing competency. Caregivers are informed that the 
skills validation will be performed at an upcoming clinic 
visit and are instructed to bring their home equipment 
with them. During the visit, they are asked to set up the 
equipment and to perform therapy as they do at home. If 
any deficiencies are identified during the skills validation 
session, remedial education can be provided at that time.

Psychological Characteristics of Caregivers
Although daily respiratory therapies can often take up 
the greater part of the day, especially in the patient with 
significant chronic pulmonary disease, the caregiver 
also has responsibility in most cases for all activities of 
daily living. This includes providing for enteral nutrition 
and managing multiple medications for the nonpulmo-
nary problems, including, for example, seizures, spastic-
ity, and drooling. The question of how the caregivers 
sustain themselves over time, often for decades, with 
this heavy workload is important. This is especially true 
if the caregiver is having difficulty keeping up with the 
multiple tasks and responsibilities and therefore has the 
potential for serious psychological and physical health 
issues themselves.

A study conducted in 2009 was designed to psycho-
logically characterize caregivers and to identify the char-
acteristics that allowed them to carry out the daily tasks 
of providing for their child over time while maintaining 
their own physical and mental health.23 The study group 
consisted of 62 caregivers who underwent a battery 
of tests to determine their psychological makeup. The 
result was the separation of the caregivers into three 
specific groups based on the results of the psychological 
testing. The Resilient group were those described as 
having high tendencies toward extroversion and low 
trends toward neuroticism. They were, as a group, open, 
conscientious, and agreeable in nature. The Undercon-
trollers exhibited neuroticism to a fairly high degree  
and as a group tended to have a decrease in character-
istics of conscientiousness and agreeableness. The third 
group, the Overcontrollers, demonstrated high levels 
of neurotic tendencies and tended to be introverted. 
 Overall, the Resilient group’s test results demonstrated 

FIGURE 16-2 Respiratory care management programs for patients 
with neurodisability.
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 equipment company
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Respiratory Care Management
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• Care plan development
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 caregivers
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• Determine etiology
 of acute event
• Treatment of acute
 event
• Preventive remedial
 instruction
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less anxiety and generally good mental health. A final 
conclusion of the study was to further investigate ways 
to improve the psychological health of both the Un-
dercontroller and the Overcontroller subjects who had 
the potential to have more difficulty in being long-term 
caregivers.

Conclusion
The pediatric patient with a primary neurodisability 
who has secondary pulmonary complications is a major 

challenge for the respiratory care practitioner. Chronic 
pulmonary symptoms must be stabilized to reduce the 
frequency of acute events and to provide overall sta-
bility, both clinically and within the home. Providing 
optimum airway clearance on a daily basis is time con-
suming and in many cases labor intensive. It becomes a 
large piece of the daily activities not only for the patient 
but also for the caregivers. For this reason it is impera-
tive that the respiratory management plan be one that 
can be carried out in the most effective and time-effi-
cient  manner possible.

Case Study 1
A 5-month-old girl is admitted to a university hospital 
because of severe hypotonia. Her medical history in-
cluded being born at 37 weeks’ gestational age with a 
birth weight of 2000 g. Apgar scores were 7 at  
1 minute and 9 at 5 minutes. Although she had intra-
uterine growth retardation, no specific abnormality 
was observed, and there was no history of neurologic 
disease in either parent’s family. Physical exam revealed 
that she could not control her head. She babbled, 
looked alert, showed social smiling, and could con-
tact her eyes with her mother’s eyes, but her posture 
was severely hypotonic. Deep tendon reflexes were 
absent. Upper extremity power was grade 3 and lower 
extremity power was grade 2. Tongue fasciculation was 

observed. One week later she developed respiratory 
distress and was noted to have frequent aspiration. 
She had a bell-shaped chest and weak cry. She was 
 intubated and mechanical ventilation was initiated. 
Over the next 3 weeks, she was gradually weaned to 
noninvasive ventilation. She was eventually discharged 
home requiring noninvasive ventilation at night and se-
cretion clearance modalities as part of her daily therapy. 

1. How is a definitive diagnosis of SMA obtained?

2. What landmark observation on a chest radio-
graph is indicative of SMA?

3. What specific airway clearance modalities would 
be appropriate for this infant?

Case Study 2
A 5-year-old previously healthy boy presents to the 
emergency department with a 4-day history of hoarse-
ness and sore throat, nonproductive cough, decreased 
oral intake, decreased activity, and joint pain. Five days 
prior, he had reported pain in all extremities, includ-
ing both arms and legs. Upon admission, he reported 
worsening, diffuse pain throughout his body and he 
refused to walk. Upon physical examination he was 
found to be alert and afebrile with a mild tachycardia. 
He had generalized weakness and diffuse pain still. 
He was admitted to the general pediatrics floor with 
a diagnosis of a viral infection with myalgia and dehy-
dration. After day 3 of his hospital stay, he exhibited 
poor head control, reduced truncal strength, and 
progressive weakness of his arms and legs. Due to pro-
gressive respiratory failure, he was intubated. At this 
time a neurology consultation was obtained, revealing 

an alert patient with bilateral facial weakness and 
symmetrically flaccid limbs. Deep tendon reflexes 
were absent, and there was no Babinski sign. In the 
intensive care unit, he developed mild dysautonomia, 
including intermittent tachycardia and hypertension 
that self-resolved without intervention. A spinal tap 
and electromyography confirmed the clinical diagnosis 
of Guillain-Barré syndrome, and he was treated with 
2 g/kg of intravenous immunoglobulin over the next 
2 days. He was discharged home after 4 weeks in a re-
habilitation unit.

1. What is Guillain-Barré syndrome?

2. What is the typical progression of weakness in 
Guillain-Barré syndrome?

3. How can a diagnosis of Guillain-Barré syndrome 
be confirmed?
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OBJECTIVES
1. Recognize the spectrum of sleep-disordered breathing in 

children.
2. Discuss the components of polysomnography and a 

child-friendly laboratory.
3. Explain the pathophysiology of pediatric sleep-disordered 

breathing.

4. Differentiate among obstructive sleep apnea, central sleep 
apnea, and upper airway resistance syndrome.

5. List the risk factors of obstructive sleep apnea.
6. Recognize the clinical presentation of a child with 

sleep-disordered breathing.
7. Describe the diagnostic tests used to evaluate pediatric 

sleep-disordered breathing.
8. Learn the indications, complications, and outcomes of 

adenotonsillectomy in children.
9. Discuss the indications of positive airway pressure 

therapy for sleep-disordered breathing and how to achieve 
successful treatment.

10. Describe the clinical presentation of congenital central 
hypoventilation syndrome.

11. Explain the treatment options for congenital central 
hypoventilation syndrome.

12. Describe the role diaphragm pacing has in treatment of 
congenital central hypoventilation syndrome.
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Introduction
Sleep occupies a major portion of infant and childhood 
years, and poor sleep is one of the most common com-
plaints brought up by parents during a health mainte-
nance visit. Sleep-related problems, such as poor sleep 
hygiene, insufficient sleep, and nighttime awakenings, 
are quite common from infancy through adolescence. 
Although approximately 25% to 40% of children experi-
ence some type of sleep problems, sleep disorders that 
meet diagnostic criteria of International Classification 
of Sleep Disorders are less common.1 Sleep disorders, 
such as hypersomnia syndromes and narcolepsy, peri-
odic limb movement disorder, restless leg syndrome, 
circadian rhythm disorders, and obstructive sleep apnea 
(OSA), are frequently considered adult sleep disorders, 
yet they often originate in childhood. Clinical manifes-
tations of sleep disorders in a child can be vastly differ-
ent from those seen in an adult. Although many adults 
with sleep disorders experience daytime somnolence, 
mood disorders, and academic performance deficit 
due to poor sleep quality/quantity, children experience 
behavioral problems, such as hyperactivity, impaired 
social functioning, and irritability.2 The impact of in-
sufficient sleep on the developing brain of a child can 
present as learning problems, memory deficit, and de-
creased executive functions. Overactivity, opposition, 
poor impulse control, depression, risk-taking behavior, 
and noncompliance are well known consequences of 
OSA in adolescents.1–3 Finally, sleep problems/disorders 
in children have a major impact on the family.

Evaluation of Pediatric Sleep 
Disorders
Obtaining a physical examination, medical history, and 
sleep history are essential in the evaluation of pediatric 
sleep disorders. Patients are then referred to a sleep lab 
for polysomnography and possibly other sleep studies.

History
Evaluation of sleep disorders begins with obtaining 
a detailed medical history. Questions to investigate 
routine sleep practice, also called sleep hygiene, in-
clude evening routine, time to go to bed, bedtime 
behavior, sleep environment, nocturnal and morning 
behavior, and daytime functioning. In older children, 
well-established sleep questionnaires can be used to as-
sess daytime sleepiness. One such questionnaire, the 
Epworth Sleepiness Scale (ESS), asks caregivers to rate 
how often their child will doze off or fall asleep in differ-
ent situations, such as watching television, doing home-
work, and riding in a car. The American Academy of 
Pediatrics (AAP) recommends that during routine health 
maintenance visits, caregivers of children be asked about 
sleep-related symptoms, especially snoring.4 The BEARS 
is a simple screening algorithm developed to assess 
sleep-related disorders in the primary care setting. This 

tool asks questions regarding sleep problems in five dif-
ferent domains, each represented by a letter:

■■ Bedtime problems
■■ Excessive daytime sleepiness
■■ Awakenings during the night
■■ Regularity and duration of sleep
■■ Snoring2

Any child who snores on most nights should un-
dergo diagnostic evaluation. Other potential symptoms 
of sleep-disordered breathing should be investigated 
in children with attention-deficit/hyperactivity dis-
order (ADHD), behavioral problems, or poor school 
performance.4

Polysomnography
Polysomnography (PSG) is the most commonly used 
test for the evaluation and diagnosis of sleep disor-
ders. Table 17-1 lists the multiple physiologic variables 
related to sleep and wakefulness that can be simulta-
neously recorded with PSG. Other tests used for the 
evaluation of pediatric sleep disorders include the 
multiple sleep latency test (MSLT) for the assessment 
of daytime sleepiness and diagnosis of narcolepsy, actig-
raphy to assess periodic limb movements and circadian 
rhythm disorders as well as insomnia, and sleep ques-
tionnaires to assess daytime sleepiness.

Overnight PSG is indicated for the assessment of 
sleep disorders in a variety of conditions seen in chil-
dren. Recommendations regarding the use of PSG in 
pediatric patients were addressed by the American 
Academy of Sleep Medicine (AASM) Task Force in 
2011.5 Table 17-2 lists these indications.

Components of Polysomnography
In 2007, the AASM published a manual for scoring 
sleep that recommended that PSG include specific 
components. An electroencephalogram (EEG), electro-
oculogram (EOG), and electromyelogram (EMG) are 
needed to determine sleep staging, characterize sleep 
architecture, and score arousals during sleep.5 Sleep 
state is staged as non-rapid eye movement (NREM) and 
rapid eye movement (REM) sleep. Sleep architecture is 
characterized by several measures, which include sleep 
time, sleep efficiency, sleep onset latency, awake time 
after sleep onset, and percentage of sleep time spent in 
NREM stage and in REM sleep.

The AASM recommends using an oronasal thermal 
sensor to detect complete airflow cessation, or apnea, 
and a nasal air pressure transducer to detect hypopnea.6 
Respiratory inductance plethysmography is used to 
determine respiratory movements or effort and is an al-
ternative signal for identifying apnea. Although it is not 
a standard measure in adults, end-tidal CO2 monitoring 
is used to identify hypoventilation and is an alternative 
signal choice for identifying apnea.6,7 Limb electrodes are 
placed to detect periodic limb movements, which may 
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Physiologic 
Variable

Purpose of the 
Measurement

Interpretation/
Reporting

EEG/EOG/
EMG

Stage sleep; detect 
seizure activities and 
arousals 

Percentage of REM and 
non-REM sleep; arousal 
index; total sleep time; 
wake time; sleep onset 
latency; REM latency

Airflow/
nasal airway 
pressure 

Detect apnea, 
hypopnea, RERA 

AHI
REM
RDI index 

etco2 Detect apnea; monitor 
CO2 levels

etco2 trend; % time 
while etco2 >50 torr

Chest and 
abdominal 
belts

Detect central apnea, 
obstructive apnea

AHI
Thoraco-abdominal 

asynchrony

Pulse 
oximetry

Detect hypoxemia, 
desaturations; titrate 
oxygen

Percent time spent while 
SpO2 measured below 
certain levels; ODI

ECG Detect cardiac 
arrhythmia, 
decelerations

Heart rate range; 
rhythm abnormalities

Body 
position

Determine association 
between body position 
and respiratory events

Supine AHI

Video 
recording

Stage sleep; detect 
seizure activities and 
parasomnias

EEG = electroencephalogram; EOG = electrooculogram; 
EMG = electromyclogram; REM = rapid eye movement;  
RERA = respiratory effort related arousal; AHI = apnea hypopnea index; 
RDI = respiratory disturbance index; etco2 = end-tidal carbon dioxide; 
ODI = oxygen desaturation index; ECG = electrocardiogram

Data from Aurora RN, Zak RS, Karippot A, et al. Practice Parameters for the 
respiratory indications for polysomnography in children. SLEEP. 2011; 34(3); 
379-388.

TABLE 17-1
Physiologic Variables Obtained during a 
Polysomnography Recording5

Diagnosis of OSA
Initial titration of positive airway pressure (PAP) therapy
Assessment of chronic positive airway pressure therapy
Diagnosis of congenital central hypoventilation syndrome (CCHS)
Prior to and following adenotonsillectomy to diagnose OSA and 

assess for residual symptoms
Diagnosis of obesity hypoventilation syndrome
Assessment of obstructive and restrictive pathophysiology in 

neuromuscular conditions
Supplemental oxygen titration in children with chronic hypoxemia 

or respiratory insufficiency
Prior to tracheostomy decannulation
Periodic evaluation of noninvasive and invasive ventilation with 

ventilator settings adjustment
Evaluation of daytime sleepiness
Determine presence and severity of periodic limb movement
Evaluation of infants who have experienced an apparent life-

threatening event

Data from Marcus CL, Brooks LJ, Ward SD, et al. Diagnosis and 
management of childhood obstructive sleep apnea syndrome. Pediatrics. 
2012; 130:e714-755. 

TABLE 17-2
Indications of PSG in Children (AASM Consensus 
Statement, 2011)4

There are many routines a sleep laboratory can adapt 
to meet the needs of the families, ease the burden on 
the children and technologists, and improve the diag-
nostic quality of the polysomnogram.8,9 Schedule the 
child and parent for a tour of the sleep lab prior to the 
study. This visit can prepare the child for what will oc-
cur and ease anxiety during the study.8 Allow the child 
to sit on the parent’s lap during the hookup and explain 
each step in a child-friendly and developmentally ap-
propriate manner, as shown in Figure 17-2.

Obstructive Sleep Apnea 
The American Thoracic Society defines 
obstructive sleep apnea (OSA) as a disorder of breath-
ing during sleep characterized by prolonged partial 
upper airway obstruction and/or intermittent complete 
obstruction during sleep that disrupts alveolar gas ex-
change and normal sleep patterns.8

Snoring is the most common symptom of 
sleep-disordered breathing and has a prevalence of 
3% to 12% in preschool children.4,8 Because OSA is 
common and frequently underdiagnosed, the AAP 
recommends that all children be screened by history 
for snoring.4 The spectrum of OSA includes primary 
(habitual) snoring, upper airway resistance syndrome 
(UARS), obstructive hypoventilation, and intermittent 
obstruction of the upper airway.6 Primary snoring refers 
to children who snore regularly or at least 3 or more 
nights per week and do not have gas exchange abnor-
malities, sleep disruption, or daytime symptoms.10,11

OSA is conservatively estimated to affect 1% to 3% of 
the pediatric population; therefore, not every child with 
snoring will be diagnosed with OSA.4,7,11 Obstructive 
hypoventilation is a pattern of persistent partial upper 

be cause for sleep disturbances. An electrocardiogram 
(ECG) to detect cardiac rate and rhythm abnormalities 
and a pulse oximeter to monitor oxygen saturation are 
standard physiologic parameters of PSG. Additionally, 
snoring, body position monitoring, and video recordings 
are essential to PSG. Figure 17-1 is representative of the 
monitoring that occurs during PSG.

Polysomnography in a Child-Friendly Laboratory
In pediatric patients, especially toddlers and preschool-
ers, performing PSG can be challenging. Children may 
be frightened and uncooperative with the attachment 
of probes and electrodes. They may also have difficulty 
sleeping in a strange environment.8 Children with neu-
rodisability and autistic features and those with senso-
rial issues are of particular challenge.
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FIGURE 17-2 A child prepared for overnight polysomnography.
© BSIP SA/Alamy Stock Photo.

FIGURE 17-1 Example of a normal polysomnogram.
Courtesy of Natus Medical Incorporated.

airway obstruction associated with gas exchange abnor-
malities, including CO2 retention.

Etiology and Pathophysiology
The etiology of OSA is complex. It is well known that 
childhood OSA is not simply a problem with enlarged 
tonsils and adenoids. Studies have demonstrated 
that children with OSA have narrower upper airways 
compared with controls.11 However, the basic under-
lying pathology of OSA involves not only anatomical 
narrowing but also increased upper airway collaps-
ibility (i.e., hypotonia); abnormal neural control of the 
upper airway muscles; and other genetic, hormonal, 
and metabolic factors.7,11 The upper airway collaps-
ibility and neuromuscular compensation are major 
determinants of airway patency, as evidenced by ob-
servations showing that OSA predominantly occurs in 
REM sleep, when the upper airway muscle tone is at 
the lowest level.7,8,10,11 It has been shown that in chil-
dren with OSA, the upper airway is more collapsible 
compared with control subjects not only during sleep 
but also during wakefulness.11 In healthy subjects, the 
transition to sleep state results in changes within the 
respiratory system to accommodate a decreased meta-
bolic rate. This includes a decrease in tidal volume and 
minute ventilation accompanied by reduced upper 
airway dilator muscle activity and decreased airway 
caliber. The result is a mildly increasing PaCO2 and de-
creasing PaO2. This normal phenomenon is magnified 
in patients with OSA.10,11
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some children may experience increased respiratory 
 effort, episodes of pauses in breathing or apnea, mouth 
breathing, gasping for air following an obstructive 
event, restless sleep, enuresis, and profuse sweating.4,7 
Daytime signs and symptoms associated with OSA 
may include mouth breathing and hyponasal speech. 
Affected children are often difficult to awaken or may 
complain of a headache in the morning. In patients with 
OSA, subjective excessive daytime sleepiness (EDS) is 
a more common symptom in adults than in young chil-
dren. However, the incidence of EDS is higher in adoles-
cents and obese children.2,11

Caregivers and clinicians should question daytime 
napping and complaints of sleepiness as well as falling 
asleep in school, on short car rides, or on the school 
bus. Problems with attention and hyperactivity; irritable 
mood; learning difficulties; and oppositional behaviors, 
including impulsivity, rebelliousness, and aggression 
can be associated with OSA in children.3,4,11 Children 
may experience worsening school performance and 
declining grades. Multiple studies have demonstrated 
an association between OSA and cognitive functioning, 
including reduced psychomotor efficiency, poor mem-
ory recall, and lower scores on standardized academic 
tests.13–17 Reports of improvement in behavior and 
cognition following treatment of OSA support a causal 
relationship between neurobehavioral consequences 
and OSA and the belief that timely treatment will lead 
to reversibility of such deficits in children with OSA.13

Diagnosis
Studies that evaluated the use of history alone for the 
diagnosis of OSA have found poor sensitivity and speci-
ficity.18 Although children with OSA are more likely to 
have such symptoms as witnessed apnea, cyanosis, and 
labored breathing, no questionnaire has positive and 
negative predictive values that are high enough to war-
rant use as a primary diagnostic tool.10 However, ques-
tionnaires can be used as a screening tool, such that a 
negative score would be unlikely to miss a diagnosis of 
OSA, but a positive score would be unlikely to accur-
ately diagnose a particular child with certainty.4

Physical examination of a child with suspected OSA 
includes assessment of growth and careful inspection 
of the head and neck for craniofacial abnormalities, 
including midfacial hypoplasia; retrognathia; microgna-
thia; macroglossia; and narrow, high-arched palate. Typ-
ical presentation of hypertrophic adenoids, or adenoid 
facies, is a long, open-mouthed face with hyponasal 
speech. The nasal passages should be inspected for nasal 
septum deviation, masses, inflammation, and polyps. 
Pale nasal mucosa and swollen inferior turbinates sug-
gest nasal allergies. The oropharynx is examined for the 
shape of the hard and soft palate and to assess the size 
of the tonsils, soft palate, and uvula. Tonsil grading is 
typically on a scale of 0 to 4, with 0 having surgically ab-
sent tonsils and 4 having tonsils that are touching each 

Adenotonsillar hypertrophy
Obesity
Craniofacial anomalies (e.g., recessed chin, micrognathia, 

midface hypoplasia)
Genetic syndromes (e.g., Down syndrome, achondroplasia, 

Treacher Collins syndrome)
Prader-Willi syndrome
Cerebral palsy
Neuromuscular disorders
Meningomyelocele
Achondroplasia
Mucopolysacchariodosis
Family history of obstructive sleep apnea
Sickle cell disease
Asthma/allergy

TABLE 17-3
Risk Factors for Obstructive Sleep Apnea

Risk Factors
Enlarged tonsils and adenoids are the most common 
causes of upper airway narrowing in otherwise healthy 
children with OSA. Hypertrophied nasal turbinates, 
swollen nasal mucosa, a large uvula, and a crowded soft 
palate can also cause narrowing of the upper airway pas-
sage. The size and location of the adenotonsillar tissue 
are influenced by genetic factors, infection, and inflam-
mation. Although an oral exam may reveal large tonsils, 
there is no clear linear correlation of increased size of 
tonsils and adenoids with a greater severity of OSA.4,10 
The prevalence of OSA is significantly increased in chil-
dren with craniofacial syndromes and dysmorphic facial 
features, such as the midfacial hypoplasia seen in chil-
dren with Down syndrome and the small and recessed 
mandible associated with Pierre-Robin sequence.4,10 
Children with neuromuscular disorders tend to have a 
loss in upper airway muscle tone and a high prevalence 
of OSA. Obesity has been shown to be an independent 
risk factor for OSA, with the reported OSA prevalence 
in obese children at around 37% to 66%.12 Conditions 
associated with narrowing of the upper airway due to de-
position of complex carbohydrates in the airway or those 
conditions affecting the neural control or collapsibility of 
the airway have a high prevalence of OSA; these include 
mucopolysaccharidoses, Prader-Willi syndrome, menin-
gomyelocele, and Chiari malformations. Male gender, a 
family history of OSA, asthma, and a history of prematu-
rity are other factors found to be associated with OSA.10 
Table 17-3 summarizes the risk factors associated with a 
high prevalence of OSA.4

Clinical Presentation
Children with OSA classically present with snoring that 
worsens during upper respiratory infections. Dyspha-
gia may occur in young children with significant tonsil 
enlargement. Infants may present with stridor that 
worsens during feeding or with activity. Stridor may 
also indicate the existence of laryngomalacia, vocal cord 
abnormalities, and subglottic stenosis.10 During sleep, 
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other. Otolaryngologists use nasopharyngoscopy to 
visualize the nasal passages, nasopharynx, oropharynx, 
hypopharynx, and larynx. This office-based procedure is 
particularly useful to assess the size of the adenoids.10

Overnight Polysomnography
According to the AAP, PSG is indicated for the diagno-
sis of OSA in children.4 Overnight PSG performed in a 
laboratory is considered the gold standard for diagnosis 
of OSA because it provides an objective, quantitative 
evaluation of disturbances in respiratory and sleep pat-
terns.7 PSG identifies children with severe OSA and 
those who are at risk for the complications of untreated 
OSA. It also detects children who are at risk for post-
operative complications following upper airway surgery 
and would, therefore, benefit from inpatient observation 
postoperatively.4,10 Finally, PSG helps identify children 
who are at high risk for persistence of OSA following 

upper airway surgery. A nap study, which is a shortened 
PSG, is not recommended for the evaluation of OSA in 
children.4 Table 17-4 lists what is typically included in a 
PSG report. Figure 17-3 is an example of a PSG record-
ing with obstructive apneas, desaturation, and arousals.

Other Tests for the Diagnosis  
of Obstructive Sleep Apnea
Home sleep testing or portable monitoring has been 
used increasingly in adults; however, it is not the stan-
dard of care in the pediatric population.4 Overnight con-
tinuous pulse oximetry recording alone is insufficient for 
the diagnosis of OSA due to poor sensitivity and speci-
ficity, although positive predictive value of pulse oxim-
etry is as high as 97%.10 With the universal availability of 
smartphones, video recordings obtained by parents and 
presented to physicians have become common practice. 
Studies correlating video recording systems to PSG have 
been encouraging. Diagnosing OSA using home audio 
recordings in addition to a clinical evaluation revealed 
a sensitivity of 71% to 92% and a specificity of 29% to 
80%.19 Children with a PSG diagnosis of severe OSA 
should undergo testing that includes an ECG and an 
echocardiogram to evaluate cardiac function and anat-
omy and to assess pulmonary arterial pressures. Lateral 
soft tissue imaging of the head and neck is a useful tool 
for the evaluation of adenoids and the upper airway pas-
sage. CT imaging of craniofacial structure is helpful in 
planning therapy for high-risk children with a diagnosis 

FIGURE 17-3 Polysomnography demonstrating flow limitations associated with arousals and desaturations during obstructive events.
Courtesy of Natus Medical Incorporated.

Description of sleep architecture
Number and duration of apneas
Number and duration of hypopneas
Apnea hypopnea index (AHI)
Relationship among AHI, body positions, and sleep stages
Oxygen desaturations
End-tidal CO2 measurements

TABLE 17-4
Components of a Polysomnography Report
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of OSA related to anatomic abnormalities.10 Sleep en-
doscopy, or drug-induced sleep endoscopy, is a relatively 
new tool to study the airway dynamically in a sleeping 
patient with OSA. Sleep endoscopy can help the surgeon 
identify the location of an obstruction and tailor the op-
erative procedure to the patient’s specific condition.20

Management
Treatment options for pediatric patients with OSA are still 
evolving. The degree of OSA often determines the treat-
ment. Although management of mild OSA may consist 
only of medication, such as inhaled nasal corticosteroids, 
moderate to severe OSA will most likely include surgical 
intervention and/or positive airway pressure therapy.

Surgical Intervention
Adenotonsillar hypertrophy is the most common cause 
of OSA, and adenotonsillectomy (AT) continues to be 
the primary treatment of this condition in children.4 
AT is mostly associated with a low complication rate. 
Minor complications include postoperative pain and 
poor oral intake; more severe complications include 
bleeding, swallowing difficulty, anesthetic complica-
tions, respiratory compromise due to worsening of the 
upper airway obstruction, pulmonary edema, oxygen 
desaturation, oropharyngeal stenosis, velopharyngeal 
insufficiency, and aspiration, especially in children with 
poor oro-motor skills.4,10 Although AT can be safely per-
formed in the vast majority of children as an outpatient 
procedure, there are some children who will require 
postoperative observations. Factors that may increase the 
risk of postoperative complications include age younger 
than 3 years, severe OSA, the presence of cardiac com-
plications, and obesity. Table 17-5 summarizes the risk 
factors for postoperative complications following AT.4,10

AT improves not only OSA symptoms but also sleep 
quality and homeostasis.4,10,21 Additionally, AT improves 
daytime behavior, academic performance, neurocogni-
tive functioning, and quality of life.13–17,21 Although 
AT is the primary treatment of OSA in children, the 
outcomes of AT may not be as favorable as expected, 

particularly when OSA is severe and/or when obesity 
is present.22–28 Reports from studies of the efficacy and 
outcome of AT in pediatric OSA have demonstrated 
large variability in the frequency of residual OSA after 
AT, ranging from 19% to 73%.3,28 Children with severe 
OSA, asthma, age older than 7 years, and obesity are at 
risk for persistent (residual) OSA after AT.4,21–28 There-
fore, postoperative PSG is recommended in 6 to 8 weeks 
following surgery for those with risk factors for residual 
OSA.10 Postoperative symptoms, such as snoring and 
witnessed apnea, correlate well with persistence of OSA 
following AT. Therefore, patients with mild to moderate 
OSA who have complete resolution of signs and symp-
toms require follow-up clinically. A repeat PSG is per-
formed if their symptoms persist or reemerge.4,10

Infants and children with craniofacial abnormalities 
and severe OSA can benefit from skeletal advancement 
procedures to prevent tracheostomy or to facilitate tra-
cheostomy decannulation.10 Two procedures performed 
with satisfactory results in children include mandibular 
distraction osteogenesis and rapid maxillary expansion. 
Few reports have investigated the efficacy of airway sur-
geries other than AT for the treatment of OSA in chil-
dren.28–30 Combined surgeries of AT, turbinectomy and/
or septoplasty, tongue-hyoid advancement, uvulopalato-
plasty, conventional mandibular advancement, distrac-
tion osteogenesis of the mandible, and tongue reduction 
in children with neurodisability showed a significant im-
provement of OSA following surgery.30 A retrospective 
study of a group of severely obese children with OSA 
who underwent AT and uvulopharyngopalatoplasty 
(UPPP) suggested that adding UPPP to AT may be bene-
ficial in selected pediatric cases.28 Although the majority 
of children with laryngomalacia may be managed ex-
pectantly, infants who have laryngomalacia that results 
in OSA and/or feeding difficulties can be managed with 
a supraglottoplasty.10 Patients with severe OSA who are 
refractory to surgical and PAP therapy may need a tra-
cheostomy to bypass the obstructive airway.

Positive Airway Pressure
Positive airway pressure is the second-line treatment 
for pediatric patients who do not improve following AT 
or when surgery is not possible or indicated. It is often 
indicated for children with OSA related to obesity, cranio-
facial anomalies, and neuromuscular disorders.10,31 The 
current standard of practice includes performing a PAP 
titration study in the sleep laboratory. During the study, the 
PAP is adjusted or titrated to find the optimal pressure that 
will prevent upper airway obstruction. Education about 
PAP therapy should be provided prior to a titration study.

Evidence-based guidelines that recommend when 
to use continuous positive airway pressure (CPAP) and 
when to use bilevel ventilation are limited. It is common 
practice to switch the treatment from CPAP to bilevel 
therapy when high pressures are needed to relieve 
upper airway obstruction and/or the patient cannot 

Younger than 3 years of age
Severe obstructive sleep apnea
Morbid obesity
Neuromuscular disease
Pulmonary hypertension
Down syndrome
Craniofacial anomalies
Asthma
Sickle cell disease
Failure to thrive
History of respiratory compromise or anesthesia complications
Congenital heart disease

TABLE 17-5
Risk Factors for Postoperative Complications 
Following Adenotonsillectomy
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tolerate high pressures during the PAP titration study. 
Additionally, bilevel therapy is the treatment of choice 
for OSA with hypoventilation, with coexisting muscle 
weakness, or with extreme obesity that results in obesity 
hypoventilation syndrome.31

Patient comfort is the most important concern in se-
lecting the PAP interface. The headgear should be snug, 
but not tight, with special attention paid to prevent skin 
breakdown over the nasal bridge and forehead.10 Use of a 
mask can result in nasal dryness or congestion, epistaxis, 
eye irritation, skin compromise, and gastric distention. 
These issues must be addressed and regular follow-ups 
scheduled to investigate interface-related problems. 
Changes in the craniofacial structures of a growing child 
will affect the airway anatomy and neuromuscular func-
tion, which will in turn impact PAP pressures. For this 
reason, expert opinions recommend periodic re-titration 
studies for children treated with PAP.31

Although PAP therapy is safe and effective in chil-
dren, extensive behavioral conditioning is needed to 
achieve satisfactory adherence.32 Treatment of OSA 
with PAP is complicated initially by patient difficulty 
in adjusting to the PAP interface and air pressure and 
later by poor long-term adherence.32–38 This is especially 
true in the pediatric population. Data from adult stud-
ies indicate that 5% to 50% of patients discontinue PAP 
therapy in the first week of treatment, with a long-term 
adherence rate ranging from 17% to 71%.36 In children, 
PAP adherence varies, depending on the population 
studied, definitions used to measure adherence, and the 
technique used for assessing adherence.32 Reports have 
shown that adolescents and African American adults 
and children are less likely to maintain use of PAP ther-
apy.34–38 It has also been reported that within 2 years of 
PAP therapy initiation, as many as 86% of children are 
lost to follow-up of their clinic appointments.28

PAP adherence programs have been developed 
to improve adherence with PAP in the inpatient and 
outpatient settings. These programs attempt to build 
a positive, supportive relationship with patients and 
families by implementing behavioral interventions and 
desensitization protocols that will facilitate PAP intro-
duction and maintain long-term adherence.32 Education 
of patients and caregivers regarding the medical neces-
sity of PAP and addressing barriers causing poor adher-
ence have been found to improve adherence to PAP 
treatment in adults with OSA.39 In a recent study, the 
addition of a respiratory therapist to the sleep disorders 
clinic staff improved PAP adherence in children and 
adolescents with OSA.39

Additional Therapy
There are increasing data on the efficacy of 
anti-inflammatory therapies, including intranasal cor-
ticosteroids and the leukotriene receptor antagonist 
montelukast in the management of mild OSA.40–42 

Intranasal steroids may be helpful if adenoid hypertro-
phy is the predominant cause of mild OSA in children. 
Although intranasal steroids have not been found to 
impact tonsil size, there has been a significant decrease 
in adenoid size and in symptom scores in patients re-
ceiving montelukast.10 For patients with hypoxemia who 
are waiting for definitive therapy or those who have no 
other treatment options, supplemental oxygen may be 
administered.10 When used during sleep, oral appliances 
function to enlarge the upper airway by positioning 
the mandible and tongue forward. Although frequently 
used in the adult population with snoring or mild to 
moderate OSA, there are insufficient data in  children 
with regard to treatment with oral appliances.4,10 
Weight loss and lifestyle intervention can be effective 
treatments for mild OSA in obese children.43,44

Complications and Outcomes
Studies suggest that childhood OSA may be associated 
with cardiovascular morbidity.4,41 In patients with se-
vere OSA, intermittent hypoxemia associated with res-
piratory events during sleep may have a potential role 
in increased pulmonary arterial pressures. Studies have 
also shown that cardiac changes occur in the presence 
of OSA, with an effect on both ventricles.7,10,41 Arousal 
from sleep is a protective mechanism that reestablishes 
breathing, but frequent arousals may cause sleep frag-
mentation and sympathetic activation that in turn may 
result in high systolic blood pressure.4,41 Although the 
current data on OSA and markers of systemic inflam-
mation in children are limited and contradictory, there 
are recent studies indicating that OSA can induce local 
and systemic inflammation.42,45

The more serious potential consequence of intermit-
tent hypoxemia is the behavioral and cognitive adverse 
effect of this phenomenon on the developing brains 
of children.13–17 Childhood OSA has been associated 
with cognitive deficits that include general intelligence 
as well as processing level.4 Sleep fragmentation is 
commonly seen in adults but is much less frequent in 
children. Multiple studies support a causal relationship 
between nighttime sleep fragmentation and daytime 
neurobehavioral dysfunction.4 Behavioral conse-
quences of untreated OSA include hyperactivity, atten-
tion deficit, ADHD symptoms, depression, aggression, 
and abnormal social behaviors.13–17 Studies examining 
changes in behavior and/or cognition after surgical 
treatment of OSA showed posttreatment improvement 
of behavior, quality of life, hyperactivity, ADHD, and 
impulsivity. These results suggest that early diagnosis 
and treatment of pediatric OSA may improve a child’s 
long-term cognition and academic performance.4,10,13,21

Upper Airway Resistance Syndrome
Similar to OSA, patients with upper airway resistance  
syndrome present with complaints of EDS, tiredness, 
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and frequent awakenings during sleep. However, unlike 
OSA, the patient does not have apnea, hypopnea, or gas 
exchange abnormalities.6,46 UARS was initially identified 
by Guilleminault when he described 25 pediatric patients 
with symptoms of snoring, daytime sleepiness, and be-
havioral problems. When compared to healthy controls, 
the PSG variables of this patient group showed signifi-
cantly larger swings in the esophageal pressures (Pes) 
during sleep.47,48 They also demonstrated intermittent 
tachypnea, arrhythmias, and snoring. However, none of 
them had significant oxyhemoglobin desaturation or met 
the criteria for OSA. Following tonsillectomy and/or ad-
enoidectomy, all PSG variables, as well as clinical sleepi-
ness, were improved in these children with UARS.47,48

Pathophysiology and Clinical Presentation
UARS is characterized by intermittently high negative 
airway pressures during inspiration that lead to arousals 
and sleep fragmentation. It is also associated with in-
creased upper airway collapsibility during sleep.46 Chil-
dren with UARS arouse with less respiratory effort than 
do children with OSA or primary snoring. Studies indi-
cate that the levels of negative intra-thoracic pressures 
generated are the primary physiologic change inducing 
arousal. Although children with UARS typically have 
frequent snoring, restlessness during sleep, and sweat-
ing, they also may present with daytime sleepiness or fa-
tigue. Other characteristics include decreased appetite, 
poor school performance, and behavioral problems.10,47 
The true prevalence of UARS is unknown, and studies 
suggest that significant neurocognitive abnormalities 
may occur even in children with primary snoring.10

Diagnosis
PSG is the only tool to identify patients with UARS. The 
original case series of patients with UARS were detected 
by implementing esophageal manometry to routine 
PSG. These patients displayed repetitive increased up-
per airway resistance that was defined by high negative 
inspiratory Pes occurring concomitant with decreased 
oro-nasal airflow without frank apnea or oxygen 
desaturation.46

There is no standard clinical diagnosis of UARS, and 
routine PSG testing does not include Pes measurement. 
Therefore, the diagnosis of UARS is made based on the 
clinical symptoms and PSG findings showing arousals 
without frank respiratory events. A patient who presents 
with daytime sleepiness and has an increased arousal in-
dex during PSG should raise suspicion of UARS.46

Management
Treatment of UARS is similar to OSA, with the first-line 
treatment being surgical intervention with AT. Daytime 
sleepiness has been shown to improve after AT.47 Simi-
larly, PAP therapy improved objective sleepiness mea-
sured by MSLT testing in adults with UARS.46

High altitude
Narcotic use
Primary central apnea
Apnea of prematurity
Primary sleep apnea of infancy
Hypothyroidism
Multiple system atrophy (Shy-Dragger syndrome)
Familial dysautonomia
Postpolio syndrome
Medullary respiratory center damage due to tumor, infarction, 

or infection
Arnold-Chiari malformation type I and type III
Cervical cordotomy
Muscular dystrophy
Prader-Willi syndrome
Idiopathic cardiomyopathy

TABLE 17-6
Conditions Associated with Central Apnea 
in Children

Central Sleep Apnea
Central sleep apnea refers to a heterogeneous group of 
sleep disorders in which respiratory effort is diminished 
or absent in an intermittent fashion during sleep.49 In 
children, physiologic central apneas are common dur-
ing normal sleep, occurring mostly during sleep-wake 
transition. Up to 40% of healthy children have been 
found to exhibit central apnea.49 Another type of physi-
ologic central apnea occurs following an arousal or after 
a sigh.50 These central apneas are usually brief and do 
not cause significant oxygen desaturation unless cardio-
pulmonary systems are compromised. The International 
Classification of Sleep Disorders describes several dif-
ferent entities of central sleep apnea:

■■ Primary central sleep apnea
■■ Cheyne-Stokes breathing-central sleep apnea 

pattern
■■ High-altitude periodic breathing
■■ Central sleep apnea due to medical conditions 

other than Cheyne-Stokes
■■ Central sleep apnea due to drugs or substances
■■ Primary sleep apnea of infancy51

Common conditions associated with central apnea in 
children are summarized in Table 17-6.

Periodic breathing may occur frequently in prema-
ture infants or in children who reside at high altitude 
and is occasionally seen in older children with central 
nervous system abnormalities. The polysomnographic 
definition of periodic breathing refers to a sequence of 
three or more consecutive respiratory pauses lasting 3 
or more seconds, with 20 seconds or less of normal res-
piration between pauses.6 In preterm infants, periodic 
breathing is common, with an incidence of 7% in babies 
born at 34 to 35 weeks’ gestation, 54% at 30 to 31 weeks’ 
gestation, and nearly all infants born at less than 29 
weeks’ gestation.51 Figure 17-4 shows periodic breath-
ing captured by an apnea monitor.
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Etiology and Pathophysiology
One must have an appreciation of normal respiratory 
control mechanisms to understand the underlying 
pathophysiology of central sleep apnea. Control of 
breathing begins with the central respiratory drive 
and operates as a negative feedback loop.52 The respi-
ratory center in the brainstem establishes the basic 
rhythm of breathing with inputs from peripheral feed-
back components, including the upper airway, lungs, 
and peripheral arterial chemoreceptors. The rate and 
depth of respiration are also modified by peripheral 
and central chemoreceptors located in the brain, 
aortic arch, and carotid arteries. The arterial chemo-
receptors in the carotid body contain specialized ox-
ygen-sensing cells that can perceive acute changes in 
arterial oxygen tension and initiate a quick response.53 
Peripheral chemoreceptors are also sensitive to 
changes in pH and CO2 tension as well as to tempera-
ture, glucose, and osmolality.52,53 During wakefulness, 
signals from cortical areas of the brain affect respira-
tion with a mechanism named behavioral control. For 
example, while a person is awake, the frequency and 
depth of respiration can be increased and the breath 
voluntarily held. During sleep, behavioral control is 
lost and chemical control is the major mechanism 

regulating ventilation, with the PaCO2 being the major 
stimulus for ventilation.53 Indeed, during sleep, all in-
dividuals are susceptible to breathing cessation should 
the PaCO2 fall below a critical threshold known as the 
apnea threshold.

Central sleep apnea is most often seen during NREM 
sleep, when behavioral influence is the lowest.49 Nor-
mal sleep is characterized by a slightly decreased PaO2, 
increased PaCO2, and higher PaCO2 apneic threshold. 
Reduction of PaCO2 below the PaCO2 set point can re-
sult in central apneas. Central apneic events commonly 
occur during sleep-wake transition, when the PaCO2 set 
point is being adjusted and there is instability of ventila-
tion control.49–54 Once stable sleep is reached, healthy 
children should not have more than one central apnea 
per hour of sleep.55

Fetal response to anoxia and hypercapnia are differ-
ent from those of the adult. While adults respond to 
anoxia and hypercapnia with an immediate increase in 
ventilation, the fetus responds to hypoxia by decreasing 
breathing activity.52,54 Maturation of respiration is in-
complete at birth, and both term and preterm neonates 
initially respond to hypoxia like the fetus, with hypoven-
tilation and apnea. However, they gradually develop 
an increase in hypoxic sensitivity over the first weeks 

FIGURE 17-4 A periodic breathing episode captured with a home apnea monitor.
Courtesy of Circadiance.
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of life. When hypoxic sensitivity is mature, the infant 
is less likely to become apneic to respond to a hypoxic 
stimulus. Apnea of prematurity occurs predominantly 
during active, REM sleep and is uncommon during 
quiet sleep.52,54

Clinical Presentation
Parental observations of respiratory pauses during 
sleep with or without color changes is the most com-
mon presentation of central apnea in children. Older 
children who complain of insomnia may be unable to 
maintain sleep due to several awakenings during the 
night. These may include a gasp for air and a choking 
sensation. Headaches upon awakening are common in 
patients with severe alteration of blood gases during 
sleep.49

Diagnosis
In adults, the PSG definition of central apnea refers to 
the cessation of airflow greater than 90% for 10 seconds 
or longer without any respiratory effort. In children, 
central apnea should last 20 seconds or longer, or an 
event should last for at least two missed breaths and be 
associated with arousal, an awakening, or ≥3% arterial 
oxygen desaturation.6 Central apneas are most preva-
lent in the transition from wake to sleep and when 
patients sleep in the supine position. The central events 
may be associated with variable degrees of hypoxemia 
depending on the cardiorespiratory reserves of the 
child. Cheyne-Stokes breathing is described as a 10- to 
60-second episode of hyperventilation following the 
central apnea, with a gradual decrease in tidal volume 
leading to the cessation of airflow.51 This type of breath-
ing is seen in adults and is associated with congestive 
heart failure.

In the healthy population, a central apnea index 
greater than 1 is considered abnormal; however, the 
true cutoff level of central apnea that may indicate 
central nervous system abnormalities is unknown.55 
Chiari malformation (CM) is characterized by hernia-
tion of a portion of the cerebellum through the fora-
men magnum and is associated with a high prevalence 
of sleep-disordered breathing.56 Due to the association 
between central sleep apnea and CM, several publica-
tions have recommended obtaining magnetic reso-
nance imaging (MRI) in children with central apnea to 
rule out any brainstem pathology.57 Conversely, it does 
seem prudent to consider screening CM patients for 
sleep disordered breathing. By using a cutoff level of 
a central apnea index >5/hour, one study found that 
the most common identifiable risk factor for central 
apnea was a neurologic disorder. This study confirmed 
that any child with a central apnea index of 5 and 
higher warrants full clinical assessment, including 
neuro-imaging.57

Management
There are no clear guidelines available on when or 
whether to treat central sleep apnea in the absence of 
symptoms. In adults, up to 20% of central sleep apnea 
cases resolve spontaneously.49 Therefore, if the patient 
is not symptomatic and experiences central sleep apnea 
during sleep-wake transition without significant oxygen 
desaturation, observation may be the only appropriate 
action. Studies have shown that both central and ob-
structive apnea events improved following decompres-
sion surgery in children with Chiari I malformation.56

PAP is the second line of treatment for children with 
central apnea associated with gas-exchange abnormali-
ties. Any patient with central sleep apnea and significant 
hypoxemia who cannot tolerate PAP treatment is a po-
tential candidate for a trial with supplemental oxygen.10

Complications and Outcomes
The major complications of central apnea are related 
to the cardiovascular effects, including hypertension 
and cardiac arrhythmias. Untreated central apnea in 
patients with CM may result in tonsillar herniation and 
catastrophic outcomes.56 Periodic breathing resolves 
on its own with altitude change and the maturation of 
the brain. Home cardiorespiratory monitoring with an 
apnea monitor may be necessary for patients with apnea 
of prematurity.

Congenital Central Hypoventilation 
Syndrome
Congenital central hypoventilation syndrome (CCHS), 
also known as Ondine’s curse, is a rare genetic disorder 
characterized by severe alveolar hypoventilation and 
autonomic nervous system dysfunction.58–60 It is due to 
a mutation in the PHOX2B gene that is essential in the 
migration of neural crest cells and the development of 
the autonomic nervous system.61,62 All CCHS patients 
have abnormal ventilation both awake and asleep, but 
hypoventilation is always worse during sleep.58,60,63,64 
Alveolar hypoventilation is worse during NREM sleep 
than during REM sleep.65 Affected patients have absent 
or negligible ventilatory sensitivity to hypercapnia and 
hypoxemia; therefore, all CCHS patients require venti-
latory support throughout life.58,60,64,66

Epidemiology
The incidence of CCHS is not well known, but it is es-
timated in France as 1 in 200,000 live births and 1 in 
148,000 live births in Japan.67,68 The majority of CCHS 
cases involve PHOX2B mutations that are inherited 
in an autosomal dominant pattern.60,69 Although most 
CCHS patients do not have parents with CCHS, thus 
they presumably had a spontaneous PHOX2B mutation, 
CCHS males and females have a 50% chance of passing 
CCHS on to their children in each pregnancy.60
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Clinical Presentation
The clinical presentation of CCHS varies depend-
ing on the severity of the disorder and the PHOX2B 
gene mutation.60,68 Most CCHS patients present with 
apnea, cyanosis, or hypoventilation in the newborn 
period and require assisted ventilation. When in-
tubated, some infants cannot be extubated or can-
not be weaned from mechanical ventilation. Many 
CCHS infants do not breathe at all during the first 
few months of life but may mature to a pattern of ad-
equate breathing during wakefulness while apnea or 
hypoventilation persists during sleep. This apparent 
improvement is due to normal maturation of the res-
piratory system and does not represent a change in the 
basic disorder.60,66,70 Others present at a later age with 
cyanosis, edema, an apparent life-threatening event, 
or signs of right heart failure.60,70,71 Finally, some pa-
tients present in older childhood or adulthood as an 
adverse reaction to general anesthesia, pneumonia, or 
other stress.72–74 Thus, any child or adult with a delay 
in waking or achieving adequate ventilation following 
general anesthesia or who is unable to be extubated 
after appropriate treatment of pneumonia should be 
suspected of CCHS and a PHOX2B gene mutation 
study performed.

In general, CCHS patients who are otherwise clinically 
healthy usually breathe well enough while awake that 
they require ventilatory support only during sleep. How-
ever, often dependent upon the gene mutation, there are 
those who hypoventilate so severely during wakefulness 
that they require full-time ventilatory support.60,75

CCHS is a generalized disorder of the auto-
nomic nervous system, and it affects more than just 
control of breathing. Associated abnormalities in-
clude Hirschsprung’s disease, neural crest tumors, 
life-threatening arrhythmias, ophthalmologic abnor-
malities, and abnormal glucose metabolism.70,76–90

Diagnosis
The diagnosis of CCHS is suspected when patients pres-
ent with hypoventilation that is worse during sleep but 
is not caused by lung disease, ventilatory muscle weak-
ness, or obvious neurologic disorders. It is confirmed by 
testing for mutations in the PHOX2B gene. Identifica-
tion of the specific PHOX2B mutation aids in predicting 
the severity of ventilatory control, the risk of associated 
complications, and other adverse consequences.60

While waiting for genetic test results, the following 
tests should be performed to rule out other causes of 
hypoventilation:

■■ MRI and/or CT scans of the brain and the brain-
stem to rule out gross anatomic lesions

■■ Metabolic screen and neurologic evaluation
■■ PSG with appropriately collected respiratory data 

to establish the presence of hypoventilation and 
sleep-related breathing disorder

■■ Daytime blood gas analysis during wakefulness to 
document daytime hypoventilation

■■ Chest radiograph
■■ Fluoroscopy of the diaphragms
■■ Echocardiogram60

Management
The goal in the treatment of CCHS is to ensure ad-
equate ventilation when the patient is unable to achieve 
adequate gas exchange through spontaneous breathing. 
CCHS patients generally have minimal lung disease, so 
they have many options for ventilatory support:

■■ Tracheostomy and positive pressure ventilation
■■ Noninvasive positive pressure ventilation (NPPV)
■■ Negative pressure ventilation
■■ Diaphragm pacing

Oxygen administration alone is inadequate because 
although it improves oxygenation and relieves cyanosis, 
hypoventilation persists.60

Tracheostomy and Positive Pressure Ventilation
Infants with CCHS are often very unstable during the 
first year of life, with minor respiratory infections caus-
ing complete apnea during both sleep and wakefulness. 
Therefore, mechanical ventilation with a tracheostomy 
in place is initially recommended for all CCHS infants.60 
Ventilator settings are adjusted to achieve an end-tidal 
PaCO2 between 30 and 35 mm Hg while maintaining 
the SpO2 at greater than 94%. Patients ventilated in this 
manner tend to have more reserve for acute respira-
tory infections or changes in pulmonary mechanics and 
are less likely to develop pulmonary hypertension. The 
pressure control with assist control mode is used to 
achieve these targets. A relatively smaller tracheostomy 
tube is recommended because it is less likely to cause 
tracheomalacia. A smaller tracheostomy tube also al-
lows a large expiratory leak so that a child’s voice may 
continue to be heard.91

Noninvasive Positive Pressure Ventilation
Modes of ventilation for older children who are stable 
and require support only during sleep include NPPV, 
bilevel positive airway pressure, or average volume 
assured pressure support ventilation. A nasal or face 
mask is used for the interface.60,92 Although there 
are reports of younger children ventilated solely 
with NPPV, the American Thoracic Society recom-
mends noninvasive ventilation in the older, stable pa-
tients.60,93–95 Because CCHS patients do not increase 
their respiratory rate or tidal breaths with hypoxemia 
or hypercapnia, only the spontaneous-timed or timed 
modes guarantee breath delivery. The difference be-
tween the inspired positive airway pressure and the 
expired positive airway pressure is used to provide an 
optimal tidal volume. Long-term use of NPPV with a 
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nasal mask interface can be associated with midface 
hypoplasia.95 Therefore, patients must be monitored 
for development of midface hypoplasia and dental 
malocclusion.

Negative Pressure Ventilation
Negative pressure ventilators include the chest shell, 
wrap, or tank. To generate ventilation, these ventilators 
apply a negative pressure to the outside of the chest 
and abdomen during inspiration.95,96 Airway occlusion 
may occur with negative pressure ventilation because 
there is no synchronous activation of the upper air-
way muscles that normally occurs during spontaneous 
breathing. Rarely used in the pediatric population today, 
these ventilators are not portable and have largely been 
replaced by NPPV.

Diaphragm Pacing
Diaphragm pacing is an attractive treatment option for 
CCHS patients. It provides daytime ventilatory support 
for those who are 24-hour ventilator dependent, allow-
ing for mobility and independence from the ventilator 
during the day. It can be the sole source of ventilation, 
permitting tracheal decannulation for those patients 
who are ventilator dependent only during sleep.60,66,75

As opposed to a conventional mechanical ventilator, 
diaphragm pacing uses the child’s own diaphragm as the 
respiratory pump. As seen in Figure 17-5, a diaphragm 
pacer system involves four components:

■■ Electrodes that are surgically implanted on the 
phrenic nerves

■■ Receivers that are surgically implanted on the ab-
domen or chest bilaterally

■■ External antennae that are placed over the 
receivers

■■ An external battery-operated portable transmitter

The external transmitter generates electrical energy 
similar to radio frequency via an external antenna that 
is placed over the receiver. The receiver converts the en-
ergy to electrical current that is then conducted to the 
phrenic nerve, stimulating the diaphragm to contract.

Diaphragm pacing uses the diaphragm as the ven-
tilator. Therefore, patients who are candidates for pac-
ing must have normal diaphragm function, an intact 
phrenic nerve, and little or no lung disease. Obesity is 
a contraindication to successful diaphragm pacing as 
a high amount of adipose tissue increases the distance 
between the antenna and receiver of the diaphragm 
pacer. This results in increased variability in the signal 
received by the receiver.75,97

Diaphragm pacers are surgically implanted on the 
phrenic nerves using a thoracoscopic approach.98,99  
The pacers are tested intraoperatively, so neuromuscu-
lar blocking agents are not given for the surgery.  
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FIGURE 17-5 Components of a diaphragm pacer system.  
(A) Electrodes and receivers are surgically implanted on the phrenic 
nerves and on the abdomen or chest. (B) An external antenna is 
placed over a receiver. (C) The external battery-operated portable 
transmitter generates electrical energy via the antennae that are over 
the receivers.
Courtesy of Avery Biomedical Devices, Inc.
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The diaphragm pacers are not used right away; instead, 
patients are returned to positive pressure ventilation 
with a tracheostomy for 6 to 8 weeks to allow time for 
healing. To initiate pacing, patients are readmitted to 
the hospital, where the settings are established and 
adjusted. Pacing begins at 1 to 11⁄2 hours per night. To 
train the diaphragm and prevent fatigue, time on the 
pacers is gradually increased by 30 to 60 minutes each 
week.75,97,98 This has been found to be necessary even 
with those patients who breathe spontaneously while 
awake. The probable reason is that the phrenic nerve 
electrode stimulates those fibers that happen to touch 
the electrode by chance, which are not the same fibers 
that are stimulated during spontaneous breathing. An-
other theory is that the electrical impulse profile of the 
diaphragm pacers is different from the natural phrenic 
nerve impulses. In either case, this necessitates train-
ing the diaphragm to accept longer periods of pacing 
without fatigue. In general, it takes 2 to 3 months to 
establish full pacing during sleep. Once on full pacing, 
if a patient with a tracheostomy does well for 3 months, 
then decannulation is considered.75 Diaphragm pacing 
for more than 14 hours a day is not recommended be-
cause of the risk of diaphragm fatigue. When a patient 
requires ventilator support for 24 hours a day, then a 
backup form of ventilation should be available to use 
during part of the day.91

On the night of pacing initiation, the pacers are 
started by turning on both sides, whether the patient 
is awake or asleep, as the goal is to begin training the 
diaphragm. Mechanical ventilation is not applied 
while the patient is on diaphragm pacing. The patient 
is monitored using continuous pulse oximetry and an 
end-tidal CO2 monitor. If the SpO2 falls below 95% and/
or the end-tidal CO2 rises above 40 torr, then the pac-
ers are adjusted by slightly increasing the tidal volume 
settings. If the patient experiences shoulder pain with 
a pacer breath, the tidal volume is set too high. After 
90 minutes, the pacing is discontinued, and for the re-
mainder of the night the patient is ventilated using the 
home ventilator at the usual settings. If there is a fall in 
the SpO2, increase in the end-tidal CO2, or decrease in 
diaphragmatic contraction before the 90-minute period 
has elapsed, then diaphragm fatigue is occurring. At 
this point, the pacing is stopped and home ventilation 
is resumed.

When considering decannulation of a patient who 
is ventilator dependent only during sleep, the patient 
should undergo full laryngoscopy and bronchoscopy 
to ensure a patent airway. An overnight PSG with 
the tracheostomy tube capped is performed to assess 
readiness for decannulation. During the sleep study, 
diaphragm pacer settings are also adjusted to achieve 
optimal gas exchange and relieve OSAs, if present. If 
the patient has adequate oxygenation and ventilation 

while using diaphragm pacers with the tracheostomy 
tube capped, then decannulation is scheduled. Fol-
lowing decannulation, the patient is observed for 1 to 
2 nights in the hospital.75

Pulse oximetry and end-tidal CO2 monitors are cru-
cial in monitoring patients with CCHS at home and in 
the hospital. Alarm thresholds are set well below the de-
sired goals to decrease nuisance alarms and to provide 
the caregivers adequate time to respond to potential 
emergencies. Apnea/bradycardia monitoring alone is 
not adequate, as many patients hypoventilate but are 
not apneic. Furthermore, for those children ventilated 
by diaphragm pacing, the pacer artifacts may falsely el-
evate the heart rate.60

Patients with CCHS are likely to be more sensi-
tive to respiratory depressant effects of inhalational 
anesthetics, narcotics, and benzodiazepines. When 
these patients receive sedation medications, they must 
receive ventilator support and be monitored continu-
ously with a pulse oximeter and end-tidal CO2 monitor. 
Because of their abnormal responses to hypoxia and 
hypercapnia, if these patients have any unexplained 
problem, such as seizure or lethargy, they should be 
stabilized by hyperventilation with 100% oxygen until 
the source of the problem can be identified. In children 
with CCHS, hypoventilation should be considered the 
source of the problem until proven otherwise. A brief 
period of hyperventilation will not be harmful but may 
be lifesaving.91

To assess ventilator status and to adjust ventilator 
settings, patients should undergo at least yearly PSG. 
An annual echocardiogram is also recommended to 
evaluate for pulmonary hypertension. If a patient 
develops progressive pulmonary hypertension and 
cor pulmonale, until proven otherwise it must be 
assumed to be the result of inadequate ventilator 
settings, and ventilator support should be adjusted 
accordingly.60

Complications and Outcomes
CCHS is a lifelong disorder, with patients requiring 
ventilatory support for life. The reported overall mortal-
ity rate ranges between 8% and 38%, with most deaths 
occurring before 2 years of age.67,70,99 Cause of death 
varies but is linked to tracheostomy and ventilator de-
pendence.67 Many children survive to adolescence and 
adulthood. Complications of CCHS include cardiac 
failure and hypoxic seizures, but these improve with 
correction of ventilatory support.100,101 Development of 
neurocognitive deficiencies has been attributed to inad-
equate ventilation.100,102,103 To confer the best outcome, 
early recognition and initiation of optimal ventilatory 
support are crucial in preventing the negative sequelae 
associated with hypoxia.
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Case Study 1
A previously healthy 10-year-old boy presents to his 
pediatrician’s office for his annual checkup. His par-
ents are concerned about his quality of sleep. They 
report that he snores during sleep, takes naps during 
the day, and has difficulty concentrating in school. 
After a thorough sleep history, it is determined that 
he often plays on his iPad just before sleep each night 
and that his father uses a CPAP machine at home dur-
ing sleep. On physical exam, he has a BMI greater than 
the 95th percentile, and his tonsils are enlarged with 
a rating of 2+ on the Brodsky scale. The remainder 
of the examination is unremarkable, and he is other-
wise considered healthy. After recommending healthy 
weight programs and the elimination of electronic 
screen-time before sleep, the next steps in diagnosis 
and treatment are discussed. It is decided that he is 

at significant risk for OSA and is a likely candidate for 
adenotonsillectomy. He is scheduled for an overnight 
polysomnography test and a referral is made for 
consultation with an ENT specialist. Following exam-
ination by the ENT specialist and interpretation of 
the sleep study results, he undergoes an adenotonsil-
lectomy. Subsequently there is improvement in OSA 
symptoms, and no further treatment is indicated.

1. What are common causes of obstructive sleep 
apnea in children?

2. What recommendations does the American 
Academy of Pediatrics give for the management 
of OSA in children?

3. What is considered the gold standard for the 
 diagnosis of OSA in children?

Case Study 2
Following an uncomplicated vaginal delivery, a  
39-week 3550 g male infant was born to a gravida 
3 para 3 mother. The Apgar score was 8 at 1 minute 
and 10 at 5 minutes. At 6 hours of age, the infant was 
transferred to the neonatal intensive care unit of a 
children’s hospital because of intermittent episodes of 
cyanosis. Antibiotics were given after a complete septic 
workup was completed. None of the cultures showed 
evidence of bacteria. Because of frequent apnea and 
oxygen desaturation with CO2 retention, the infant was 
intubated; saturation was maintained well when he 
was awake, but while asleep he had cyanosis and was 
entirely dependent on the ventilator with no respira-
tory effort noted. There were no remarkable findings 
on chest radiography, CT scan, electrocardiogram, 
echocardiogram, and neurologic examinations. The 
infant failed multiple attempts at extubation after de-
veloping severe hypoxia and hypercapnia. A permanent 
tracheostomy was performed for long-term ventilator 

support after rigid bronchoscopy ruled out any airway 
abnormality. Congenital central hypoventilation syn-
drome (CCHS) was suspected because of cyanosis oc-
curring only during sleep and dysregulation of the body 
temperature. Genetic studies were performed, and 
CCHS was diagnosed from mutation in the PHOX2B 
gene. At 6 months of age, the infant remained ventila-
tor dependent with a tracheostomy 24 hours a day. He 
was discharged home with developmental milestones, 
including gross motor, fine motor, and social inter-
action, normal for a 6-month-old infant.

1. Describe the severity and clinical presentation 
of congenital central hypoventilation syndrome 
(CCHS) in the newborn period.

2. What disorders might be considered in the dif-
ferential diagnosis of CCHS?

3. What options are available for the treatment of 
CCHS in an infant?
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Introduction
Respiratory disorders are one of the most common 
causes of morbidity and mortality in children. Many 
disorders have respiratory involvement as a complica-
tion of the disease process. Understanding the etiology 
and pathophysiology of common childhood diseases 
that impact the respiratory system provides insight into 
the need for respiratory intervention.

Acute Respiratory Distress 
Syndrome
First recognized in 1967, acute respiratory distress 
 syndrome (ARDS) was previously termed adult respira-
tory distress syndrome or simply respiratory distress 
syndrome (RDS). The name was changed in 1994 by 
the American-European Consensus Conference to rec-
ognize that this condition also affects children.1 ARDS 
is defined as acute, noncardiogenic pulmonary edema 
with bilateral pulmonary infiltrates on chest X-ray 
(CXR) and a PaO2 to FiO2 ratio of <200 (Table 18-1).2

Etiology
ARDS results from lung injury that damages the al-
veolar capillary membrane, impairing the ability to 
maintain lung fluid balance. As a result, fluid leaks from 
the capillary bed into the alveolar space. ARDS is classi-
fied as primary or secondary. Although lung injury can 
result from a variety of causes, classification of ARDS 
depends on how lung injury occurs. Primary ARDS is 
caused by conditions that injure the alveolar capillary 
membrane and disrupt this protective lung barrier. 
Exposure to noxious gases, such as chlorine; aspiration 
of gastric contents; pneumonia; and pulmonary contu-
sions caused by chest trauma are among the condi-
tions that cause primary ARDS (Table 18-2). Infection, 
specifically pneumonia,3 is the most common cause of 
primary ARDS in pediatrics. Secondary ARDS occurs as 
a result of a complication of an injury or illness that in-
directly causes lung injury. A severe reaction to a blood 
transfusion, sepsis, and pancreatitis are a few examples 
of conditions that cause secondary ARDS (Table 18-2).2 

These conditions cause systemic inflammation, which 
results in the release of proinflammatory mediators and 
neutrophils into the alveoli. This inflammatory cascade 
of events affects the integrity of the alveolar capillary 
membrane, causing fluid leakage into the alveolar space.

Pathophysiology
Regardless of the inciting cause of the lung injury, all 
cases of ARDS typically advance through a series of 
three phases: acute or exudative, fibroproliferative, 
and chronic or recovery (Table 18-3). Progression 
through each phase is often recognized using clinical, 
radiographic, and histopathologic features.2 Infants 
and smaller children are at higher risk of complications 

Acute onset

Bilateral infiltrates

PaO2/FiO2 <200

Noncardiogenic origin:
•	 Pulmonary artery wedge pressure <18 mm Hg
•	 No clinical evidence of left atrial hypertension

TABLE 18-1
Acute Respiratory Distress Syndrome Diagnostic 
Criteria

Direct Lung Injury Indirect Lung Injury

Pneumonia Sepsis

Aspiration Shock

Pulmonary contusion Burns

Fat or air embolism Pancreatitis

Submersion injury Cardiac bypass surgery

Inhalational injury Transfusion-related lung injury

Reperfusion injury Drug overdose or toxic ingestion

TABLE 18-2
Etiology of Acute Respiratory Distress Syndrome

Acute/Exudative Fibroproliferative Chronic/Recovery

4–7 days 7–21 days >21 days

Interstitial and 
alveolar edema

Chronic 
inflammation

Removal of edema

•	 Disruption of gas 
exchange

•	 Arterial hypoxemia
•	 Late arterial 

hypercarbia

Fibrosis Proliferation of type 
II cells

Loss of surfactant Loss of alveolar 
architecture

Differentiation into 
type I cells

Decreased lung 
compliance

  Endothelial 
progenitor influx

Acute inflammation   Resolution of 
inflammation

    Remodeling of 
fibrotic areas

TABLE 18-3
Phases of Acute Respiratory Distress Syndrome: 
Characteristics and Pathophysiology
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given their smaller airways, increased airway resistance, 
and lower functional residual capacity.3

In a healthy lung, two separate barriers form the al-
veolar capillary membrane: the capillary endothelium 
and the alveolar epithelium, which are separated by the 
interstitium.4 The alveolar epithelium is composed of 
type I and II cells, covering 90% and 10%, respectively, 
of the surface. The main function of this interface is gas 
exchange. After oxygen is inhaled, it is diffused through 
the thin wall of the alveolar epithelium into the capillar-
ies before being transported to the tissues. Carbon di-
oxide from tissue metabolism is carried back to the lung 
through venous circulation and easily diffuses from the 
capillaries through thin alveolar walls before being ex-
haled. In order to maintain functional gas exchange, al-
veoli must remain appropriately expanded. The LaPlace 
equation illustrates the direct relationship between 
surface tension (T) and the pressure (P) required for 
maintaining an open spherical structure with a certain 
radius (r):2

P = 2T⁄r

Surface tension within the alveoli is drastically re-
duced by surfactant, which is manufactured by type II 
cells lining the walls of the alveoli. Surfactant signifi-
cantly reduces the pressure required to open the alveoli 
or to maintain alveolar expansion. The presence of tight 
junctions within the epithelium protects the alveolus 
from vascular fluid entry. Fluid movement from the 
capillaries into the interstitium is normally controlled 
by a delicate balance of hydrostatic and oncotic pres-
sures. This balance prevents vascular fluid from enter-
ing the alveolar air space and allows it to be removed 
by the lymphatic system and returned back into the 
systemic circulation.5

Acute/Exudative Phase 
The first phase is known as the exudative phase, which 
is characterized by disrupted fluid balance following 
injury to the alveolar–capillary barrier. Damage to the 
tight junctions of the alveolar epithelium allows edema 
or fluid into the alveolar air space, impairing gas ex-
change.5 During this phase, patients first present with 
arterial hypoxemia, followed by arterial hypercarbia.

As damage occurs to the alveolar epithelium, type II 
epithelial cells are also damaged and surfactant produc-
tion inhibited. The loss of surfactant, which maintains 
alveolar surface tension, causes alveolar and small air-
way collapse during expiration. The pressure required to 
open a collapsed alveolus, despite the radius, increases 
proportionately and reduces pulmonary compliance, or 
makes the lungs stiffer and more difficult to ventilate.2 
Damage to the alveolar epithelium also leads to an acute 
inflammatory response and to the release of a variety of 
proinflammatory cytokines, including tumor necrosis 
factor alpha, interleukin (IL)-6, IL-8, and IL-10. IL-8, 

specifically, is a neutrophil chemoattractant, which 
causes a neutrophil influx and subsequent release of cy-
tokines that cause more lung injury. No single cytokine 
has been identified as the main contributor of overall 
inflammation or ultimate damage; rather, it is the bal-
ance of proinflammatory and anti-inflammatory cyto-
kines that determines extent and duration of injury.5 
Some patients move through the acute/exudative phase 
and then have a rapid recovery with complete resolu-
tion. Other patients move from this initial phase into 
the fibroproliferative phase, a second, more-damaging 
phase.

Fibroproliferative Phase
The second phase, called the fibroproliferative phase, 
is characterized by continued inflammatory response, 
fibrosis, and scarring of the alveolar–capillary unit.2 
Scarring and fibrosis result from a maladaptive repair 
response to the initial injury. During this phase, mes-
enchymal cells and fibroblasts deposit various collagen 
types and fibronectin, which disrupt and potentially 
obliterate alveolar architecture and disrupt alveolar 
function. Patients who progress into this phase have an 
increased risk of death from ARDS.5

Chronic/Recovery Phase
The final phase of ARDS is the chronic/recovery phase. 
This phase involves recovery or resolution of all the dis-
ruptions present in the previous phases: repair of capil-
lary endothelium, repair of alveolar epithelium, removal 
of alveolar edema, removal of inflammatory cells, and 
remodeling of fibrotic tissue. As alveolar and interstitial 
fluids are removed, the alveolar epithelium repair be-
gins. The alveolar epithelium is repaired by remodeling 
or the action of type II cells, which proliferate along the 
damaged walls and differentiate as needed into type I 
cells. Capillary endothelial recovery is less well under-
stood but likely follows migration of progenitor cells to 
the area of injury. In some patients, the fibrosis may be 
too extensive to repair, leaving chronically scarred and 
poorly functioning alveoli unable to return to their pre-
vious functional state (Table 18-3).5

Diagnosis
The diagnosis of ARDS is made by a combination of 
CXR and arterial blood gas (ABG) information. Fluid 
or edema in the alveolar spaces is seen as bilateral infil-
trates on CXR (Figure 18-1) while ABGs are needed to 
determine the level of hypoxemia. Patients with ARDS 
have a low PaO2 while receiving oxygen at an FiO2 
≥0.50. The PaO2/FiO2 is used to quantify the degree of 
oxygenation impairment. A PaO2/FiO2 ratio <200 is 
seen with ARDS. The PaO2 also provides the ability to 
calculate the oxygenation index (OI), which may guide 
management decisions. It is important to determine if 
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is generally not sufficient to correct the oxygen defect. 
Noninvasive ventilation (NIV) in the form of continu-
ous positive airway pressure or bilevel positive airway 
pressure can be utilized and may reduce intubation 
rates if used early in the course of the disease.6 However, 
intubation will be necessary in children whose PaO2/
FiO2 does not respond to NIV or whose disease state is 
severe.

A “lung protective” strategy should be used with NIV 
and invasive ventilation. The Pediatric Acute Lung In-
jury Consensus Conference Group recommends venti-
latory strategies that avoid overdistention and minimize 
the cyclic opening and closing of alveoli to reduce the 
risk for further lung injury. Therefore, the goal is to re-
duce mean airway pressure (MAP) below 30 mm Hg. 
This can best be achieved with low tidal volumes (VT) in 
the physiologic range of 5 to 8 mL/kg ideal body weight 
for patients with a better respiratory system and VT of  
3 to 6 mL/kg predicted body weight for patients with 
poor respiratory compliance.7 Peak end-expiratory 
 pressure (PEEP) above atmospheric is needed to pre-
vent alveolar collapse at end inspiration and to improve 
oxygenation. Hemodynamic stability, oxygenation, and 
respiratory system compliance should be closely moni-
tored during PEEP titration.7 The literature supports 
maintaining an SpO2 of 88% to 92%.7 Unless contrain-
dicated, permissive hypercapnia, allowing a less than 
normal blood pH, will help prevent high lung pres-
sures.8 High-frequency oscillatory ventilation (HFOV) 
may be considered as an alternative for patients who 
fail to improve with conventional ventilation. Close 
monitoring of oxygenation, hemodynamic stability, 
and acid–base balance are essential when setting and 
adjusting MAP and oscillatory rate. There are cases 
where extracorporeal membrane oxygenation (ECMO) 
is required. Calculating the OI helps determine what 
degree of escalation may be necessary. OI is calculated 
as follows:

OI = ((FiO2  × MAP)) ⁄ (PaO2)

With an OI >20, HFOV should be considered; for an  
OI ≥40, ECMO should be considered.9

Prone positioning is an early intervention that im-
proved oxygenation and reduced ventilator-associated 
injury in adult trials but not in pediatrics.3 The literature 
suggests that early use in ARDS may reduce both short- 
and long-term mortality.10

Conservative fluid management is another interven-
tion that has shown benefit in adult studies. One of 
the hallmarks of the disease is excess fluid; therefore, 
administering a limited amount of additional fluids—
only enough to maintain appropriate hydration—is 
indicated.11

There are many interventions that may or have been 
used that do not improve overall outcome, including the 
use of surfactant to reduce alveolar surface tension and 
help maintain expansion,12 inhaled nitric oxide,13 and 

FIGURE 18-1 Chest radiograph of an intubated child with bilateral 
infiltrates.
© Santibhavank P/Shutterstock.

hypoxemia is caused by a cardiac or pulmonary prob-
lem. The patient history can be helpful in determining if 
the patient currently has or had a cardiac condition, and 
an echocardiogram is often used to rule out a cardiac 
cause for the oxygenation problem.

Blood tests, such as a complete blood count (CBC), 
can help identify the presence of infection, a cause of 
ARDS. Although a very high or low white blood cell 
(WBC) count can signal an infection, further testing is 
needed to identify the specific organism and to guide 
treatment. A bronchoalveolar lavage can be used to 
obtain a sputum culture and to evaluate the extent of 
neutrophil activation within the lung.

Clinical Presentation
The patient will present with tachypnea and a labored 
breathing pattern. By definition, hypoxemia will be 
present. Ausculatory findings include areas of dimin-
ished breath sounds and adventitious breath sounds, 
including rales or crackles indicating edema.

Other signs and symptoms relate directly to the eti-
ologies of ARDS. For example, if bacterial pneumonia is 
the cause of ARDS, the patient may be febrile and have 
an elevated WBC count. A thorough history and physi-
cal examination are essential and will help delineate 
potential causes and complicating factors.

Treatment
It is important to identify the etiology to effectively 
manage the disease course.3

Initially, supplemental oxygen is needed to address 
hypoxemia. However, nasal cannula or simple face mask 
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corticosteroids.14 The use of these interventions is not 
supported in pediatrics.

Mortality rates may be as high as 40% to 60%. Often, 
mortality is related to the presence of multiorgan dys-
function rather than the primary respiratory disease. 
Indicators of poor outcomes, therefore, include other 
organ dysfunction and extremities of age. Interestingly, 
OIs do not accurately predict outcome. Despite the 
significant acute injury to the lung, most survivors do 
recover normal pulmonary function within about a year 
after illness.5

Systemic Inflammatory Response 
Syndrome and Sepsis
Sepsis and septic shock typically result from a severe 
infection caused by bacteria, viruses, fungi or parasites, 
and/or toxins produced by these organisms.15 Septic 
shock is one of the leading causes of morbidity and 
mortality in children16 Research has played a major role 
in helping the medical community gain a better under-
standing of the pathophysiology and preventive strat-
egies to improve clinical outcomes.16

Etiology
Sepsis is an inflammatory response triggered by infec-
tion that can range from mild symptoms to severe organ 
dysfunction and death. Because of the spectrum of clin-
ical presentation, standardized definitions of systemic 
inflammatory response syndrome (SIRS), sepsis, severe 
sepsis, and septic shock have been created to better de-
scribe this disease process.

According to the 2012 Surviving Sepsis Campaign, 
sepsis is defined as “the presence (probable or docu-
mented) of infection together with systemic manifesta-
tions of infection.”17 The infection can be bacterial, viral, 
or fungal and can originate in the blood, lungs, urinary 
tract, brain, skin, bone, or soft tissue.

Gram-positive bacteria, Staphylococcus specific-
ally, are the most common cause of pediatric sepsis.18 
Gram-negative bacteria, such as Escherichia coli, Kleb-
siella, Pseudomonas, Serratia, and Enterobacter, are less 
commonly the cause of sepsis, but gram-negative sepsis 
is typically more severe and carries an increased mortal-
ity rate.19

Sepsis remains a significant health problem world-
wide. In the United States, sepsis causes more than 
75,000 hospital admissions and 10,000 deaths among 
the pediatric population.18

Pathophysiology
The initial inflammatory response of SIRS can be trig-
gered by an infectious or noninfectious cause. Once 
activated, the immune system responds by producing 
both inflammatory and anti-inflammatory cytokines. 
Persistent infection and release of toxins from bacteria 

cause excessive release of proinflammatory cytokines. 
The overproduction of inflammatory cytokines causes 
an imbalance between the pro- and anti-inflammatory 
responses, therefore causing widespread inflammation 
that can lead to sepsis, severe sepsis, and septic shock.20

Pediatric patients with sepsis often display signs of 
profound volume depletion.19 Typically, these patients 
present with a low cardiac output (CO) and elevated 
systemic vascular resistance (SVR), or “cold shock.” 
However, CO and SVR will fluctuate throughout the 
course of illness, necessitating changes to vasopressor 
therapy. Because of the decreased CO, oxygen delivery 
to tissues is decreased. As SIRS progresses to sepsis 
and septic shock, tissue hypoxia worsens, which further 
compromises perfusion.

Diagnosis
There is no clinical test to determine if a patient has 
sepsis. Instead, there are well-described criteria that, 
when met, place a patient along a continuum ranging 
from SIRS to septic shock. Pediatric-specific criteria 
for SIRS, sepsis, severe sepsis, and septic shock were 
adapted from the adult sepsis criteria (Table 18-4). 
Mortality rates are significantly improved when sepsis is 
diagnosed and treatment is initiated quickly. Therefore, 
it is essential that clinicians are familiar with sepsis cri-
teria and have a high level of suspicion for sepsis if a pe-
diatric patient presents with fever or hypothermia in the 
presence of hypoperfusion (delayed capillary refill time, 
decreased urine output, and altered mental status).

SIRS Criteria*

Temperature >38°C (100.4°F) or <36°C (96.8°F)

Heart rate >90 beats/min

Respiratory rate >20 breaths/min or PaCO2 <32 mm Hg

WBC >12,000/mm3, <4,000/mm3, or >10% bands

Sepsis Criteria (SIRS plus infection)

Suspected or present infection

Severe Sepsis Criteria 

Lactic acidosis

Blood pressure <90 mm Hg or drop >40 mm Hg from baseline

Septic Shock

Hypotension, despite adequate fluid resuscitation

* ≥2 meets SIRS definition 

TABLE 18-4
SIRS Criteria for Younger Than 18 Years
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To meet SIRS criteria, a patient must have either  
hypothermia/hyperthermia or leukocytosis/leukopenia  
in addition to tachycardia or tachypnea. Sepsis is de-
fined as “SIRS in the presences of, or as a result of sus-
pected or proven infection.”21,22 Cultures from blood, 
respiratory secretions, cerebrospinal fluid (CSF), urine, 
and wound or tissue may show evidence of infection, 
although a negative culture does not rule out sepsis. A 
patient with sepsis will also typically display elevated in-
flammatory markers, including C-reactive protein, sedi-
mentation rate, and procalcitonin. Severe sepsis occurs 
when a patient meets SIRS criteria and also has evi-
dence of either cardiovascular instability and/or ARDS 
in addition to pulmonary, renal, neurologic, hepatic, or 
hematologic dysfunction. Septic shock is defined as sep-
sis accompanied by cardiovascular dysfunction.22

Clinical Presentation
A septic patient displays evidence of compromised 
perfusion and temperature instability (fever or hypo-
thermia). In warm shock, patients present with brisk or 
flashy capillary refill time, wide pulse pressure, flushed 
appearance, and bounding pulses. In comparison, 
patients in cold shock will demonstrate the effects of 
vasoconstriction, which include weak pulses, delayed 
capillary refill time (>2 seconds), cool extremities, 
and mottling. A fever is the most common evidence of 
temperature instability and one of the criteria for SIRS 
and sepsis, although some patients will present with 
lower than normal core body temperatures. Tachycardia 
is a hallmark sign of SIRS and is a pediatric patient’s 
method of compensating for decreased CO. Hypoten-
sion in pediatric patients is a late sign because an infant 
or child with decreased CO will compensate until they 
are severely ill, at which time profound hypotension will 
occur.

Signs of decreased end-organ perfusion, such as 
altered level of consciousness, decreased urine output, 
tachypnea, elevated blood lactate, and hypoxia, are later 
signs of distress and place the patient in the severe sep-
sis or septic shock categories. Altered mental status in a 
pediatric patient can manifest as irritability, inconsola-
bility, confusion, or lethargy.

Treatment
A landmark study by Rivers et al.23 reported that early 
goal-directed therapy significantly reduced mortality 
among adult patients with sepsis. Since that time, SIRS 
and sepsis management have become guideline driven, 
with specific and time-sensitive goals to quickly iden-
tify sepsis and initiate therapy to improve perfusion 
and oxygen delivery while identifying and treating the 
underlying cause of infection.

Initial management includes administration of 
high-flow oxygen to achieve and maintain an oxygen 
saturation of 94% and intravenous or intraosseous 

access and fluid resuscitation. An oxygen mask, high-
flow nasal cannula, or noninvasive positive pressure 
therapy may be used to stabilize the patient’s oxygen-
ation status. The device used depends on the patient’s 
degree of hypoxemia and ability to tolerate the device. 
Fluid resuscitation with isotonic crystalloid IV fluids, 
normal saline, or Lactated Ringer’s are administered in 
20 mL/kg aliquots.23 Patient assessment is essential dur-
ing fluid resuscitation. The patient should be reassessed 
after each bolus for response to therapy, increased 
perfusion, fluid overload, crackles, hepatomegaly, and 
hypoxemia.

Additional diagnostic testing includes blood, urine, 
sputum, and CSF cultures to determine the causative 
agents, ideally prior to the initiation of broad-spectrum 
antibiotic therapy, and to guide antimicrobial therapy.24 
However, obtaining cultures should not interfere with 
the goal of administering broad-spectrum antibiotic 
therapy within 1 hour of recognition of signs and symp-
toms of sepsis. A complete metabolic panel, complete 
blood count, blood gas, and lactate level are also helpful 
in assessing acid–base balance and electrolyte status. 
Hypoglycemia and hypocalcemia should be corrected if 
present.

If perfusion does not improve after the initial fluid 
resuscitation, fluid-refractory shock should be consid-
ered and vasoactive medications, such as dopamine, 
 epinephrine, or norepinephrine, initiated. Epinephrine is 
recommended as the first-line treatment for cold shock 
and norepinephrine as the first-line treatment for warm 
shock. Central venous access should be considered for 
the safer delivery of vasoactive medications. Prior to 
placement of the central venous catheter, vasoactive 
medications can be administered peripherally. After ini-
tial stabilization, treatment should continue in the inten-
sive care unit (ICU), where the patient’s ventilatory and 
hemodynamic status can be closely monitored.

Intubation and mechanical ventilation should be 
considered for patients whose hemodynamic status 
does not improve after fluid resuscitation and initia-
tion of inotropic support. As approximately 40% of CO 
is used to support the respiratory muscles, mechanical 
ventilatory support can be used to offset some of this 
demand.25 Mechanical ventilation will decrease left ven-
tricular afterload, which is beneficial for patients with 
cold shock and high SVR.

Prior to intubation or central venous catheter place-
ment, sedation with ketamine is recommended.26 
Etomidate may cause adrenal suppression, preventing 
endogenous stress response during critical illness, and 
is therefore contraindicated in sepsis.

Patients with compromised perfusion after 1 hour 
of fluid resuscitation and vasoactive support are cat-
egorized as catecholamine-resistant shock and require 
prompt administration of hydrocortisone.

Management at this time is focused on maintaining 
an age-appropriate blood pressure, specifically targeting 
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a MAP of 55 mm Hg for an infant and 65 mm Hg for a 
child. Central venous pressure (CVP) should be moni-
tored and therapy directed at maintaining a normal 
CVP, or a CVP between 5 and 10 cm H2O. Mixed ve-
nous saturations, or SvO2, should also be monitored and 
therapy targeted at maintaining SvO2 >70% obtained 
with a pulmonary artery catheter or venous blood gas.26

ECMO should be considered for shock persisting af-
ter fluid resuscitation, vasoactive support, and initiation 
of steroids. Prior to the initiation of ECMO, the patient 
should be evaluated for the presence of a pericardial ef-
fusion and/or pneumothorax.

Despite recent advancements in sepsis guidelines, 
sepsis and septic shock remain a leading cause of death. 
The hospital mortality rate for pediatric patients with 
severe sepsis is 10%.27 Approximately 68% of pediatric 
patients with septic shock who require ECMO survive.28

Shock
Shock is a syndrome of decreased perfusion and inad-
equate oxygen delivery to the tissues that could result in 
single or multiorgan failure.29 Shock is categorized into 
three different stages: compensated, uncompensated, and 
irreversible. Blood pressure and CO are within normal 
limits with compensated shock. However, as a compen-
satory mechanism for decreased tissue perfusion, tachy-
cardia is present. Cardiac output is low and hypotension 
present with uncompensated shock. Irreversible shock 
involves damage to the brain and heart.30 There are four 
types of shock. Depending on the type of shock, the eti-
ology, clinical presentation, and management will vary.

Etiology
Primary types of shock include hypovolemic, disruptive, 
cardiogenic, and obstructive (Table 18-5). Cellular hy-
poperfusion occurs with all four types of shock.

Hypovolemic shock is the most common cause of 
shock in infants and children.29 It occurs when there is 
insufficient intravascular fluid volume due to hemor-
rhage, vomiting, diarrhea, dehydration, diabetes insipi-
dus, burns, movement of fluid from intravascular space 
as in third spacing, or osmotic diuresis.

Distributive shock is characterized by a maldistribu-
tion of blood flow, caused by profound vasodilation and 
venodilation. Dilation of the vascular bed, regardless of 
the cause, produces the effect of relative hypovolemia and 
the organs perceive perfusion is inadequate. The most 
common cause of disruptive shock is an anaphylactic re-
action from exposure to an allergen. The most common 
allergens causing anaphylactic shock in children are foods, 
medications, and insect stings.31 Neurogenic shock, a type 
of distributive shock, results from loss of vascular tone 
and usually follows an injury to the brain or spinal cord.

Cardiogenic shock is caused by a severe myocardial 
dysfunction that compromises CO. It can be systolic or di-
astolic in nature. Common causes of cardiogenic shock in 
pediatric patients are cardiomyopathy, cardiac tamponade, 
arrhythmias, congenital heart disease, and myocarditis.

Obstructive shock is caused by a physical obstruc-
tion to adequate cardiac output. Examples include pul-
monary embolism, tension pneumothorax, congenital 
heart defects, such as critical aortic stenosis, and cardiac 
tamponade.

Type of Shock Pathophysiology Signs and Symptoms Causes

Hypovolemic
(volume loss)

Decreased CO
Increased SVR

Hypotension
Tachycardia
Hypoxia
Low red blood cell count and hematocrit
Prolonged capillary refill
Low urine output

Trauma
Hemorrhage (internal or external)
Severe dehydration
Severe vomiting
Severe diarrhea

Disruptive
(inadequate 
perfusion)

Increase CO
Decreased SVR

Severe hypovolemia and vascular collapse
Decreased contractility and dysrhythmias
Hypoxia
Capillary leaking

Anaphylaxis
Sepsis
Drug overdose
Brain or spinal cord injury

Cardiogenic
(pump failure)

Decreased CO
Normal or increased 

SVR

Hypotension
Tachycardia
Blood pressure <90 mm Hg or <40 mm Hg 

less than baseline
Fluid volume not affected
Pulmonary congestion

Cardiac arrest
Ventricular dysrhythmias
Cardiac tamponade
Congenital heart disease
Myocarditis 

Obstructive Decreased CO
Increased SVR

Paradoxical pulse
Muffled heart sounds
Sudden onset of shortness of breath
Hypoxia

Cardiac tamponade
Pulmonary embolus
Tension pneumothorax 
Congenital heart defects 

TABLE 18-5
Comparison of the Types of Shock
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Pathophysiology
Regardless of the etiology of shock, the common feature 
is an imbalance between the supply of oxygen and nutri-
ents and the cellular demand. When the supply cannot 
meet the demand, cellular hypoperfusion and anaerobic 
metabolism occur. When cells use anaerobic metabo-
lism to produce energy, lactic acid is produced.

Hypovolemic shock occurs when there is volume 
loss, either intravascular, extravascular, or both. De-
creased circulating volume causes decreased preload 
and subsequently decreased CO. In hypovolemic shock, 
the relative size of the blood vessels does not change; 
instead, there is insufficient volume to adequately fill the 
space.

Unlike hypovolemic shock, a patient with distributive 
shock does not sustain blood volume loss. Instead, there 
is a maldistribution of blood flow. Disruptive shock 
is caused by dilation of veins and arteries, leading to 
hypoperfusion of organs. Anaphylactic shock is an ex-
ample of a type of distributive shock. When anaphylaxis 
occurs, there is a release of inflammatory mediators in 
response to an allergen. The inflammatory mediators 
cause vasodilation and vascular permeability, exacer-
bating symptoms that include, but are not limited to, 
angioedema, itching, and bronchospasm. Hypotension, 
tachycardia, and decreased CO also occur. Septic shock 
is another example of distributive shock. Septic shock 
occurs as an immune response to an infectious trigger 
resulting in excessive release of inflammatory cytokines, 
which cause low CO and hypoxia.32 Neurogenic shock 
transpires from a spinal cord or brain injury that signifi-
cantly limits the body’s ability to regulate the sympa-
thetic nervous system. As such, no system is available to 
oppose a parasympathetic response, and hypotension, 
bradycardia, and occasionally hypothermia ensue.

Cardiogenic shock occurs as a result of myocardial 
dysfunction leading to decreased CO. The weakened 
myocardium is unable to fully eject blood volume dur-
ing systole, resulting in high end-diastolic volumes in 
both the right and the left ventricle and congestion 
in the pulmonary veins, which results in pulmonary 
edema, hypoxia, and increased work of breathing.

Diagnosis
There is no one diagnostic test to determine the pres-
ence of shock. Typically a diagnosis is made by careful 
examination of vital signs, capillary refill, and level of 
consciousness. Blood tests, radiographic assessments, 
echocardiogram of the heart, assessment of adequate 
systemic blood flow, and patient history collectively as-
sist in determining the diagnosis and determinant of the 
cause.

Capillary refill assessment is an easy, rapid, noninva-
sive method to assess perfusion. Capillary refill can be 
assessed at the nail bed or on a fleshy part of the skin 

(forearm, thigh, etc.) by applying light pressure to the 
area, then releasing the pressure. When the pressure is 
released, there is initial noted blanching of skin. Perfu-
sion is normal if the blanched area returns to a pink 
color in less than 2 seconds.33 A normal capillary refill 
is predictive of superior vena cava oxygen saturations 
of greater than or equal to 70%.33 Inadequate or delayed 
tissue perfusion is present when there is a greater than 
3-second delay in the blanching returning to a normal 
or pink color.

Clinical Presentation
Regardless of the etiology of shock, patients will present 
with evidence of decreased systemic perfusion, tachy-
cardia, tachypnea, decreased urine output, a change in 
mental status, and elevated lactate. Hypotension is a 
late and ominous sign of shock. For pediatric patients, 
a decrease in the systolic blood pressure can be the last 
vital sign to show evidence of shock. In compensated 
shock, a patient presents with decreased tissue perfu-
sion, but blood pressure is within normal limits. This 
phase can last for a few minutes to hours depending on 
the etiology of the shock. A pediatric patient can be se-
verely ill and still present with a normal blood pressure. 
Uncompensated shock occurs when inadequate perfu-
sion and hypotension are present (Table 18-6). Patients 
with hypovolemic shock typically have a metabolic 
acidosis and compensate by increasing their respira-
tory rate. Therefore, tachypnea is a common presenting 
symptom of hypovolemic shock. Other symptoms of 
hypovolemic shock include tachycardia, weak pulses, 
delayed capillary refill time, cool extremities, mot-
tling, decreased urine output, and changes in level of 
consciousness.

Distributive shock presentation will vary depend-
ing on the etiology. Disruptive shock can occur with an 
anaphylactic, or severe allergic, reaction; sepsis; drug 
overdose; or spinal cord injury. Patients with anaphy-
laxis can present with hives, itching, stridor, wheez-
ing, laryngeal edema, tachycardia, and hypotension. 
If not recognized and treated, anaphylactic shock can 
lead to cardiopulmonary collapse and death. Signs of 

Age Systolic Blood Pressure (SBP)

Neonate <60 mm Hg

Infant <70 mm Hg

Child (1–10 years) <70 mm Hg + (2 × age in years)

Child (>10 years) <90 mm Hg

TABLE 18-6
Systolic Blood Pressure Abnormalities Associated 
with Decompensated Shock
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septic shock include fever or hypothermia, tachycardia, 
tachypnea, and hypoxemia. Depending on the cause, 
the WBC count may be elevated or low. Patients with 
cold shock will have cool and pale extremities with 
weak pulses. Patients with warm shock will have a brisk 
capillary refill and bounding pulses. Neurogenic shock 
may occur in patients who have sustained a spinal cord 
injury. Signs of neurogenic shock include profound hy-
potension with a wide pulse pressure accompanied by a 
normal heart rate or bradycardia.

Pulmonary venous congestion and subsequent pul-
monary edema often occur with cardiogenic shock. As 
a result, patients will have increased work of breathing. 
Decreased cardiac output with this type of shock is 
manifested as weak pulses, cool extremities, and de-
layed capillary refill time, in addition to the other signs 
of increased end-organ dysfunction. If the myocardial 
dysfunction is severe enough, patients will display signs 
of congestive heart failure, which include jugular venous 
distention, hepatomegaly, and crackles.

Obstructive shock presents similarly to hypovolemic 
shock. As the severity of this type of shock worsens, 
patients will begin to display subtle signs of venous 
congestion, such as increased work of breathing, 
jugular venous distention, muffled heart sounds, and 
narrow pulse pressure, which are not consistent with 
hypovolemia.

Treatment
Management strategies vary and depend on the type of 
shock affecting the child. However, therapy is targeted 
at improving perfusion while treating the underlying 
cause. There are three primary goals of therapy in the 
first hours following clinical presentation: maintain 
oxygenation, ventilation, and achieve normal perfusion. 
Ongoing assessment and adjustments to interventions 
are necessary until the child has stabilized. Fluid resus-
citation can be crucial to reversing hypovolemic and 
disruptive shock; however, patients with cardiogenic 
shock may worsen with additional fluid resuscitation. 
Venous access is an essential first step to fluid resuscita-
tion. When the care team is unable to place an intra-
venous catheter peripherally, a central venous catheter 
or intraosseous catheter (IO) may be used. An isotonic 
crystalloid solution, such as normal saline or Lactated 
Ringer’s, is used for fluid resuscitation. A fluid bolus of 
20 mL/kg of isotonic crystalloid solution is adminis-
tered by an IO or IV push over a 5-minute period.

The amount of fluid administered is determined by 
clinical assessment of urine output, blood pressure, 
capillary refill, and laboratory values. The fluid bolus 
can be repeated a second or third time if needed. After 
the third fluid bolus, if blood loss or hemorrhage is 
suspected, administration of packed red blood cells at 
10 to 15 mL/kg or whole blood at 20 mL/kg should be 
considered.

Pharmacologic support includes inotropics, vasopres-
sors, and alpha-adrenergic agonists to improve peripheral 
perfusion. In septic shock, antibiotics are administered. 
Adjunctive medications, such as diphenhydramine, ranit-
idine, methylprednisolone, and inhaled bronchodilators, 
may be used to treat trigger symptoms in anaphylaxis.

Organ dysfunction during or after shock is common, 
typically with the kidneys, blood coagulation, lungs, 
liver, and gastrointestinal system being the most af-
fected. If shock is not recognized and corrected in the 
early stages, then profound hypotension, cardiac arrest, 
and possibly death can occur.

Meningitis
Meningitis is an inflammation of the meninges, or the 
three connective tissue layers that protect the brain 
and spinal cord, caused by an infection. The meninges 
contain CSF and support the blood vessels that run 
throughout the central nervous system. Cerebral edema 
and elevated intracranial pressures for an extended pe-
riod of time cause neurologic damage.

Etiology
Meningitis can occur in children of any age. The brain 
parenchyma and blood vessels may also be inflamed, 
resulting in endothelial cell injury, vessel stenosis, and 
secondary ischemia.30 According to the Centers for Dis-
ease Control and Prevention, infants, unvaccinated chil-
dren, those living in close quarters (dormitory rooms, 
community housing, etc.), immunocompromised chil-
dren, and those traveling abroad are at increased risk.34

Pathophysiology
There are several different organisms that can cause 
meningitis, and in some cases meningitis can develop 
secondary to an illness or medication. Viral meningitis 
is the most common cause of meningitis in the United 
States and is far less serious than bacterial meningitis.34 
Viral meningitis presents with flu-like symptoms and 
can often remain undiagnosed. Common viruses con-
tributing to meningitis include enterovirus, influenza, 
herpesvirus, and arboviruses. It can also occur with or 
following the measles or mumps.

Ear and sinus infections, skull fractures, or surgical 
sites provide a mode of entry for bacteria to enter the 
bloodstream or meninges. Bacteria that cause meningitis 
vary by age group (Table 18-7) and include Streptococ-
cus pneumoniae (pneumococcus), Neisseria meningitidis 
(meningococcus), Haemophilus influenzae (Haemophi-
lus), Escherichia coli (E. coli), and Listeria monocyto-
genes (Listeria). Meningococcus is the leading cause of 
bacterial meningitis and is spread through the exchange 
of respiratory secretions. Fungal meningitis is typi-
cally caused by a fungus called Cryptococcus and affects 
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Diagnosis
The diagnosis is based on a combination of medical 
history, physical examination, and diagnostic tests, in-
cluding blood cultures and/or CSF cultures obtained by 
lumbar puncture. Definitive diagnosis and treatment are 
based on the organism grown in the CSF. Levels of glu-
cose and protein in the CSF are able to help determine if 
meningitis is viral or bacterial.35,36

Clinical Presentation
Meningitis symptoms vary depending on the age of 
the patient, cause of the infection, and acuteness of the 
illness. There are three acuity phases; acute, subacute 
(1–7 days), and chronic (>7 days). Symptoms may 
appear acutely (<24 hours) or subacutely (1–7 days) 
following a cold, diarrhea, and/or vomiting. Primary 
symptoms of meningitis include a triad of nuchal rigid-
ity (neck stiffness), photophobia (intolerance of bright 
light), and headache. However, patients may also pres-
ent with lethargy, irritability, skin rashes, vomiting, and 
even seizures (Figure 18-2). Infants with meningitis 
commonly present with extreme irritability, lethargy, 
fever, poor feeding, or bulging fontanelles. Viral men-
ingitis may be mild enough where it may go undiag-
nosed and resolve within 7 to 10 days, even without 
treatment.

Age Group
Primary Organism Causing 
Meningitis

Newborns Group B streptococcus
Escherichia coli
Listeria monocytogenes

Infants and children Streptococcus pneumoniae
Neisseria meningitides
Haemophilus influenzae type b

Adolescents and young 
adults

Neisseria meningitides
Streptococcus pneumoniae

Older adults Streptococcus pneumoniae
Neisseria meningitides
Listeria monocytogenes

Data from Meningitis. Centers for Disease Control and Prevention. www.cdc 
.gov/meningitis/bacterial.html. Updated April 1, 2014. Accessed August 27, 
2015.

TABLE 18-7
Types of Bacteria Commonly Causing Meningitis by 
Age Group

FIGURE 18-2 Signs and symptoms of meningitis.
© Designua/Shutterstock.

children with immune deficiencies. Fungal and bacterial 
meningitis is life threatening if left untreated. Menin-
gitis can also result from noninfectious causes, such as 
chemical reactions, drug allergies, some types of cancer, 
and inflammatory diseases.34
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Treatment
Treatment includes supportive care and antimicrobial 
therapy. Broad-spectrum antibiotic therapy is often 
started until culture and sensitivity results identify the 
causative organism. Once the organism causing menin-
gitis is identified, antimicrobial (antifungal, antiviral, an-
tibiotic) therapy may be changed to match the sensitivity 
of the organism. In severe cases, patients may require 
fluid resuscitation, anticonvulsants, vasopressors, and 
mechanical ventilation. Corticosteroids may be admin-
istered to reduce cerebral edema and seizure activity. 
Noninfectious causes of meningitis, such as an allergic 
reaction, cancer, or autoimmune disease, may also be 
treated with corticosteroids. In some cases, no treatment 
is required because the condition can resolve on its own.

The complications of meningitis can be severe. Delay 
in treatment increases the risk for long-term seizures, 
hearing loss, learning disabilities, gait problems, brain 
damage, and kidney failure.

The incidence of meningitis has decreased in the 
past two decades.37,38 Vaccinations for H. influenzae, 
S. pneumoniae, and N. meningitides help to reduce the 
incidence.34 Bacterial meningitis, however, is associated 
with a high mortality rate.

Hypoxic Ischemic Encephalopathy
Hypoxic ischemic encephalopathy (HIE) occurs when 
there is inadequate oxygen delivery to the brain. It is 
one of the major causes of acute mortality in infants and 
chronic neurologic disabilities (cerebral palsy, learning 
disorders, and epilepsy) in survivors.39

Etiology
HIE is typically observed in fetuses and newborn in-
fants who have experienced interrupted umbilical 
cord–blood flow during the antepartum or intrapartum 
period. Interruption of blood flow may result from a 
variety of conditions, including a prolapsed cord with 
cord compression, placental abruption, or placental 
insufficiency. HIE is also associated with prolonged 
traumatic events where there is suspicion of inadequate 
oxygenation and ventilation. Despite earlier recognition 
and advances in perinatal monitoring, HIE remains a 
serious condition that causes significant mortality and 
long-term morbidity in newborns. Maternal factors that 
increase the risk of HIE in infants include maternal dia-
betes, pregnancy-induced hypertension, heart or renal 
disease, and administration of anesthetics or analgesics. 
Infant risk factors include premature birth, multiple 
births, intrauterine growth retardation, fetal anomalies, 
and presence of thick meconium at birth. Traumatic 
HIE in infants and children is not common and often 
can be secondary from near drowning, strangling, chok-
ing, suffocation, cardiac arrest, head trauma, or carbon 
monoxide poisoning.39

Pathophysiology
The brain requires and consumes oxygen to provide the 
energy necessary to maintain systemic physicochemi-
cal activity. In adults, the brain represents up to 2% of 
total body weight and accounts for 20% of the resting 
total body oxygen consumption.40 However, in infants 
and children, the brain represents up to 10% of total 
body weight, with as much as 50% of total body oxygen 
consumption, for the first decade of life.41,42 HIE occurs 
as a result of prolonged (5 minutes or longer) systemic 
hypoxemia and normal or reduced cerebral blood flow. 
The body’s response to prolonged systemic hypoxemia 
is to increase cerebral blood flow through an increase 
in epinephrine and redistribution of CO to shift blood 
flow to the essential organs, such as the brain, kidneys, 
and liver. Hypoxemia that occurs for five minutes or 
longer can result in long-term neurologic effects or 
brain death.

Diagnosis
Diagnosis of HIE is based on maternal history; overview 
of the incident prior to the hypoxic insult; and phys-
ical examination, including neurologic assessments, 
laboratory tests, and diagnostic procedures. Diagnos-
tic procedures, including head ultrasound, computed 
tomography (CT) scan, electroencephalogram (EEG), 
and magnetic resonance imaging (MRI), can help to de-
termine the area of the brain affected and the quality of 
brain activity. HIE guidelines from the American Acad-
emy of Pediatrics and the American College of Obstet-
rics and Gynecology require all the clinical presentations 
shown in Table 18-8 to be present for a formal diagnosis 
of acute neurologic injury in a newborn.43

Clinical Presentation
Initially, the acute response to hypoxia is tachypnea, 
tachycardia, and hypertension. As hypoxia continues, 
symptoms change to bradycardia, hypotension, agonal 
respirations, or apnea that eventually results in HIE. 
Chronic signs and symptoms of HIE will vary depend-
ing upon the age of the child and the severity of the 
insult (Table 18-9).

Profound metabolic or mixed acidemia (pH <7)

Persistence of an Apgar score of 0–3 for longer than 5 minutes

Neonatal neurologic sequelae (e.g., seizures, coma, hypotonia)

Multiple organ involvement (e.g., kidney, lungs, liver, heart, 
intestines)

TABLE 18-8
Clinical Presentation of Acute Neurologic Injury
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Treatment
Clinical management varies and is dependent on the  
age of the child and the time period from insult. Pre-
vention of HIE of the newborn begins before or during 
delivery. Antepartum support includes maintaining 
adequate maternal blood pressure and oxygenation and 
positioning of the mother to support adequate placental 
blood flow.44 It is also important for the prenatal team 
to be aware of the risk factors associated with maternal 
conditions. Intrapartum interventions include mini-
mizing trauma to the infant during delivery, suctioning 
mouth and nares immediately at delivery, maintaining 
adequate oxygenation and ventilation, and tempera-
ture and glucose regulation.45 If the newborn requires 
cardiopulmonary resuscitation, respiratory and cardiac 
support should be provided according to the Neonatal 
Resuscitation Guidelines established by the American 
Heart Association and the American Academy of Pedi-
atrics. Postacute care of a newborn with suspected HIE 
includes intentional hypothermia (33–36.5°C) through 
head or whole-body cooling for over a period of 48 to 
72 hours.46 The literature reports that therapeutic hy-
pothermia significantly reduces the risk of mortality in 
this population.47

Initial evaluation for infants or children presenting 
with traumatic injury and suspected hypoxia includes 
airway patency, ventilation and oxygenation require-
ments, circulation status, and stabilization of cervical 

spine. Emergent surgical intervention and monitoring 
of intracranial pressures may be necessary. A mortality 
rate of approximately 20% is associated with an elevated 
intracranial pressure.48 Following the initial stabiliza-
tion, a thorough history should be obtained and a 
head-to-toe assessment completed.

HIE remains one of the most serious birth compli-
cations and is associated with long-term neurologic 
complications in survivors.46 Long-term complications 
include cerebral palsy, severe visual deficits, severe mo-
tor or sensory loss, cognitive delay, fine or gross motor 
dysfunction, hearing loss, cognitive dysfunction, and 
learning disabilities.47,49 Chronic management of HIE 
includes seizure control and supportive care for neuro-
logic development.

HIE occurs in 1 to 3 per 1000 live full-term births.50 In 
the postnatal period, the mortality rate is 15% to 20%, and 
the morbidity rate for severe and permanent neuropsycho-
logic deficits is 25%.51 Therapeutic hypothermia signifi-
cantly reduces the risk of mortality.47 Approximately 3000 
children die from posttraumatic asphyxia or HIE each 
year.52 Very little data are available reporting the long-term 
disabilities associated with HIE in children.52

Unintentional Injuries
Unintentional injuries are the leading cause of disability 
and death in children older than 1 year of age. Children 

  Mild Moderate Severe

Infant •	 Duration <24 hours with 
hyperalertness

•	 Uninhibited Moro and stretch 
reflexes

•	 Sympathetic effects
•	 Normal EEG
•	 Slight increase in muscle tone
•	 Poor feeding
•	 Excessive crying or 

sleepiness

•	 Lethargy
•	 Sluggish grasping or sucking 

reflexes
•	 Seizures
•	 Periods of apnea
•	 Decreased spontaneous 

movements with or without 
seizures

•	 Seizures
•	 No response to physical stimulation
•	 Irregular respirations
•	 Hypotonia
•	 No reflexes (cough, gag, sucking)
•	 Disturbances in ocular motion and/or  

dilated pupils
•	 Bulging fontanelle
•	 Irregularities in heart rate and blood pressure
•	 Stupor
•	 Flaccidity
•	 Suppressed brainstem and autonomic 

functions
•	 EEG with isopotential areas or with infrequent 

periodic discharges

Infant and child •	 Obeys or has localized motor 
function

•	 Disoriented and confused at 
times

•	 Spontaneous eye opening 

•	 Withdrawal or abnormal 
flexion to pain

•	 Incomprehensible speech
•	 Eye opening to pain 

•	 Abnormal extension
•	 No response to pain or stimulation
•	 No reflexes (cough, gag, sucking)
•	 Disturbances in ocular motion and/or  

dilated pupils
•	 Irregularities in heart rate and blood pressure

Data from Zanelli SA, Kaugman DA. Hypoxic-ischemic encephalopathy clinical presentation. Medscape. http://emedicine.medscape.com/article/973501-
overview#a5. Updated: January 16, 2015. Accessed August 29, 2015; Battin M. Newborn services clinical guideline: Neonatal encephalopathy. www.adhb.govt.nz 
/newborn/Guidelines/Neurology/NE.htm. Accessed August 31, 2015; and Lane Medical Library: Stanford Medical. Neurological assessment. http://lane.stanford 
.edu/portals/cvicu/HCP_Neuro_Tab_4/Neuro_Assessment.pdf. Accessed August 29, 2015.

TABLE 18-9
Chronic Symptoms Associated with Hypoxic Ischemic Encephalopathy
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are more vulnerable to unintentional injuries because 
they are smaller in size, have slower development and 
reflexes, are naturally curious, and are inexperienced to 
risk. Unintentional injuries include foreign body aspir-
ation, poisoning, near drowning, and trauma. This type 
of injury has a predictable course and is preventable 
when proper precautions are taken to protect and direct 
children.

Foreign Body Aspiration
Foreign body aspiration occurs when a solid or semi-
solid object becomes lodged in the larynx or trachea. 
Objects large enough to cause a near-complete obstruc-
tion of the upper airway cause asphyxia that may result 
in death or anoxic brain injury. Lesser degrees of ob-
struction beyond the carina are less fatal and may result 
in injury, with less serious harm.

Etiology
Foreign body aspiration is the fourth leading cause  
of nonfatal injury in children 1 to 4 years of age.53  
Infants and toddlers explore their surroundings 
through seeing, touching, hearing, smelling, and tast-
ing, which predisposes them to a greater risk of plac-
ing objects in their mouth.54 Children also lack molar 
teeth, decreasing their ability to sufficiently chew food, 
and they also tend to talk, laugh, and run while chew-
ing. Aspiration of a foreign object is rarely observed 
and only recognized after onset of respiratory symp-
toms. The size, composition, and location of the item 
aspirated will determine the respiratory system re-
sponse. Raisins, hot dogs, seeds, nuts, and small toys  
or parts of toys are among the most commonly aspi-
rated objects.54

Pathophysiology
Foreign objects lodged in the upper airway, supraglottis, 
or esophagus may compress the airway, causing respi-
ratory distress, laryngospasm, or acute asphyxiation. 
More than 22% of foreign body aspirations occur in the 
larynx and trachea.55 A majority of objects, or 55%, that 
pass the carina lodge in the right mainstem bronchus, 
18% lodge in the left mainstem bronchus, and slightly 
over 1% in both bronchi.55

Diagnosis
Many parents are unaware or do not remember an in-
cident that resulted in the foreign body aspiration, par-
ticularly if the incident occurred 5 or more days prior to 
the onset of symptoms.56 Fifty percent of cases are not 
detected within the first 24 hours and one-quarter of 
cases are undetected for more than 1 month.57 Children 
with foreign body aspiration of the upper airway pres-
ent with a more acute onset of symptoms, including a 

sudden onset of choking, coughing, shortness of breath, 
and unilateral wheezing.

Although a chest X-ray is typically ordered to con-
firm the diagnosis in children with a suspected foreign 
body aspiration of the lower airway, radiologic find-
ings are normal in 30% of patients with early diagnosis 
(<24 hours) because the object may not be radiolucent 
and initial airway inflammation has not yet occurred.57 
Children with a late diagnosis (>24 hours) may present 
with fever, coughing, unilateral wheezing, and short-
ness of breath. In 50% of patients with a late diagnosis, 
radiologic findings showed atelectasis or consolida-
tion.57,58 Right-sided foreign body aspirations tend to be 
more quickly diagnosed than left-sided or esophageal 
aspirations (Figure 18-3). Fluoroscopy and CT scanning 
may be helpful when the chest radiograph is normal.59 
When radiographic studies are inconclusive or fail to 
identify a foreign object in the airway when there is 
high suspicion, a bronchoscopy should be performed.59 
The combination of symptoms, radiologic findings, and 
bronchoscopy help formally diagnosis foreign body as-
piration (Figure 18-3).

Clinical Presentation
A child with a foreign body aspiration causing total or 
near-total occlusion of the upper airway will present 
with severe respiratory distress. The episode typically 
begins with a sudden episode of choking. The child 
may clutch their neck, a universal sign for choking. 
Often with a complete or near-complete upper airway 
obstruction, no breath sounds are heard during inspira-
tion. Within the first 24 hours of aspiration of a foreign 
body into the lower airway, children will present with 
unilateral wheezing, cough, stridor, respiratory distress, 
cyanosis, and/or voice changes.59 When aspiration of 
a foreign body occurred more than 24 hours before 
the onset of symptoms, children present with fever, 

FIGURE 18-3 Radiologic image of a foreign body aspiration. The 
foreign body is lodged in the child’s esophagus.
© Hong xia/Shutterstock.
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persistent or recurrent cough, wheezing, persistent 
or recurrent pneumonia or atelectasis, lung abscess, 
focal bronchiectasis, or hemoptysis.59

Treatment
Treatment depends upon the child’s clinical presen-
tation and the location of the object in the airway. A 
complete obstruction of the upper airway requires 
immediate and emergent action with the intent to 
dislodge the object from the airway and to reestablish 
ventilation. If the object is visible, attempts to remove 
it should be made. It is not appropriate to blindly probe 
or sweep the mouth or upper airway because of the 
risk of pushing the object lower into the airway and/or 
changing the object’s position in the airway and wors-
ening the obstruction. In some cases, there is a need to 
perform an emergent cricothyrotomy to prevent death 
or anoxic event. Children who present with suspected 
partial obstruction without clinical compromise should 
be encouraged to cough and to use their body’s nat-
ural reflexes to remove the object. A controlled flexible 
bronchoscopy or laryngoscopy should be performed in 
children who are unable to effectively cough and expec-
torate the aspirated foreign body. Rigid bronchoscopy 
should be used to immediately remove a foreign body in 
children presenting with partial obstruction and clinical 
compromise.60,61 Inhaled corticosteroids, bronchodila-
tors, and chest physiotherapy with postural drainage are 
ineffective and should not be used to remove the object. 
If the obstruction occurred more than 24 hours before 
onset of symptoms, and sputum cultures confirm bacte-
rial infection, antibiotics may be prescribed. Systemic 
corticoid steroids, such as prednisolone or prenisone, 
are useful when significant airway edema is observed or 
if granulation tissue is present.59

Complications increase as time elapses between the 
initial aspiration event to diagnosis and removal. Com-
plications include atelectasis, lung abscess, hemoptysis, 
focal bronchiectasis, or HIE if prolonged airway block-
age occurs.58

Foreign body aspiration is one of the top five causes 
of death in children ages 1 to 4 years.60 If the object is 
successfully removed easily and quickly, lung pathology 
resolves within 1 week.61 Resolution of radiographic 
changes occurs more slowly when objects are diffi-
cult to remove or when airway inflammation and/or 
granulomas are present.61

Blunt Trauma
Trauma is an injury to the body caused from any exter-
nal source. It is the leading cause of death in children 
in the United States.62,63 The mortality rate for trauma 
is higher than all communicable diseases, including 
influenza, and noncommunicable diseases, including 
leukemia.64 Approximately 15,000 pediatric deaths oc-
cur annually from trauma in the United States. Males 

are twice as likely as females to die from trauma, and 
children in southern states have the highest incidence of 
trauma death.61 Inflicted trauma, or violence, has been 
the leading cause of death among African American 
male adolescents for more than a decade.65

Nonfatal trauma was the source of an estimated 
9 million emergency department visits and approxi-
mately 3 million trauma-related hospital stays, resulting 
in approximately $32 billion in medical and lost-work 
costs.63,65 Nonaccidental trauma (NAT) may be due to 
abuse or self-harm. Accidental and nonaccidental trauma 
impose a significant physical, psychological, emotional, 
and financial burden on children and their families.

Etiology
Mechanisms of injury for blunt trauma may vary and 
include motor vehicle crashes (MVCs), falls, pedestrian 
injuries (pedestrian or bicyclist struck by a moving ve-
hicle), striking objects, blasts, and NAT or child abuse.63

Motor vehicle crashes are a leading cause of death 
in children, accounting for more than 800 deaths and 
180,000 injuries per year.66 MVCs are the most expensive 
trauma-related cause in the United States, as children 
are more likely to sustain severe injury requiring longer 
hospital stays and increased medical costs as compared 
to adults.67 Trauma injuries are exacerbated by children 
not properly restrained as recommended, especially in 
rollover crashes, the most severe type of MVC.68

NAT is the general term used to describe physical 
child abuse. Federal guidelines define child abuse as 
follows:

Any recent act or failure to act on the part of a parent 
or caretaker which results in death, serious physical or 
emotional harm, sexual abuse or exploitation; or an act or 
failure to act, which presents an imminent risk of serious 
harm.69

Pediatric abusive head trauma, also known as shaken 
baby syndrome, is a form of child abuse defined as an 
injury to the skull or intracranial contents of a child 
younger than 5 years due to inflicted blunt impact or 
violent shaking. Incidence peaks in the second month 
of birth as parents are unprepared for the demands of 
 crying babies.70

Of the 679,000 cases of child abuse reported in 2013, 
18% suffered from physical trauma.69 It is assumed that 
the number of victims is higher but not always reported 
to the state authorities. Of those cases, the majority of 
victims were younger than 3 years of age. Although bio-
logical mothers were the most likely perpetrators, phys-
ical abuse can occur with males and females, and the 
perpetrators may not always be the biological parents.69

Prevalent risk factors for child abuse include finan-
cial hardship or the need to use public assistance pro-
grams, such as Medicaid, social security, supplemental 
nutrition programs, or public housing services, to meet 
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the family’s minimum needs.69 Children with physical 
and/or emotional disabilities have an increased risk 
for NAT.

Pathophysiology
Blunt trauma damages surrounding tissue and blood 
vessels near the area of impact without breaking the 
skin. The specific pathophysiology depends on the 
mechanism of injury and the affected area(s). Head and 
chest injuries typically lead to severe complications.71,72

Blunt trauma to the head causes an accumulation of 
blood within the cranium, termed intracranial hemor-
rhage.73 Victims of NAT are more likely to suffer from 
intracranial hemorrhage as compared to children with 
accidental injuries.71 Abusive head trauma also results 
in retinal hemorrhages, which are caused by the violent 
repeated movement of the brain and ocular vessels 
against the skull. The repeated shaking causes shear-
ing in the tissues, blood leakage and accumulation, 
and retinal tearing.70 Intracranial and retinal hemor-
rhages cause intracranial pressure (ICP) to rise, which 
increases the risk for brain herniation and subsequent 
multiorgan failure.74

Blunt trauma to the chest may cause a pulmo-
nary contusion. Compared to adults, children have 
more elastic cartilage and increased chest wall compli-
ance. This physiologic difference predisposes the lungs 
to injury when blunt chest trauma occurs. Pulmonary 
contusions often occur from shearing forces of the 
lung parenchyma and vessels as the lungs strike the rib 
cage.72 Contusion or bruising of the lung tissue leads 
to hemorrhage, inflammation, and increased capillary 
permeability, which in turn lead to ventilation/perfusion 
mismatch, edema, hypoxia, and hypercarbia.75 Pneumo-
thorax and hemothorax commonly accompany pulmo-
nary contusion.

Severe hemorrhage, regardless of area of impact or 
damage, leads to a decrease in blood volume, blood 
pressure, and organ perfusion. The cascade of low tissue 
perfusion can lead to multiorgan failure, which is the 
primary cause of death in trauma patients.76

Diagnosis
Children involved in a traumatic event require a variety 
of imaging studies. Chest radiographs are helpful for 
identifying rib fractures, airway damage, pulmonary 
contusion, and pneumothorax. Children suspected 
as being victims of abuse require a complete skeletal 
radiograph to look for current and old fractures. The 
presence of old fractures or spiral fractures on a skel-
etal series are commonly seen with physical abuse 
(Figure 18-4).

Patients with altered mental status and mechanism 
of injury suspicious for head trauma warrant head 
CT to identify hemorrhage and tissue damage.77 MRI 
provides greater detail and may be used to assess the 

extent of tissue damage. Ultrasound imaging may be 
used to identify internal bleeding, especially in the ab-
domen and chest. ABG sampling is useful in evaluating 
acid–base and oxygenation status. Electrocardiograms 
identify any arrhythmias as a result of blunt trauma to 
the heart, hypovolemia, hypoxemia, and/or electrolyte 
or acid–base imbalances.

Clinical Presentation
Dependent on condition, mechanism of injury, and 
number of body areas involved, patients may present 
with hypotension, tachycardia, tachypnea, hypoxia, 
respiratory distress, cyanosis, and apnea. Inspection 
reveals external tissue damage, such as abrasions, 
bleeding, or petechiae. Palpation is used to identify ten-
derness, swelling, or pain at the site(s) of impact. Aus-
cultation may reveal diminished breath sounds over an 
area of contusion or pneumothorax.

Neurologically, the patient may present with an al-
tered mental status. The Glasgow Coma Scale (GCS) is 
a numeric scoring system used to evaluate patient alert-
ness following head injury. The scale ranges from 3 to 15 
and is shown in Table 18-10. A lower score indicates a 
decreased level of consciousness and more severe head 
trauma; a score of 8 or less indicates that the patient will 
likely be in a coma and that the outcome is poor.78,79

Treatment
Trauma protocols according to the American Heart As-
sociation life support guidelines should be implemented 
upon the patient’s arrival to the emergency department. 
Typically, the interdisciplinary team responding to the 
trauma is led by a physician or advanced provider expe-
rienced in pediatric trauma.81 A detailed record of the 
assessment and treatment of the trauma patient should 
be transcribed in the electronic health record.

Assessment of the patient’s airway, breathing, and 
circulation is essential. Children with a patent airway 
and hypoxemia require supplemental oxygen. Intuba-
tion may be necessary to establish a patent airway and 
to prevent or address hypoxia. A pediatric nonrebreath-
ing mask may be used at an oxygen flowrate that keeps 
the bag partially inflated during inspiration, usually 10 
to 15 L/minute, quickly to deliver higher concentrations 
of oxygen. A heated high-flow nasal cannula (HFNC) 
may also be used and can deliver precise oxygen con-
centrations. Theoretically, the flow provided by an 
HFNC washes out dead space and maximizes pulmo-
nary gas exchange.82 NIV may be initiated to reduce the 
work of breathing in children with intact airway reflexes 
in respiratory distress.

Intubation and mechanical ventilatory support are 
required for children who present with respiratory 
failure and are unable to protect their airway.83 Lung 
protective strategies should be used for initial ventilator 
settings and ongoing ventilator management. An open 
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FIGURE 18-4 An example of a skeletal series, or a collection of X-rays involving the entire body. Radiologic images of the skull, neck, face, 
spine, shoulder, thorax, abdomen, and extremities are shown.
© Puwadol Jaturawutthichai/Shutterstock.

lung strategy, low tidal volumes (6–8 mL/kg), and high 
PEEP levels (8–14 cm H2O), should be used to prevent 
volutrauma and barotrauma, which contribute to an in-
flammatory response of the compromised lung.84

Modes of ventilation that increase mean airway pres-
sure to improve oxygenation, such as airway pressure 
release ventilation and nonconventional ventilation, 
including high-frequency ventilation, as well as inhaled 
nitric oxide, neuromuscular blockers, and prone posi-
tioning, may be used if moderate to severe ARDS per-
sists.7 Pediatric patients are more commonly monitored 
with pulse oximetry rather than with invasive blood 
gases; therefore, SpO2/FiO2 (S/F) ratios are frequently 

used. An S/F ratio of less than 270 corresponds to a 
PaO2/FiO2 (P/F) ratio less than 300 torr (mild ARDS).7 
Recommended guidelines prefer OI to be used to moni-
tor oxygenation if the pediatric patient is intubated, but 
P/F or S/F ratios may be used when the patient is re-
ceiving support with noninvasive or HFNC. 7

Mechanical ventilation has the potential to increase 
ICP, as positive pressure ventilation increases intratho-
racic pressure and can decrease cerebral venous return. 
Permissive hypercapnia should not be used as a ven-
tilation strategy with mechanically ventilated patients 
with respiratory distress syndrome and traumatic brain 
injury. Rather, in this subset of patients, PaCO2 should 
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Behavior Response Score

Eye opening Spontaneous 4

Verbal command 3

Open to pain 2

Not opening 1

Verbal Oriented 5

Consolable but confused 4

Inconsistent, inconsolable 3

Inconsolable, agitated 2

No response 1

Motor Obeys commands 6

Localizes pain 5

Withdraws from pain 4

Flexes from pain 3

Extends from pain 2

No motor response 1

Note: A score is assigned to each of the behaviors depending on the child’s 
response.

Data from Kaplan JL, Porter RS. Merck Manual of Diagnosis and Therapy. 
19th ed. Whitehouse Station, NJ: Merck Sharp & Dohme; 2011; and Hess D, 
MacIntyre N, Galvin W, Mishoe S. Respiratory Care Principles and Practice. 
3rd ed. Burlington, MA: Jones & Bartlett Learning; 2016.

TABLE 18-10
Behaviors and Responses Evaluated through the 
Glasgow Coma Scale76,80

be maintained within the range of 35 to 45 mm Hg.85 
An elevated CO2 will dilate the cerebral blood vessels 
and increase blood flow to the brain, which can cause a 
rise in ICP. ECMO may be required for trauma patients 
whose pulmonary gas exchange cannot be stabilized or 
maintained with mechanical ventilation. The National 
Trauma Bank reports that approximately 154 pediatric 
trauma patients required the use of ECMO in a current 
4-year period.86 ECMO supports both ventilation and 
perfusion (venoarterial) or oxygenation and ventilation 
only (venovenous).80 Head injury and ARDS are the 
primary reasons that trauma patients require ECMO 
support.86

The use of blood product transfusion, mainly packed 
red blood cells (PRBCs), may also be necessary for 
trauma patients. PRBC transfusion is required in pa-
tients who have hemodynamic instability from severe 
hemorrhage. Although it may be a lifesaving therapy, 
there are complications associated with PRBCs, such as 
transfusion-related lung injury.87 Patients who required 
transfusion of PRBCs have significantly worse clinical 
outcomes as compared to patients who did not.

Vessel rupture, tracheobronchial tears, cardiac 
tamponade, cardiac arrhythmias, cervical spine injur-
ies, abdominal and diaphragm injuries, and fractured 
bones are possible complications of trauma. Patients 
who present with injuries to multiple areas of the 
body have poorer outcomes.88 The mortality rate for 
children with multiple trauma, including those with 
chest trauma, is approximately 34% to 37%.89 Multiple-
trauma patients also have longer ventilator usage 
periods. The literature reports that 56% of children 
with multiple trauma required intubation for at least 
24 hours.79 More than half, 55%, of patients required 
ECMO and survived.86 Mortality rates are lower among 
children treated at designated pediatric trauma cen-
ters.90 Long-term closed-head injury may occur as 
the ultimate and most serious complication. Abuse 
accounts for more than 95% of all closed-head injury 
during the first year of life and 85% of all injuries be-
fore the second birthday.91,92

Public education is the primary focus of childhood 
trauma prevention. Education and public awareness 
campaigns focus on two primary areas: proper use 
of car seats or automotive restraints and prevention 
of child abuse. Studies show that properly restrained 
children are at a significantly lower risk of sustaining 
serious or fatal injury. Healthy People 2020, an evi-
dence-based report published by the U.S. Department 
of Health and Human Services, reported that children 
are not always restrained in the proper type of seat and 
positioned in the correct manner. According to the 
Healthy People 2010 report, only 86% of infants younger 
than 1 year were properly secured in rear-facing car 
seats, only 72% of children aged 1 to 3 years were se-
cured in front-facing car seats, and a staggering 42% of 
children aged 4 to 7 years were observed in high-backed 
booster seats.93 Seatbelts were only observed in 78% 
of children between 8 and 12 years of age.93 Consid-
ering the devastation caused by MVCs, especially to 
unrestrained or improperly restrained passengers, it is 
imperative to continue with public health campaigns 
around proper use of automotive restraints.

Prevention of child abuse is a matter of public policy. 
At a minimum, each state has a local child protective 
services department that investigates abuse allegations. 
Teachers, daycare providers, or healthcare providers 
have an obligation to report suspected abuse. Fund-
ing for prevention strategies is provided by the federal 
government and directed toward community-based 
programs to strengthen and support families and to keep 
children in a healthier environment. Federal money is 
also allocated to assist with the financial burden of foster 
care and with the adoption of children who are no longer 
safe in their current home when abuse has taken place.69

Penetrating Trauma
Penetrating trauma can occur from accidental or nonac-
cidental causes. The surgical and medical management 
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of the child and outcome depends on the mechanism 
and severity of the injury.

Etiology
Penetrating trauma causes organ tissue damage by 
external objects that have broken through the skin’s 
surface. Penetrating trauma may be caused by glass or 
fragments of the vehicle during a motor vehicle crash, 
such weapons as knives, bullets, or blasts, or any other 
types of sharp objects that pierce the body.80

Pathophysiology
Flail chest is most commonly associated with 
high-impact thoracic blunt trauma and results from 
severe anteroposterior compression found in MVCs, 
blasts, or penetrating trauma.94 It is defined as a fracture 
of two or more contiguous ribs in two or more places.95 
The segment of fractured ribs creates a paradoxical 
breathing pattern, moving inward with inspiration and 
outward with expiration (Figure 18-5). Pain associated 
with the flail segment leads to splinting, hypoventila-
tion, and suppressed cough effort. As a result, atelecta-
sis and mucus accumulation from poor airway clearance 
occurs. Pulmonary contusion, pneumothorax, and/or 
hemothorax commonly accompany flail chest and con-
tribute to respiratory failure.75,96,97

External hemorrhage occurs when major organs or 
blood vessels are ruptured or pierced by penetrating 
trauma. Blood loss leads to hypoperfusion, shock, and 
subsequent multiorgan failure.

Clinical Presentation
The clinical presentation in penetrating trauma is 
 similar to blunt trauma. The type and severity of 

signs and symptoms depend on the extent of the 
injury. Hypotension, tachycardia, tachypnea, hy-
poxia, respiratory distress, cyanosis, and apnea may 
be present. Auscultation may reveal diminished 
breath sounds over an area of fracture, contusion, or 
 hemopneumothorax. Altered mental status may ac-
company a head injury.

Treatment
Management of flail chest is generally supportive. 
Pain control, fluid management, and aggressive airway 
clearance are shown to have the best outcomes for flail 
chest. Intubation and mechanical ventilation may be 
required when pulmonary contusion, pneumothorax, 
and/or hemothorax are present. Surgical fixation of 
the chest wall may be necessary when extensive rib 
fractures are present. Cables, wires, or fragment plates 
may be used to secure the ribs. Titanium plates have 
shown promise in reconstructing the ribs and in se-
curing the chest wall. Respiratory failure may occur 
and is typically attributed to an accompanying pul-
monary contusion rather than to the flail segment.75,96 
When the flail segment is associated with penetrating 
trauma, holding pressure on the site of external bleed-
ing is appropriate to minimize blood loss. IV fluid is 
rapidly given (20 mL/kg) to replace fluid volume and 
prevent shock.

Complications of penetrating injury include pneu-
monia, ARDS, sepsis, shock, and abdominal and ves-
sel injury; the most serious complication is long-term 
closed-head injury.75,96,97

Poisoning
Poisoning is the exposure to a substance that results in 
toxicity.76 Children younger than 4 years have the highest 

FIGURE 18-5 Schematic of a flail chest. The flail segment moves inward during inspiration and outward during exhalation.
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rates of poisoning.63 According to the Centers for Dis-
ease Control and Prevention, poisoning represents 5% of 
the accidental injury deaths among children.61 Males are 
twice as likely as females to die from poisoning.63

Etiology
The poisoning can be either accidental or  
nonaccidental. Younger children are naturally curi-
ous, and they tend to taste or eat a majority of things 
they come in contact with. Poisoning from household 
chemicals or accidental ingestion of medication is a 
serious concern. In older children, such as adoles-
cents, suicide is the third leading cause of death, and 
a large percentage of the suicides are from poisoning. 
White adolescent males have a higher incidence of 
suicide, whereas adolescent females have a higher rate 
of ingestion as the method of attempted suicide. Poi-
soning in this population can occur from ingestion of 
solids or liquids or inhalation of gases, such as carbon 
monoxide.98

Pathophysiology
Ingested toxins cause direct and indirect organ damage. 
When orally ingested, toxins may damage the tissue of 
the gastrointestinal tract and when metabolized can 
cause acute liver failure.76

Inhalation of gases disrupts tissue oxygenation and 
leads to hypoxia. Carbon monoxide competitively binds to 
hemoglobin to form carboxyhemoglobin, a nonfunctional 
type of hemoglobin that causes anemic hypoxia. Cyanide 
gas blocks the tissue-binding sites for oxygen, leading to 
histotoxic hypoxia. Neither gas will interfere with the par-
tial pressure of oxygen in the arterial blood; instead, the 
oxygen-carrying capacity of RBCs and delivery of oxygen 
to the tissues are impaired. Depending on the agent, gas 
inhalation poisoning can be difficult to diagnose. Other 
toxic gases commonly associated with poisoning include 
phosgene, nitrogen oxides, and hydrogen chloride.98

Diagnosis
Diagnosis of poisoning can be difficult as there are a num-
ber of chemicals that have similar clinical presentations. 
A detailed recent history is a valuable diagnostic tool. If 
the patient is unable to offer a history, family members or 
friends should be asked to provide details of the circum-
stances that led them to seek medical care. Physical assess-
ment includes obtaining vital signs; evaluation of pupil size 
and reactivity, skin color, and motor activity; and checking 
for skin marks and the presence of odors. Toxicology tests, 
CXR, electrocardiogram, and a blood co-oximetry test 
may be used to identify the causative agent.99

Clinical Presentation
Clinical symptoms depend on the substance and 
amount of toxicity produced by the substance ingested 

or inhaled. Table 18-11 summarizes common toxins, 
presenting symptoms, and management.

Treatment
The primary step in management of a patient suspected 
of poisoning is to maintain a stable, patent airway and 
adequate tissue perfusion. Once the patient is stable 
from a cardiopulmonary standpoint, a care plan may be 
established. Gastric lavage, activated charcoal, bowel ir-
rigation, and continuous renal replacement therapy may 

Substance 
Clinical 
Presentation Management

Carbon 
monoxide

Lethargy
Headache
Coma

High-dose oxygen

Cyanide gas Lethargy
Headache

Oxygen
Amyl nitrite, 

hydroxocobalamin, 
sodium nitrite IV

Opioids Lethargy
Pinpoint pupils
Respiratory 

depression

Naloxone

Ethylene glycol 
(antifreeze)

Altered mental 
status (inebriation)

Gastric aspiration

Ethanol 
(alcohol)

Altered mental 
status (inebriation)

Supportive, IV fluids

Hydrocarbons 
(lamp oil, 
gasoline)

Respiratory 
distress

Surfactant

Acetaminophen Nonspecific Acetylcysteine 
(Mucomyst) orally or via 
nasogastric tube

Antihistamine Altered mental 
status

Flushed skin
Tachycardia
Dilated pupils

Activated charcoal

Stimulants Alertness
Agitation
Tachycardia
Hypertension
Dilated pupils

Sedatives

Data from Kaplan JL, Porter RS. Merck Manual of Diagnosis and 
Therapy. 19th ed. Whitehouse Station, NJ: Merck Sharp & Dohme; 
2011; Shepherd G, Klein-Schwartz W. Accidental and suicidal adolescent 
poisoning deaths in the United States, 1979–1994. Arch Pediatr Adolesc 
Med. 1998;152:1181-1185; Dale DC, ed. Infectious Diseases: The 
Clincian’s Guide to Diagnosis, Treatment, and Prevention. New York, NY: 
WebMD; 2003.; and Mastropietro C, Valentine K. Early administration of 
intratracheal surfactant (calfactant) after hydrocarbon aspiration. Pediatrics. 
2011;127(6):e1600-e1604. doi:10.1542/peds.2010-3229.

TABLE 18-11
Common Poisons, Their Accompanying Clinical 
Presentation, and Management76,98–100
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be used for ingestions.99 High-dose oxygen is the treat-
ment of choice for carbon monoxide poisoning; hyper-
baric oxygen, which increases the atmospheric pressure 
up to three atmospheres, has also been used with mixed 
reviews regarding efficacy.

Complications and outcomes depend on the sub-
stance and the amount ingested or inhaled. At high lev-
els of toxicity, respiratory failure, liver failure, seizures, 
coma, or death may occur. At low levels, hypotension 
or hypertension may occur and require care in the ICU 
and a prolonged hospital stay.

Near Drowning
Near or unintentional drowning is ranked fifth among 
the leading causes of unintentional injury death in the 
United States.101 One in five children younger than 14 
years of age dies from near drowning.102 Children aged 
1 to 4 years and adolescents aged 15 to 19 years are at 
highest risk and have the highest mortality rate.102,103 
Adolescent males have increased risk-taking behav-
iors and are approximately four times more likely than 
 females to have submersion injuries.103

Etiology
Drowning is defined as “the process of experiencing 
respiratory impairment from submersion/immersion 
in a liquid” and is classified as either fatal or nonfatal.104 
Such terms as wet, dry, passive, active, or secondary are 
no longer used to describe the injury.104 Drowning can 
occur in lakes; oceans; rivers; swimming pools; open 
wells; bathtubs; or, for a small child, in only a few inches 
of water, such as a bucket, puddle, toilet, or other areas 
of shallow water. Worldwide, drowning is a leading 
cause of death among infants, children, and adoles-
cents.105 Pre-schoolers, 5 years of age or younger, are 
more likely to drown in bathtubs and pools as compared 
to teenagers, who are more likely to sustain submersion 
injury in open water, such as a lake or river.106 Other 
risk factors that increase the likelihood of this type of 
injury include alcohol use and having an underlying 
seizure disorder:107,108 Epilepsy increases an individual’s 
risk of drowning by nearly 20% as compared to those 
without a seizure disorder.109 A majority, approximately 
80%, of drownings are preventable. Such actions as 
adult supervision while children are bathing or play-
ing in or around water, fencing around pools, teaching 
children how to swim, responsible alcohol consumption 
during aquatic events, and lifeguard supervision are ef-
fective deterents.110

Pathophysiology
Once the victim is submerged and they no longer have 
access to oxygen in the atmosphere, hypoxia ensues. 
The typical drowning sequence starts with an immedi-
ate struggle as the victim’s airway moves below the 

surface of the water. This progresses to a period where 
the victim may become motionless as they hold their 
breath and attempt to clear their nasopharynx by swal-
lowing the water. Breath holding continues until the 
drive to breathe is too strong to resist and the victim 
inhales the fluid medium into their lungs and triggers 
a reflex cough or laryngospasm. The lack of access to 
oxygen and the fluid aspiration that occurs during a 
drowning event contribute to the development of hy-
poxia. Loss of consciousness immediately follows.105,111 
The drowning process, from submersion or immersion 
to loss of consciousness, lasts only a few minutes. If the 
victim is not rescued and the hypoxia reversed, death 
will occur.

Hypoxia affects every organ system and causes a 
spectrum of damage depending on the duration of the 
injury. Victims who are rescued quickly and sustain a 
brief hypoxic episode may have minimal consequences. 
Victims of a prolonged submersion often suffer cardiac 
arrest and irreversible brain damage.

Near-drowning victims require mechanical ventila-
tory support. The fluid aspirated into the lungs causes 
surfactant washout and increased permeability of the 
alveolar–capillary membrane. Surfactant-deficient 
alveoli are prone to collapse and atelectasis occurs. 
The increased permeability of the alveolar–capillary 
membrane causes noncardiogenic pulmonary edema 
and subsequent decreased gas exchange. ARDS occurs 
and is characterized by decreased lung compliance, 
ventilation/perfusion mismatch, hypercarbia, hypoxia, 
and respiratory acidosis.105,111,112 Cerebral hypoxia 
causes global brain injury in the form of HIE, the ex-
tent of which is determined by the duration of hypoxia. 
Lack of oxygen to the neurons in the brain leads to cell 
damage and death. Cytotoxic cerebral edema develops, 
which, if severe enough, can cause increased ICP and 
decreased cerebral blood flow. Cerebral hypoxia and its 
effects are the primary cause of morbidity and mortality 
for drowning victims.

The hypoxia and sympathetic response causes the 
heart rate, pulmonary vascular resistance, and systemic 
vascular resistance to increase. As a result, myocardial 
work and oxygen consumption are increased. This stress 
response occurs as the body becomes progressively 
more hypoxemic, which will further compromise myo-
cardial contractility and function. Victims are initially 
tachycardic and hypertensive but will become brady-
cardic and hypotensive as hypoxia worsens. Pulseless 
electrical activity typically precedes cardiac arrest.110

Diagnosis
Diagnosis of a submersion or immersion injury can be 
made with bystander-reported history. Drownings can 
be intentional or unintentional; therefore, it is essential 
to consider NAT, suicide, or homicide as the etiology of 
the submersion or immersion event.
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Clinical Presentation
There is a broad spectrum of symptoms of a drowning 
injury, depending primarily on the length of submer-
sion. A victim of a brief submersion may be asymp-
tomatic, whereas a victim who sustained a prolonged 
submersion may present in cardiopulmonary arrest.

Neurologic manifestations of HIE can present as 
confusion, disorientation, seizures, altered mental 
status, evidence of intracranial hypertension, such as 
Cushing’s triad, or coma. Respiratory manifestations 
include tachypnea, hypoxia, wheezing, increased work 
of breathing, pulmonary edema, crackles, blood-tinged 
secretions, and respiratory failure. Cardiac manifesta-
tions range from tachycardia, bradycardia, hypotension, 
and possible arrhythmias to cardiac arrest. Patients typ-
ically present with a mixed respiratory and metabolic 
acidosis.

Treatment
Victims who are rescued quickly have a brief period of 
hypoxia and may require few interventions. Alterna-
tively, victims of a prolonged submersion may develop 
cardiac arrest and require cardiopulmonary resuscita-
tion (CPR), intubation, and ventilatory support. The 
primary goals of management of a drowning victim are 
restoration of oxygenation and prevention of further 
hypoxia.

After the victim is rescued from the water, basic 
CPR should be initiated. Begin chest compressions if a 
pulse is not detected and rescue breathing if the child is 
apneic. Cervical spine immobilization should be imple-
mented for suspected head or neck injury, such as a div-
ing accident or a fall into water.

As with any trauma, management is initially focused 
on airway, breathing, and circulation, followed by a sec-
ondary survey to evaluate for further trauma. Not every 
drowning victim will require a hospital admission. A 
majority of victims are promptly rescued, aspirate only 
a small amount of water, and have a brief episode of 
hypoxia. These patients will likely be asymptomatic and 
will not require hospitalization.

Mild hypoxia can be managed with supplemental 
oxygen. Mechanical ventilation is required for patients 
with insufficient respiratory effort or profound oxy-
genation and ventilation defects. Circulation may be 
supported by fluid boluses and vasoactive medications. 
A nasogastric tube should be placed for gastric decom-
pression as the victim likely swallowed water during the 
event, increasing the high risk for aspiration, especially 
if bag-mask ventilation is required. Arterial blood gases 
are useful in quantifying the severity of the ventilation 
and oxygenation defects.

Hospital management focuses on reversing hypoxia, 
preventing secondary injury, and supportive care. Ven-
tilator management for drowning victims should follow 
ARDS or “open lung” strategies. Permissive hypercapnia 
is contraindicated for patients with cerebral insult and 
concern for intracranial hypertension because high 
CO2 can worsen an elevated ICP. Additionally, steroids, 
bronchodilators, and prophylactic antibiotics are not 
included as standard management.111 Antibiotic therapy 
should be considered when fever, persistent or new 
infiltrates on chest X-ray, organisms are identified on 
culture and sensitivity results from a tracheal aspirate, 
or leukocytosis develops.105

Neuroprotective strategies, such as maintaining 
PaCO2 between 35 and 45 mm Hg, normothermia, 
normoglycemia, and avoiding hypotension, are essential 
for preventing secondary injury to the brain. Addition-
ally, the head of the patient’s bed should be elevated and 
their head kept in the midline position to enhance ve-
nous drainage. Clinical seizures should be treated with 
an antiepileptic agent.

Arrhythmias or cardiac arrest should be managed ac-
cording to the Pediatric Advanced Life Support algorithm 
using CPR, defibrillation, and pharmacologic agents 
specific to the arrhythmia noted on the cardiac monitor. 
ECMO may be required when supplemental oxygen, me-
chanical ventilation, and vasoactive support fail to correct 
hypoxemia and disturbances in acid–base balance.

The length of submersion and duration of hypoxia 
are the most significant contributing factors to the 
 victim’s outcome.113

Case Study 1
A 23-month-old, 15.4 kg male child presented to the 
emergency department (ED) through triage with his 
mother. The mother stated that she noticed he had a 
fever that morning and he had not been eating well 
since the previous night. She indicated that her son 
vomited green fluid once that morning and was com-
plaining that his stomach hurt. Once in the treatment 
room, the mother denied any past medical issues. 

There were no known complications at birth, and she 
denied any drug use during pregnancy. The patient 
had no known allergies and was up to date on his re-
quired childhood immunizations but had not received 
a flu vaccination. Initial vital signs were as follows: 
heart rate 190 beats per minute, respiratory rate 40 
breaths per minute, blood pressure 100/50 mm Hg,  
temperature 39.2°C, oxygen saturation 98% on room 

(continues)
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air, capillary refill less than 2 seconds. The child ap-
peared toxic as evidenced by his poor response to 
interaction and listlessness. Upon further examina-
tion, the patient’s skin was dry, dusky, and appeared 
ashen. He was unable to follow objects with his gaze, 
and his pupils were dilated with sluggish response 
to light. He did not produce tears. Lung sounds were 
clear and equal bilaterally, and no respiratory distress 
was noted. The patient’s pulse was rapid, regular, and 
bounding. The complete blood cell count reported 
a white blood cell count of 4.5 x 103/mcL, with zero 
neutrophils both segmented and absolute. His hemo-
globin was 12.0 g/dL, his hematocrit was 39%, and he 
had an elevated lymphocyte count of 89%. A rapid 
influenza screen was positive for influenza A.

1. What is your initial impression of this patient?

The vital signs were stable for the next 15 minutes, 
then he vomited bilious fluid and his heart rate de-
creased to less than 60 beats per minute while his 
blood pressure became undetectable and his breath-
ing was agonal. CPR was begun, the patient was 
placed on a monitor/defibrillator with pediatric pads, 
and a size 4.0 endotracheal tube was placed by the ED 
physician. After 3 minutes, the patient’s heart rate and 
blood pressure were normalized, and the patient was 
transferred to the ICU.

2. What is the diagnosis?

3. What is your recommended treatment plan?

Case Study 2
You have just arrived for your 7AM shift on a cold Feb-
ruary morning when an unresponsive 21-month-old 
girl is brought in by emergency medical services. On 
arrival to the ED, she is noted to be lethargic and flac-
cid. She is immediately placed on a cardiorespiratory 
monitor and the following vital signs are obtained: 
heart rate 160 beats per minute, respiratory rate 36 
breaths per minute, blood pressure 85/58 mm Hg, 
temperature 37.8°C, oxygen saturation 100% on 
facemask oxygen. On physical examination, she has 
sluggish opening of her eyes to voice. She moans 
and localizes to pain, and her skin is pale. She is not 
apneic or cyanotic. Other than her altered level of 
consciousness, the rest of her physical examination 
is normal. She is managing her airway appropriately. 
Emergency medical services reports that they checked 
her serum glucose and it was normal. Her mother ar-
rives 20 minutes later and states that the child was 

previously healthy, and she was in her normal state of 
health when she placed her in the crib at bedtime. The 
mother says she went to check on her daughter this 
morning when she did not wake at her normal time 
and found her unresponsive. She has not had any fe-
vers, upper respiratory symptoms, diarrhea, or rashes. 
There is no history of trauma, and the child has been 
in the care of her mother. The mother also stated that 
she needed to use a space heater because the weather 
has been so cold out. She also stated that she has not 
been feeling well, with headache and nausea upon 
waking this morning.

1. Based on your assessment, what diagnosis 
would you suspect?

2. What key lab value would identify differential 
diagnosis?

3. What is the main treatment for this patient?

Case Study 1 (continued)
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OBJECTIVES
1. Explain the uses and limitations of noninvasive 

cardiorespiratory monitoring in infants and children.
2. Describe the rationale for assessing pre- and postductal 

oxygen saturations.
3. Differentiate between mainstream and sidestream 

capnometers.
4. Describe the value of capnometry as an adjunct to 

cardiorespiratory monitoring in mechanically ventilated 
infants and children.

5. List the factors or conditions that can limit the accuracy of 
transcutaneous O2 and CO2 monitoring.

6. List the techniques used to reduce false alarms and 
to improve the accuracy of monitoring by impedance 
pneumography.

7. Describe the clinical conditions in which near infrared 
spectroscopy may be used in lieu of pulse oximetry.

8. Describe the procedure for percutaneous arterial blood 
sampling.
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9. List the sampling sites commonly used to perform an 
arterial puncture.

10. List the sites used for capillary blood gas sampling.
11. List the indications for arterial and capillary blood gas 

sampling.
12. Describe the importance of caring for arterial and capillary 

blood gas samples prior to analysis.
13. List the sites used for artery cannulation in infants and 

children.
14. Calculate mean blood pressure.
15. Describe the uses for inline blood gas monitoring.
16. Explain the methods used for central venous catheter 

insertion.
17. List the indications for central venous and pulmonary 

artery catheter insertion.
18. List the normal values for hemodynamic parameters.
19. Describe the hemodynamic values that can be derived from 

pulmonary artery catheter monitoring.
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distinguish between arterial and venous blood flow. Al-
though pulse oximetry correlates closely to arterial blood’s 
oxygen saturation, it should never be misinterpreted as an 
actual arterial blood oxygen saturation (SaO2) and should 
be correlated with an arterial blood gas.3,4 

Patient Application
The pulse oximeter consists of a sensor, commonly 
referred to as a probe; a processor; and a display unit. 
The probe has two sides. One side contains indepen-
dent LED light sources, one red and the other infrared. 
The opposite side houses the photodetector. The light 
sources and photodetector must be lined up over a 
perfused area, such as the nail bed or area of tissue that 
allows the light sources to pass through (Figure 19-1). 
The detected wavelengths of light create signals that 
are sent to a microprocessor for amplification, resulting 
in the pulsatile waveform display and corresponding 
SpO2.3 Figure 19-2 shows the different types of probes 
used with a pulse oximeter in infants and children. 

Introduction
Cardiopulmonary monitoring is used to evaluate and 
quickly identify conditions requiring therapeutic in-
tervention. Monitoring involves the interpretation of 
numeric values and waveforms associated with various 
noninvasive and invasive monitoring devices. Noninva-
sive monitoring of oxygenation and ventilation status is 
important to the care of critically ill children. Noninvasive 
monitoring of oxygen saturation, transcutaneous oxygen 
and carbon dioxide tensions, as well as end-tidal carbon 
dioxide, minimize the need for repeated blood gas analy-
sis. This in turn reduces blood loss, which is extremely 
important in fragile, very low birthweight, or premature 
infants. This chapter will describe the operational con-
cepts, patient application, indications for use, limitations 
and hazards, waveform analysis, and factors affecting ac-
curacy of noninvasive and invasive devices used to moni-
tor the cardiorespiratory status of infants and children.

Noninvasive Monitoring
Monitoring oxygenation and adequacy of gas exchange 
is an important component of care for children re-
ceiving some form of respiratory support. There are 
a variety of noninvasive monitors available for use. It 
is essential for the clinician to understand the factors 
associated with the use of noninvasive monitors. This 
section will review the types of noninvasive monitors 
commonly used to evaluate an infant’s and child’s re-
sponse to therapeutic intervention. 

Pulse Oximetry
Pulse oximetry is widely used to noninvasively moni-
tor oxygenation status and to provide objective data 
to guide care. These devices are relatively inexpensive 
and routinely used across the continuum of care, such 
as in the neonatal and pediatric intensive care units, in 
outpatient clinics, and in extended care and homecare 
settings. Pulse oximetry provides continuous, instanta-
neous monitoring of heart rate and hemoglobin oxygen 
saturation, reported as SpO2. 

Operational Concepts
These devices determine SpO2 using spectrophotometry 
and photoplethysmography.1,2 Spectrophotometry is 
based on the Beer-Lambert law, which states that every 
substance has its own pattern of light absorption. Pulse 
oximeters use two light wavelengths (red and infrared) 
in the spectrophotometric analysis. SpO2 values reflect 
the amount of light absorbed as the two wavelengths pass 
through a vascularized site and will vary depending on 
the presence or amount of oxygenated blood. Oxygen-
ated blood absorbs less red light (600–750 nm) and more 
infrared light (850–1000 nm) than deoxygenated blood. 
Photoplethysmography uses light to analyze variations in 
volume changes in tissue during pulsatile blood flow to 

FIGURE 19-1 An example of the pulse oximeter sensor. This 
illustration demonstrates the correct alignment of the photo detectors.

Vascular bed Photodetector

Light sources

R IR

FIGURE 19-2 Pulse oximeter probes can be wrapped around a digit 
on the hand or foot or positioned on the wrist, hand, or foot.
Courtesy of Nonin.
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Clinical Considerations in Neonates 
Prior to the use of pulse oximetry, it was common for 
the clinical team to assess an infant’s color in order to 
determine if tissue oxygenation was adequate. How-
ever, this practice has fallen out of favor and is not rou-
tinely used because color is a poor indicator of tissue 
 oxygenation. The literature reports that wide variations 
in SpO2, from 10% to 100%, were observed in infants 
perceived to be pink.5,6 

Shortly after birth, as newborns transition to  
extrauterine life, pulse oximetry is beneficial in guiding 
oxygen management. Current recommendations in the 
literature are to achieve a target SpO2 range of 85% to 
90% at 3 minutes of life.6 Sensors can be applied and a 
monitored value obtained in as quickly as 15 seconds, 
achieving reliable SpO2 readings within the first minute 
of life.6 After transition to extrauterine life is complete, 
it is expected that full-term infants maintain an SpO2 
range of 93% to 100%.7

Some infants need further care in the neonatal in-
tensive care unit (NICU) for respiratory insufficiency 
due to respiratory distress syndrome (RDS), meconium 
aspiration, or congenital anomalies, such as diaphrag-
matic hernia or congenital heart defects. In the NICU, 
oxygen saturation monitoring by pulse oximetry is a 
standard of care and is often reported as the fifth vital 
sign. Oximetry is especially valuable in the care of  
infants with congenital heart defects to ensure that 
saturations remain in the prescribed range appropriate 
for the defect. Recently, pulse oximetry has been rec-
ommended (and mandated in some states) for newborn 
screening of congenital heart disease (CHD). Screening 
is recommended to take place between 24 and 48 hours 
of life and consists of placing a sensor on the right hand 
or arm and either foot to determine if there are pre- and 
postductal differences in SpO2. If pre- and postductal 
saturations are less than 95% when measured in a quiet 
newborn, or if there is greater than a 3% difference in 
pre- and postductal saturations, the test is reported as 
“positive.” Infants with positive results require a com-
plete cardiac evaluation to determine the type, pres-
ence, and severity of the CHD.8,9 

When first initiating the use of oximetry in preterm 
infants, sensors were commonly placed on the mid- 
or forefoot. Studies have shown that the fastest and 
most reliable SpO2 readings have been measured us-
ing the right hand because this extremity has a higher 
blood pressure, is well perfused, and represents the 
preductal oxygenation status during the first several 
minutes of life.10,11 There are many factors that affect 
the  accuracy of pulse oximetry in the neonate that 
clinicians should be aware of, as they can contribute 
to inaccurate readings. Vernix, poor perfusion, tissue 
edema, bright ambient light, poor skin integrity, and 
acrocyanosis reduce measurement accuracy.12,13 Prac-
titioners caring for patients with continuous oximetry 
must be aware that sensors have been associated with 

light burns at the probe or sensor site and hospital-
acquired pressure ulcers. Preterm infants are most at 
risk, due to the reduced integrity (thin and fragile) of 
their skin. Therefore, the location of the sensor should 
be routinely  rotated as specified by organizational or 
hospital policy. 

Clinical Considerations in the Pediatric Patient
Pulse oximetry also varies throughout the day in chil-
dren. Saturations are lowest in the morning and highest 
in the late afternoon. Studies have shown that altitude 
affects oxygenation and contributes to variations in 
SpO2, with mean values ranging from 97% to 99% in 
healthy children at sea level and lower readings (i.e., 
93–95%) at higher elevations.14

Pulse oximetry is a standard of care in children. 
 Oxygen saturations are typically monitored when dis-
ease processes, such as asthma, pneumonia, and bron-
chiolitis, contribute to ventilation/perfusion mismatch. 
Pulse oximetry is not a reliable indicator of ventilation. 
Hypoxemia may occur in the presence of laryngeal or 
tracheal obstruction, vocal cord dysfunction, or foreign 
body aspiration, but it is a secondary outcome due to 
hypoventilation. 

Limitations
Most pulse oximeters are unable to distinguish between 
hemoglobin that is saturated with oxygen with that 
saturated with carbon monoxide because oxygen and 
carbon monoxide have similar light absorption quali-
ties.15 It is important to recognize the limitations of the 
pulse oximeter that is in use. Assuming that all pulse 
oximeters can differentiate between carboxyhemoglobin 
saturation and oxygen saturation can be a safety con-
cern. Pulse oximeters without the specific technology 
to differentiate between oxygen and carbon monoxide 
will display an SpO2 of 100% for hemoglobin that is fully 
saturated, whether it is saturated with oxygen or car-
bon monoxide. Therefore, patients suspected of carbon 
monoxide inhalation should have a blood gas analysis 
by hemoximetry to verify tissue oxygenation. 

Fetal hemoglobin and hemoglobin S, commonly 
found in patients with sickle cell anemia, do not affect 
the reliability of pulse oximetry. However, practitio-
ners should be aware that the measured SpO2 may not 
 accurately reflect tissue oxygenation due to cardiac out-
put and shifts in the oxygen dissociation curve.1,2

Sensor positioning plays an important role in en-
suring that the values displayed on the oximeter are 
accurate. Similar to placement in infants, sensors used 
with children are most commonly placed on the fingers 
and toes or around the hands and feet. When perfu-
sion is poor, placing the sensor centrally, such as on the 
earlobe, may improve the accuracy of the SpO2 reading. 
Reluctant sensors are useful for patients with extremity 
or digit deformities, those with active seizures, and/or 
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patients with burns. Accuracy can also be affected by 
motion artifact, bright ambient light, skin pigmentation, 
colored nail polish, and intravenous dyes.16,17

Capnometry and Capnography 
Capnometry and capnography are noninvasive mea-
surements of the partial pressure of CO2 at the end of a 
tidal breath and reflect a patient’s ventilation metabo-
lism, circulation, and ventilation status.18 

Operational Concepts
Capnometry is a digital, numeric measurement of CO2 
at the end of a tidal breath while capnography is the 
graphical representation of ventilation. Most capno-
graphs have the ability to display a breath-to-breath 
waveform in addition to a trend graph of end-tidal CO2 
values over time. End-tidal CO2 monitoring devices dif-
fer in capabilities, with some having only capnometry 
capabilities and others having the ability to display the 
numeric value simultaneously with the capnograph. 

There are two types of devices capable of monitor-
ing the partial pressure of CO2 at the end of a tidal 
volume breath (pETCO2). Mainstream CO2 monitoring 
devices use a small infrared sensor consisting of an opti-
cal bench and a cuvette or sample cell to measure the 
amount of CO2 molecules within the gas flow pathway 
through infrared light absorption. As the infrared light 
passes through a sample chamber, a lens focuses any 
unabsorbed infrared light to the photodetector. Because 
carbon dioxide absorbs infrared light, the more infrared 
light that arrives at the detector, the lower the content 
of CO2 in the exhaled gas and vice versa (Figure 19-3).19 
Sidestream employs the same analysis theory, but rather 
than measuring CO2 molecule content directly in the 
flow of the gas path, a sampling port is placed inline 
with the flow of gas from the patient. Gas sampled or 
withdrawn from the flow of gas from intubated and 
spontaneously breathing, nonintubated patients is ana-
lyzed at a remote monitor.20 

Patient Application 
Mainstream sampling is typically used with infants and 
children who are intubated. The cuvette used to measure 
pETCO2 adds weight to the patient-ventilator circuit and 
may make positioning and kangaroo care challenging, 
 especially when used with low birthweight infants, whose 
tracheal tubes are small and thin (i.e., 2.0–3.5 mm inner 
diameter).21 Figure 19-4 illustrates the configuration of 
mainstream sampling inline with a ventilator circuit.

Unlike mainstream sampling, sidestream analyzers 
sample exhaled gas by pulling exhaled gas from the cir-
cuit. A special cannula, shown in Figure 19-5, enables 
the sidestream analyzer to be used with spontaneously 
breathing patients.22 A sample port facilitates its use 
with intubated and mechanically ventilated infants and 
children. As this type of monitor withdraws gas from 
the patient-ventilator circuit, devices with a high sam-
pling rate may cause auto-triggering and reduce tidal 
volume delivery in neonates and small children, result-
ing in hypercapnia.23

FIGURE 19-3 An illustration of CO2 gas analysis by an end-tidal CO2 
monitor.

Beam
splitter

Sample
gas

Infrared
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CO2 monitors use infrared
absorption spectroscopy to

measure the partial pressure
of CO2 in exhaled gas.

The light strikes an optical filter that
absorbs all wavelengths of light except those
corresponding to the absorption of peak CO2
molecules (depicted by the small black dots).
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through a sample and
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FIGURE 19-4 An illustration of a mainstream capnograph used to sample CO2 inline with a ventilator circuit.

The sample cell, referred to as the cuvette,
serves as the airway adapter and is located

inline with the respiratory gas stream.

The device detector
contains all the

elements to compare
the amount of light the

CO2 absorbs in the
sample cell to a known

standard in the
reference chamber on

the opposite end of
the detector.

The device detector is very small and fits over the sample cell or cuvette.
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Both mainstream and sidestream capnography add 
some dead space to the circuit, which can impede 
ventilation in the neonatal population. Current tech-
nology allows adaptors to be lightweight and to have 
minimal dead space and resistance to flow (Table 19-1). 
 Although manufacturer-specific, infant sensors are typi-
cally used in pediatric patients who are younger than 1 
year or weigh less than 10 kg. 

Waveform Analysis 
Capnography is a useful tool. The shape of the wave-
form can be used to identify ventilation, airway, and 
patient-ventilator circuit issues, such as airway obstruc-
tion, circuit disconnection, circuit leak, bronchospasm, 
accidental extubation, and hypo- or hyperventilation. 
There are four distinct phases of a normal capnograph, 
which are shown in Figure 19-6. Phase I represents 
anatomic dead space and the beginning of expiration, 
which form the baseline of the capnograph. Phase II 

represents the beginning of exhalation, where there is a 
mixture of anatomic dead space and alveolar gas. There 
is an upstroke of the capnograph during this phase. 
Phase III is the alveolar plateau, reflecting alveolar emp-
tying. The numeric value for end-tidal CO2 is captured 
at the end of this plateau. Phase IV appears as an expira-
tory downstroke signaling the beginning of inspiration.  
A normal waveform should begin and end at baseline 
with a plateau that is not sloped.

Anomalies in the shape and size of the waveform can 
signal changes in the patient’s ventilatory status, prob-
lems with the integrity of the patient-ventilator circuit, 
airway obstruction, or a malpositioned tracheal tube.

Clinical Considerations
End-tidal CO2 monitoring is a noninvasive technology 
that can be used along the continuum of care. Uses for 
end-tidal CO2 gas monitoring are found in Table 19-2.  
Continuous waveform capnography is useful in verifying 

FIGURE 19-5 An illustration of a cannula used to sample CO2 with a 
sidestream monitoring device.

CO2

O2

In addition to collecting expired CO2, these
delivery devices also administer oxygen.

Notice that within the cannula, there are
separate ports or routes for O2 delivery

and CO2 collection or aspiration.

 

Dead Space

(cc)

Flow Resistance 

(cm H2O) 

Mainstream
Adult/pediatric
Infant

5–8 
<1

<0.3 at 30 L/min
<1.3 at 10 L/min

Sidestream
Adult/pediatric
Infant

<5
<1 

N/A

TABLE 19-1
Characteristics of Adaptors Used with Mainstream 
and Sidestream CO2 Capnographs and Capnometers

FIGURE 19-6 An illustration of the four phases of a normal 
capnograph: Phase I, the beginning of exhalation; Phase II, the 
expiratory upstroke; Phase III, the plateau; and Phase IV, the 
downstroke or beginning of inspiration.
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Dislodged endotracheal tube (ETT)

ETT obstruction

Patient-ventilator disconnection

Noninvasive monitoring of ventilation and detection of respiratory 
depression (i.e., during procedural sedation, with patient-
controlled analgesia, postoperatively)

Effectiveness of cardiopulmonary resuscitation

Determining return of spontaneous circulation

Differentiating esophageal from tracheal intubation

Identification of hypo- and hyperventilation

Identification of bronchoconstriction

TABLE 19-2
Uses for End-Tidal CO2 Monitoring
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tracheal placement of an endotracheal tube following 
intubation and during transport as a tool to guide ven-
tilator management, diagnostically to identify airway 
abnormities, and as an adjunct to monitor cardiopul-
monary integrity and the effectiveness of chest com-
pressions during resuscitation.24 Table 19-3 provides 
examples of capnographs that identify a clinical or 
equipment issue.

End-tidal CO2 monitoring by nasal cannula in 
spontaneously breathing patients is also beneficial for 
evaluating the ventilatory status of pediatric patients 
receiving moderate conscious sedation and during 
postoperative care.25 This technology has also proven 
to be reliable in monitoring seizure disorder patients to 
evaluate the patient’s need for mechanical ventilation.26 
Capnometry is the standard of care for the ventilated 
patient in the pediatric ICU and during interfacility 
transport. Following intubation, capnography provides 
a faster, more reliable distinction between tracheal and 
esophageal intubation when compared to colorimetric 
CO2 detectors.27 

Capnometry and capnography monitoring are valu-
ables tools during resuscitation. During cardiac arrest, 
pETCO2 often abruptly falls to very low levels at the 
onset of a cardiac arrest, increases after the onset of ef-
fective cardiopulmonary resuscitation, and returns to 
normal levels at the return of spontaneous circulation.28

Hazards/Complications
Added weight to the ETT and ventilator circuit of neo-
nates and small children may increase the risk for ETT 
malposition. Sidestream devices that require larger 
samples of gas for analysis can cause hypoventilation in 
children with small tidal volumes. 

Limitations
There are no absolute contraindications for the use of 
capnography in spontaneously breathing or mechani-
cally ventilated infants and children. Its use with un-
cuffed ETTs may lower pETCO2 readings and provide 
an erratic capnograph pattern and pETCO2 value due to 
variable leaks. The pETCO2 values may also not to corre-
late with the PaCO2 due to gas leaking around the ETT.

Transcutaneous Monitoring
Transcutaneous monitoring (TCM) is a noninva-
sive method of measuring carbon dioxide and oxy-
gen tension across the skin. Although SpO2 provides 
a more global perspective regarding oxygenation, 
transcutaneous oxygen tension (PtcO2) provides an  
estimation of oxygenation at the tissue level. Although 
these measurements may not always be equal to arterial 
values for O2 and CO2, there are reports of good agree-
ment between transcutaneous PaO2/PaCO2 measure-
ments and corresponding arterial values (mean bias 0.3  
and 0.4, respectively) in very low birthweight infants.  

It is important to note that PtcO2 may not be reflective of 
PaO2.29 TCMs are useful for monitoring changes in CO2 
when nonconventional ventilation (i.e., high-frequency 
oscillation and jet ventilation) are used. Originally 
 designed for use in the neonate, the technology has 
 advanced to make transcutaneous O2 and CO2 useful 
tools in the hospitalized pediatric patient. Transcutane-
ous CO2 and O2 monitoring have demonstrated value in 
evaluating cardiac performance and tissue perfusion and 
in guiding the care of severely injured pediatric patients.30 

Operational Concepts
TCMs use a heated sensor, placed on the surface of 
the skin, to measure O2 and CO2 tensions. Heat warms 
the skin to approximately 40°C to 43°C and dilates the 
capillary bed, which increases gas solubility and allows 
O2 and CO2 to diffuse more readily from the capillary 
lumen to the sensor. The heat applied to the surface 
area of the skin causes an increase in metabolic rate by 
approximately 4% to 5% for every degree Celsius, caus-
ing an increase in CO2 production at the site. Transcu-
taneous monitors use a servo-controlled thermistor to 
regulate the temperature of the heating element in the 
sensor, which lightly adheres to the skin. The tempera-
ture used depends on the age of the patient and the  
skin thickness. Compared to an older child, lower tem-
peratures are required to heat the skin of a neonate and 
to increase the arterial blood supply to the dermal capil-
lary bed  beneath the sensor. 

Most sensors are combined and have the ability 
to measure CO2 and O2. A miniaturized Severing-
haus electrode is used to electrochemically calculate 
PaCO2 diffusing across the sensor’s membrane. CO2 
reacts with the electrolyte solution in the electrode 
to form bicarbonate and hydrogen ions. The hydro-
gen ions produced have a linear relationship to the 
amount of CO2 diffusing across the membrane and a 
voltage change between two cells in the sensor, which 
measures the change and converts it and display a 
transcutaneous carbon dioxide tension (PtcCO2) read-
ing in mm Hg on the monitor.

A miniaturized polarographic Clark electrode, con-
tained within the sensor, measures transcutaneous PaO2. 
Similar to the Clark electrodes contained within blood 
gas analyzers, a platinum or gold cathode surrounding 
a silver anode is housed in an electrolyte chamber. A 
semipermeable membrane covers the chamber, allowing 
gases to diffuse from the surface of the skin. Heat used to 
facilitate vasodilation also enhances the diffusion of O2 
across the skin’s surface to the sensor. Oxygen penetrat-
ing the sensor’s membrane creates a current as it comes 
in contact with the cathode, generating an electrical 
current. The current produced is directly proportional 
to the concentration of oxygen against the outer mem-
brane’s surface. The monitor measures this current’s 
voltage, and then converts and displays it as mm Hg. 
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Waveform 
Description Representative Waveform Potential Clinical or Equipment-Related Causes

Baseline increases 
with each breath
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0
Real time
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Inadequate inspiratory flow, causing the patient to 
rebreathe CO2

Air trapping
Malfunctioning CO2 absorber (anesthesia machine)

End-tidal CO2 is 
rising

37

50

0
Real time
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2 
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Hypoventilation caused by: 
Sedation
Worsening clincial condition (worsening compliance, 

yielding lower tidal volume delivery during pres-
sure control ventilation)

Patient-controlled pain medication administration
Increase in metabolic rate (such as a rapid rise in 

body temperature)

End-tidal CO2 is 
decreasing

30

45

0

Hyperventilation

Erratic waveform

30

40

0

Variable leak from a malfunctioning pilot balloon on a 
cuffed ETT or a capnograph from an uncuffed ETT

Partially obstructed ETT
Hypoventilation in a spontaneously breathing child 

following surgery, with procedural sedation or pain 
management

Cleft noted during 
Phase III

40

45

0

A dip or a cleft in Phase III of the waveform represents 
the patient initiating a breath. This can occur when 
the effects of a paralytic agent are wearing off.

A patient with an inspiratory effort that is weak and a 
trigger sensitivity that is not set sensitive enough for 
the patient to trigger a mechanical breath

Absent Phase III

20
30
40
50

0

Airway obstruction or bronchospasm

TABLE 19-3
Examples of Capnographs That Identify a Clinical or Equipment Issue
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Some monitors incorporate the ability to moni-
tor SpO2 through the use of an ear sensor. This sensor 
incorporates technology identical to pulse oximetry 
 explained earlier.

Patient Application
A small adhesive disc is used to secure the sensor, com-
monly referred to as a probe, to the skin. It is impor-
tant for the sensor to be flush with the skin; therefore, 
sensors are typically placed centrally, on the chest or 
abdomen with infants and chest or forehead with chil-
dren.31 Avoid applying the probe to a bony area, like the 
sternum or scapula, as these areas do not have sufficient 
underlying tissue to allow for CO2 diffusion. 

Depending on the skin thickness of the patient and 
the temperature used to heat the skin, the probe is 
removed every 3 to 4 hours and the site is changed. 
Localized erythema may be present at the site when the 
sensor is initially removed and should dissipate shortly. 
It is important to follow manufacturer’s recommenda-
tions for use, which include setting the temperature 
according to patient type (neonate, infant, child, ado-
lescent, etc.), sensor location, and the maximum time a 
sensor can be left in one location. 

Transcutaneous monitors do require some mainte-
nance. The CO2 sensor requires routine calibrations when 
the monitor is in use to verify proper electrode response. 
Although manufacturer-specific, a two-point calibration, 
using 5% and 10% CO2 gas, is required every 24 hours 
when continuous CO2 monitoring is used. A one-point 
calibration is typically performed every 4 hours when 
the monitor is used. A variance of ±2 mm Hg for the 
one-point calibration and ±4 mm Hg for the two-point 
calibration signify proper sensor function. During cali-
bration, a CO2 value falling outside of the variance limits 
indicates a need to troubleshoot the problem. 

The oxygen sensor requires a two-step calibration 
process as well. First, a zero calibration is performed, 
either by exposing the sensor membrane to a special 
solution or by electronically performing this procedure 
through the monitoring device. A high-point calibra-
tion is then performed by exposing the sensor to ambi-
ent air (with an oxygen concentration of 20.9%). Some 
monitors have preset the values for barometric pressure 
while others require manual adjustment. A reference 
chart is typically provided if manual adjustment is 
required. 

The sensor also requires routine changes in the 
electrolyte solution and outer covering or membrane. 
Routine membrane maintenance is typically performed 
weekly. 

Clinical Considerations
Transcutaneous monitoring is valuable as a trend-
ing tool. Uses include monitoring patients at risk 
for hypoventilation, during conscious sedation or 

patient-controlled analgesia, evaluating the need for 
ventilatory support, and with ventilator management.32

Indications
Transcutaneous O2 and CO2 monitoring provide con-
tinuous trending of ventilation and oxygenation status, 
reducing the need for serial blood gas sampling. This 
type of monitoring is especially useful for noninvasively 
evaluating the ventilatory status of a patient receiving 
high-frequency oscillatory ventilation and jet ventila-
tion, where pETCO2 monitoring is not an option. It is 
especially useful in patients who do not have an indwell-
ing arterial catheter and require arterial puncture to 
evaluate oxygenation and ventilatory status. The ability 
to also monitor SpO2 provides the clinician with a reli-
able method of noninvasively monitoring oxygenation 
and ventilation status.33

Hazards/Complications
There are no absolute contraindications for transcu-
taneous monitoring. Alternative monitoring devices 
should be considered in patients with skin integrity 
concerns, such as burns or Stevens-Johnson syndrome. 
Thermal injury is a hazard of transcutaneous monitor-
ing. In patients where continuous monitoring is indi-
cated, sensors should be relocated every 4 hours or as 
dictated by institutional policy. Great care should be 
used in placing and relocating sensors on neonates and 
populations with skin integrity concerns.13

Conditions Adversely Affecting Accuracy 
TCM may not accurately estimate the PaO2 and should 
not be used as the only assessment for oxygenation. 
PtcPO2 changes are useful in detecting changes in tis-
sue perfusion34 and in guiding therapy for necrotizing 
enterocolitis.35 

Device-related limitations include the amount of time 
it takes to perform routine maintenance (i.e., membrane 
and electrolyte solution changes) and sensor calibration, 
as well as the time it takes for the sensor to equilibrate, 
once it is affixed to the skin, before displaying a result. 
Clinical limitations are primarily based on skin integ-
rity. Operator errors create opportunities for inaccurate 
display of PtcCO2 and PtcO2 values. Table 19-4 outlines 
the operator error and clinical conditions contribut-
ing to inaccurate PtcCO2 and PtcO2 results. Therefore, 
upon initial use, when possible, it is important to vali-
date the transcutaneous measurements with an arterial 
blood gas. This validation will reveal the gap between 
transcutaneous and arterial measures and provide the 
respiratory care practitioner with additional information 
on which to base clinical and troubleshooting decisions 
should changes in values occur during monitoring. 

Nonphysiologic factors may also affect PtcCO2 and 
PtcO2 measurements. These factors include ambient-air 
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temperature, humidity, barometric pressure, membrane 
thickness, rate of O2 and CO2 diffusion across electro-
lyte solution contained within the electrode, and the 
polarization voltage across the electrode.

Impedance Pneumography
Impedance pneumography is a noninvasive method to 
monitor changes in the breathing activity of infants and 
children. Electrodes are placed on the infant’s or child’s 
chest wall and are typically held in place by a soft wrap. 
The electrodes are attached to a monitor by leads and a 
cable, similar in appearance to those used for electro-
cardiogram monitoring.

Operational Concepts
The monitors using electrical impedance pass safe, 
low-amplitude, high-frequency current through the 
chest through two electrodes placed on the chest. 
Small changes in the electrical impedance between the 
two electrodes are detected as the chest wall expands 
and contracts with breathing. The electrical signal or 
impedance changes are reflective of the volume of gas 
entering and exiting the lungs.36 Depending on the type 
of monitor used, a waveform may be displayed as the 
modulated signal, which represents tidal breathing and 
the respiratory rate. 

This technology has been incorporated into equip-
ment used for diagnostic testing, mechanical ven-
tilators, and infant home apnea monitors. Apnea is 
measured indirectly and signaled when there is an absence 
of chest wall movement. To differentiate between central 
and obstructive apnea, diagnostic monitoring systems in-
corporate impedance pneumography with a nasal therm-
istor, proximal airway sensor, and/or infrared CO2 sensor. 

Home apnea monitors use this technology and are 
designed to detect breathing pattern and heart rate 
changes and to alert the caregivers of those changes. 
The same electrodes used to monitor voltage variations 
during thoracic movement also monitor the electrical 
activity of the heart and determine heart rate. Thresh-
olds for apnea and high and low heart rate alerts are 
preset per protocol or physician order. 

Patient Application
Because the technology is incorporated into mechani-
cal ventilators, diagnostic equipment, and home apnea 
monitors, impedance pneumography is indicated for 
patients requiring monitoring of the rate and depth of 
respirations across the continuum of care. Depending on 
the type of monitor used, the electrodes can be nondis-
posable pads that can be placed on the skin and secured 
with a soft wrap belt (Figure 19-7). Disposable electrodes 
with adhesive backs, which adhere to the skin, may also 
be used. Electrode position is important to ensure the 
accuracy of the impedance signal. The electrodes should 
not be placed in close proximity. Placing one electrode 
on the right side and the other on the left side of the 
chest is optimal, as this placement technique will mini-
mize false alerts for apnea or low tidal volume due to in-
advertent small changes in the impedance signal caused 
when electrodes are placed too closely together. Correct 
placement area extends from the nipple line to the axilla. 
Avoid placing the electrodes too close to the bottom of 
the ribcage, near the abdomen. The monitor will detect 
interference at this point, which will reduce the accuracy 
of the impedance signal. Placing the electrodes in the 
axillary pit may cause skin irritation, especially if nondis-
posable electrodes and a wrap belt are used. 

It is important to keep the skin under the electrodes 
free from oils or lotions, which can interfere with the 
impedance signal. Washing the skin with mild soap and 

Clinical Condition or  
Contributing Factor Result

Hyperoxemia (PaO2 >100 mm Hg) Increased PtcCO2

Poor perfusion Decreased PtcCO2

Use of vasoactive agents Decreased PtcCO2

Improper sensor placement or 
application

Increased or decreased 
PtcCO2

Subcutaneous edema Decreased PtcCO2

Increased capillary blood flow due to 
activity

Increased PtcCO2

Sensor placed on extremities with 
decreased perfusion

Decreased PtcCO2

TABLE 19-4
Factors Contributing to Inaccurate Assessment 
of Transcutaneous O2 and CO2

FIGURE 19-7 An illustration of the soft belt used to hold the 
electrodes securely against the chest wall during home infant apnea 
monitoring.

123 31

Apnea monitor

Apnea belt
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water prior to the application of the electrodes is help-
ful. Rotating the electrode site often can prevent skin ir-
ritation or breakdown. Special consideration should be 
taken in patients with skin integrity concerns. 

The disposable or reusable electrodes are connected 
to the monitoring system by lead wires, which plug into 
a cable attached to the monitoring device. Monitors 
used for diagnostic testing or home apnea monitor-
ing can discern between equipment problems, such as 
a loose or disconnected lead wire, and a physiologic 
event. The apnea delay time, as well as alarm limits for 
high and low heart rate and respiratory rate, are adjust-
able for home apnea monitors.

Clinical Considerations
Although the technology for impedance pneumography 
has improved throughout the years, there remain is-
sues with accurately differentiating respiratory imped-
ance from cardiac artifact. Placing the electrodes in the 
proper position is helpful in reducing false alarms on 
apnea monitors and in obtaining accurate data for tidal 
volume and respiratory rate evaluation on diagnostic 
equipment employing this technology. 

Apnea delay time and high and low alarm limits for 
respiratory and heart rates require a physician’s order 
for home apnea monitoring. The settings may change 
over the monitoring period based upon the number and 
type of events the infant is experiencing. 

Conditions Adversely Affecting Accuracy
Limitations for impedance pneumography can be di-
vided into two categories: patient factors and technol-
ogy issues. Changes in the infant’s position, especially 
side lying, can position the electrodes closer together. If 
nondisposable electrodes are used, the side-lying posi-
tion can cause gaps in the belt, loosening the belt and 
the electrode placement against the chest, and so im-
pedance signals are not accurately captured. This results 
in false apnea, or low respiratory rate, alarms on home 
apnea monitors, and reduces both low tidal volumes 
and respiratory rate on diagnostic equipment and me-
chanical ventilators using this technology.

Impedance pneumography cannot accurately dis-
tinguish between cardiac oscillation and respiratory 
impedance signals. This may result in an inaccurate 
interpretation of respiratory rate. Placing the electrodes 
in the proper position may minimize, but does not com-
pletely correct, this limitation. Because this technology 
does not directly measure airflow, impedance pneu-
mography cannot directly distinguish a central from an 
obstructive or mixed apnea. Additionally, for home mon-
itoring equipment, the technology is less  sophisticated 
than that employed in diagnostic equipment or mechan-
ical ventilators. Therefore, it is important to note that 
although a respiratory rate is displayed, the monitor does 
not evaluate the effectiveness of ventilation.

Near Infrared Spectroscopy 
Near infrared spectroscopy (NIRS) is a noninvasive 
tool that provides real-time continuous monitoring of 
 regional tissue oxyhemoglobin saturation (rSO2).

Operational Concepts 
Much like the pulse oximetry technology discussed pre-
viously, NIRS uses the Beer-Lambert law to determine 
the absorption of NIR light by oxyhemoglobin, which 
translates to tissue oxygenation. NIRS is most com-
monly used in infants and children who have undergone 
cardiac surgery or who are critically ill and at risk for 
low cardiac output syndrome.37,38

Patient Application
Common locations for placement of the sensors are the 
forehead and the abdomen or low back at T-10 to L-2. 
Because the skull is easily penetrated by near infrared 
light, sensors placed on the forehead provide a real-time 
assessment of regional cortical oxygenation39,40 
(Figure 19-8). 

Clinical Considerations
An acceptable range of rSO2 is 55% to 80%. Absolute val-
ues less than 50% or a decrease in baseline rSO2 by 20% 
indicate a need for intervention. Patients with rSO2 less 
than 45% or a decrease from baseline of 25% have shown 
less favorable neurologic outcomes than those who 
 remained within the defined acceptable rSO2 range.40 

FIGURE 19-8 A near infrared spectroscopy monitoring of an infant. 
The sensor is small and placed on the infant’s forehead, which 
provides immediate assessment of regional cortical oxygenation.
©2018 Medtronic. All rights reserved. Used with the permission of Medtronic.
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Sensors placed on the abdomen or low back, often 
referred to as renal NIRS, are reflective of tissue oxy-
genation of the kidneys. Renal NIRS has been effective 
in providing accurate, real-time analysis of tissue oxy-
genation due to the kidneys’ superficial location and the 
pediatric patient’s thin skin and minimal subcutaneous 
fat layer. Because infants and children are at risk for 
end-organ failure, especially renal failure, following 
cardiac surgery, trending renal NIRS has become a stan-
dard practice in many pediatric ICUs. 

NIRS has also been quickly adopted as a noninvasive 
monitoring tool to measure cerebral oxygenation dur-
ing and after pediatric cardiac surgery, in patients sup-
ported by extracorporeal membrane oxygenation, and 
in critically ill patients at risk for decreased end-organ 
perfusion. NIRS monitoring is useful for trending pa-
tient oxygenation as well as reflecting acute changes, 
which alert practitioners to a possible acute decom-
pensation of the patient’s cardiopulmonary or hemody-
namic status.

Hazards/Complications
Improved light technology reduces but does not elimi-
nate the potential for the NIRS sensors to cause thermal 
burns. As with any device that adheres to the skin, spe-
cial care should be taken when applying and removing 
sensors, as skin tears are a possible iatrogenic injury. 
This is especially important when applying the sensor 
to infants and children who are known to have compro-
mised skin integrity. 

Conditions Adversely Affecting Accuracy
There are several factors and/or conditions that limit 
the accuracy with which NIRS monitors and displays 
rSO2 values. Skin pigmentation and jaundice are among 
the most common factors limiting the monitor’s ac-
curacy. Sensor placement may also adversely affect 
accuracy. Patients with severe tissue edema or sensors 
placed in areas with large amounts of adipose tissue can 
display inaccurate rSO2 values. Additionally, sensors 

placed over tissue with underlying muscle may cause 
inaccurate readings because myoglobin will contribute 
to the measurement. Oxygen has a high affinity to myo-
globin, which will result in an overestimation of tissue 
oxygenation. The effect myoglobin causes is similar to 
that with carboxyhemoglobin and pulse oximetry; the 
monitoring system is unable to effectively differenti-
ate a myoglobin signal from a hemoglobin signal. It is 
 important to note that the sensors are single-patient 
use, which can be expensive. Studies to further investi-
gate the cost/benefit analysis are needed.

Invasive Monitoring
Invasive monitors require vascular access to evalu-
ate oxygenation status, adequacy of gas exchange, 
and acid–base balance. Invasive monitors may also 
be used to assess intrapulmonary shunt, differ-
ences in arterial-venous oxygen content, and oxygen 
consumption. 

Arterial Blood Gas Analysis
Arterial blood gas analysis provides a reliable evalua-
tion of oxygenation, gas exchange, and acid–base bal-
ance41 and is often used in diagnostic evaluation and 
to assess the child’s response to therapeutic interven-
tions.42 Table 19-5 outlines the approximate normal 
blood gas ranges for arterial blood. 

Arterial Sampling Procedure
Arterial sampling may be performed as needed by a 
percutaneous puncture or by cannulation of a periph-
eral artery. Adherence to the process steps for obtaining 
an arterial sample is essential to minimize procedural 
complications and to obtain a quality sample of blood 
for analysis.

Sampling Sites for the Neonate and Child
There are several potential access sites to perform an 
arterial puncture or for cannulation and securement 

  Preterm Infant Newborn Term Infant Term Infant to Toddler Children

Age range <39 weeks’ gestational 
age

40 weeks’ gestational 
age 

40 weeks’ gestational age to 2 years  
of age

>2 years  
of age

pH ≥7.20–7.24 7.30–7.40 7.30–7.40 7.35–7.45

PaCO2 (mm 
Hg)

45–55 30–40 30–40 35–45

PaO2 (mm Hg) 45–65 60–90 80–100 80–100

HCO3 (mEq/L) 15–18 20–22 20–22 22–24

TABLE 19-5
Normal Blood Gas Ranges for Arterial Blood, Stratified by Age
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of an arterial line. The umbilical artery provides a reli-
able route for continuous monitoring of arterial blood 
for blood gas analysis and blood pressure monitoring 
as well as an access site for intravenous fluid admin-
istration.43 Reliable vascular access can quickly and 
painlessly occur immediately after birth in high-risk 
newborns and often avoids the painful skin punctures 
needed for other forms of vascular access, such as 
peripherally inserted central catheters and surgically 
inserted central venous catheters. Closed-loop blood 
analysis devices can be used to analyze arterial blood 
for blood gas and chemistry monitoring without the 
risk of blood loss. Typically, closed loop blood gas 
monitors automatically withdraw 1.5 mL of blood from 
the indwelling catheter, perform the required analysis 
(i.e., blood gas, electrolytes, hemoglobin), and reinfuse 
the blood used for analysis. Closed-loop analysis de-
vices can be used with umbilical or peripheral arterial 
catheters.

Cannulation for arterial catheter placement can be 
performed in a variety of locations in children. The 
radial artery has adequate collateral circulation to an 
extremity that can be easily accessed and manipulated 
during the insertion procedure. The nerves and veins 
in the wrist area are not directly adjacent to the radial 
artery, minimizing risk of injury or inadvertent venous 
cannulation. The femoral artery is less commonly used 
in children because of its close proximity to the femoral 
nerve and vein. Cannulation here can be also challeng-
ing in children because of the artery’s nearness to the 
hip joint. Generally, use of the femoral artery is reserved 
for emergent access.

The radial and femoral arteries may also be used as 
an arterial puncture site. Similar to rationale for their 
use with arterial catheter insertion, the radial artery is 
preferred, and the femoral artery is reserved for access 

by highly skilled clinicians in emergency situations. The 
brachial artery is also less commonly used for arterial 
puncture. Similar to the femoral artery, it is more diffi-
cult to palpate, does not have collateral circulation, and 
is the main feed for a large distal circulatory network. A 
list and description of common arterial puncture sites 
are found in Table 19-6.

Arterial Puncture
There are instances when the need for arterial blood gas 
analysis is infrequent. In these instances, a percutane-
ous arterial puncture is obtained. Obtaining an arterial 
blood gas sample percutaneously requires skill and is 
more challenging than performing an arterial puncture 
in an adult. Depending on the child’s age, it may be diffi-
cult to get the child to cooperate and remain still during 
the procedure, so two care providers should be used so 
that one can assist with stabilizing the extremity used 
for the procedure. 

It is important to recognize that an arterial punc-
ture is a painful procedure and can cause a stress re-
sponse in infants and children. Analgesic agents, such 
as a topical anesthetic cream, a lidocaine injection at 
the site, or a short-acting oral analgesic agent, may 
be used for pain control during the procedure. The 
type of agent used depends on the age of the patient, 
hemodynamic stability, and type and duration of the 
procedure. Parental support during the procedure 
may be helpful in calming and providing comfort to a 
young child.

The use of a transliminating light or devices that use 
near infrared light may be helpful in identifying the 
 vessel selected for access.44,45

Prior to performing the arterial puncture, a 
modified Allen’s test is used to verify the presence or 
absence of collateral circulation. A passive method for 

Artery Good Collateral Circulation at Site Ease of Access

Temporal Yes An option for premature infants. Artery has two branches, which are larger than 
the radial artery and are relatively superficial.

Axillary No A skilled clinician is required.

Radial Yes Extremity can be easily accessed and manipulated.

Ulnar Yes Not as easily accessed as the radial artery. Artery runs adjacent to the ulnar 
nerve.

Brachial No Not as easily accessed as the radial artery.

Femoral No A skilled clinician is required.

Posterior tibial Yes Extremity can be easily accessed and manipulated.

Dorsalis pedis Yes Extremity can be easily accessed and manipulated.

TABLE 19-6
A Comparison of Arterial Sites That May Be Used for Peripheral Arterial Puncture of Infants and Children
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performing the Allen’s test may be used when the child 
is unable to follow commands. A second caregiver or 
parent may provide assistance when performing the 
passive method. To perform the passive method, elevate 
or gently squeeze the child’s hand while the radial and 
ulnar arteries are occluded. 

Regardless of the technique used, the color of the 
palm of the infant’s or child’s hand will change from 
blanched to pink within 5 seconds of releasing the 
ulnar artery when collateral circulation is adequate. 

Table 19-7 outlines the steps used in preparing for and 
performing a percutaneous arterial puncture.

Care of Puncture Site
Prior to performing the procedure, it is important to 
cleanse the site with an antiseptic wipe. Alcohol and 
povidone-iodine wipes are commonly included in arterial 
blood gas kits. 

Prior to the puncture, it is important to observe the se-
lected puncture site for contusions, swelling, or breakdown. 

Phase Procedure Steps

Preparing for the 
procedure

1. Perform hand hyg iene.
2. Introduce yourself to the patient and family and explain the procedure.
3. Adhere to standard precautions, including the use of hand hygiene before donning gloves and protective 

garments.
4. Select the sample site by palpating a pulse.
5. Perform a modified Allen’s test (if applicable; i.e., for radial puncture).
6. Cleanse the site with an antiseptic swab, allowing the area to air dry before proceeding.
7. While the cleaned area dries, prepare a clean field and assemble the blood gas equipment for use.

a. Preheprinized 1.0-mL syringe with 25-gauge preheprinized needle or 25-gauge butterfly needle infusion kit
b. Sterile gauze pad
c. Needle capping protection device (varies by manufacturer)
d. Patient label

8. Cleanse gloves with an antiseptic wipe and palpate the site selected for specimen collection.
9. Communicate to the patient and family that the procedure will begin.

Collecting the 
specimen

10.  While palpating the arterial pulse, gently position the butterfly needle, or needle and syringe, on the skin (against 
blood flow) with the bevel up at a 45-degree angle.

11. Advance the needle gently into the artery.
12. Observe the hub of the needle for a flash of blood, which indicates arterial access.

a. If no flash occurs, gently withdraw the needle, while continuing to palpate the pulse, until the hub can be seen 
at the skin’s surface.

b. Continue to observe the hub for the blood flash.
c. If no flash is seen, palpate the pulse, redirect the needle, and gently advance into the artery.
d. Connect the butterfly needle to the syringe and gently aspirate until the sample is obtained.

13.  Once the sample is obtained, withdraw the needle and hold firm pressure on the puncture site for at least 5 
minutes with the sterile gauze pad.
a. Pressure should be held for a longer period of time in patients with coagulopathy or those receiving 

anticoagulation therapy.

Preparing the 
sample for analysis

14.  While simultaneously holding pressure to the puncture site, remove any air bubbles from the syringe and protect 
and remove the needle, using the manufacturer-provided safety shield.

15. Cap the syringe.
16.  Gently rotate the sample to mix the blood and heparin. This can be accomplished by rolling the capped syringe 

between the index finger and the thumb.
17. Apply the patient label to the sample.

Care of the 
sampling site and 
postprocedure 
infection control 
measures

18. Observe the puncture site.
a. If bleeding is noted, continue to hold pressure, assessing the site every few minutes.
b. Note any changes to the puncture site, such as new onset of bruising, swelling, blanching, etc.
c. Document the procedure in the patient’s medical record.

19. Doff protective garments and perform hand hygiene.

Transporting the 
sample for analysis 
and documenting 
care

20. Document the procedure in the electronic health record:
a. Puncture site
b. Quality of blood obtained
c. How the patient tolerated the procedure

21. Transport the sample for analysis using standard precautions.

TABLE 19-7
The Preparation and Procedural Steps for Performing a Percutaneous Arterial Puncture
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Following the procedure, hold pressure to the puncture 
site for a minimum of 5 minutes. Patients with coagu-
lopathy or those receiving anticoagulation therapy will 
most likely require the site to be held for a longer period 
of time. If the site requires pressure for longer than 10 
minutes, arrange for another healthcare provider to 
transport the sample for analysis.

Once the bleeding has stopped, inspect the puncture 
site for changes in the condition of the skin. Always 
document skin abnormalities noted prior to and/or 
 after the procedure, as well as any complications, in the 
electronic health record.

Care of Sample
After obtaining the sample, air bubbles should be 
 immediately removed. It is essential to follow manufac-
turer instructions for safe capping of the needle. Needle 
shields are provided with arterial blood gas kits and 
although the designs may differ, the shields allow for the 
needle to be safely capped using one hand, minimizing 
the risk of an accidental needle stick to the healthcare 
provider. Butterfly needles generally do not have needle 
shields and thus should be carefully removed from the 
syringe by twisting at the hub. 

Once the needle is safely removed and the syringe 
capped, mix the sample to blend the heparin and the 
blood. Gently rolling the syringe between the index fin-
ger and thumb can easily accomplish this. The sample 
should be labeled immediately and transported within 
10 to 15 minutes of collection to ensure accurate re-
sults. Samples that are not analyzed within 15 minutes 
will metabolize and may yield inaccurate results.

Clinical Considerations
Arterial blood gas puncture is an invasive procedure. 
There is pain and, for some children, anxiety associated 
with this procedure. Care should be taken to evaluate 
the frequency with which blood gas results are needed 
to guide care. Communicating that need to the inter-
professional team and incorporating it into the patient 
plan of care is a better practice. Frequent need for blood 
gas results may require an indwelling arterial catheter 
to minimize the number of punctures an infant or child 
will need to endure. 

Indications
The analysis of arterial blood provides a reliable 
 assessment of oxygenation, ventilation, and acid–base 
balance.41 Arterial blood gas results are used as a 
 diagnostic tool as well as to guide care by assessing the 
child’s response to therapy.42 The indications for arterial 
blood gas analysis are outlined in Table 19-8.

Hazards/Complications
The most common complication associated with an 
arterial puncture is bruising or hematoma formation 

at the site. This is commonly seen with coagulopathy 
 issues or when pressure is not held long enough to stop 
all bleeding. Pain is also associated with this invasive 
procedure as well as inadvertent contact of the needle 
to surrounding nerves or bone (more common with 
attempts to access the radial and brachial arteries).46 
Thromboses, arterial spasm, nerve palsy, pseudoaneu-
rysm, and arteriovenous fistula are also complications.47 
Infection can also occur. The use of proper technique, 
including standard precautions, maintaining a clean 
field while preparing for the procedure, and using sterile 
gauze to hold pressure on the site following sample col-
lection, will minimize the risk for infection. 

Damage to the artery targeted for access may impair 
circulation to the extremity. To minimize this risk, it is 
essential to ensure that collateral circulation is present 
prior to performing the procedure. 

Contraindications/Limitations
Arterial puncture should not be performed at a site with 
compromised collateral circulation, where skin integrity 
is compromised (skin tears or breakdown are present), 
or a surgical shunt. Extremities where there is evidence 
of peripheral vascular disease or where infection is 
present should also be avoided. 

Conditions Adversely Affecting Accuracy 
The quality of the sample can be adversely affected by 
collection technique or the manner in which the sample 
is handled following specimen collection. During col-
lection, the needle may enter a vein, causing a flash of 
blood in the hub, with lack of blood flow into the sy-
ringe. Venous blood can affect the validity of test results 
by raising the PaCO2 and reducing the PaO2. 

To evaluate:
Acid–base balance
Ventilation effectiveness
Oxygenation
Hemoglobin concentrations and oxygen-carrying capacity
Differential diagnoses

To quantify:
Degree of intrapulmonary shunting
Cardiopulmonary response to therapeutic interventions

To identify:
Dyshemoglobinemia, such as carboxyhemoglobin, 

methemoglobin, and fetal hemoglobin*

To monitor:
Therapeutic responses to invasive and noninvasive medical 

interventions
Disease severity and progression 

*Arterial blood gas analysis by hemoximetry is necessary to identify 
dyshemoglobinemia.

TABLE 19-8
Indications for Arterial Blood Gas Analysis
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After collecting the sample, it is essential to ensure 
that air bubbles larger than 5% of the sample are re-
moved from the syringe. Contamination of the blood 
gas sample with air will lower the PaCO2 and elevate the 
PaO2. Improper mixing of the anticoagulant within the 
syringe may cause the specimen to clot, requiring the 
sample to be redrawn. Pre-analytical errors can occur 
when there is a delay in analyzing the specimen. The 
blood will metabolize in the syringe when there is a  
delay of greater than 15 minutes for a sample that  
remains at room temperature or greater than 60 minutes 
for a sample that is collected and stored at 4°C. 

Capillary Blood Gas Analysis
Capillary blood gas sampling is a useful alternative for 
assessing acid–base balance and ventilation in infants 
and children. Blood obtained from a capillary blood gas 
sample correlates well with the pH, PaCO2, HCO3, and 
base excess (BE) obtained from an arterial sample and 
provides a less invasive sampling method.48 Compared 
to values obtained from an arterial sample, the PaO2 
does not correlate well and is lower than the PaO2 ob-
tained from an artery, although it does correlate well 
with the PaO2 obtained from venous blood.49 

Capillary Sampling Procedure and Sampling Sites 
for the Neonate and Child
The quality of the sample depends on the site prepara-
tion and the sampling technique. In order to obtain a 
capillary sample that will best reflect that of arterial 
blood, the site must be properly prepared by warming 
the puncture area. Warming the area will increase circu-
lation to the arterioles in the extremity selected for use.

A capillary blood gas sample can be obtained from 
the foot, finger, or earlobe.50 The posterolateral aspect 
of the foot provides a safe site for capillary blood gas 
sampling. This area is just anterior to the heel of the 
foot, which reduces the risk for inadvertent puncture of 
the bone, which is prominent on the back of the heel, or 
the posterior tibia artery, which runs along the medial 
aspect of the foot. 

The fleshy surface of the fingers or toes, known as 
the palmar, also provides a safe site for capillary sam-
pling in infants and children. These areas should be 
avoided in preterm infants because there is a higher risk 
of causing trauma to the nerve endings of the develop-
ing neonate.

The earlobe provides another site for capillary blood 
gas sampling in children. Earlobe sampling provides 
a slightly more accurate reflection of arterial CO2 and 
PaO2 as compared to capillary samples drawn from the 
fingers, toes, or foot.50 Figure 19-9 illustrates the rec-
ommended sites for capillary blood collection as well 
as the techniques used to stabilize the area or extremity 
from which the sample will be drawn. 

It is important to evaluate the site prior to specimen 
collection. The area should be free from trauma (bruis-
ing), edema, infection, or skin breakdown. Table 19-9 
outlines the procedure for obtaining a capillary blood 
gas sample for analysis.

Care of Puncture Site
Assessing the site of any percutaneous blood sampling 
is important. Always observe the potential site for 
contusions, swelling, or skin breakdown. Following the 
procedure, hold pressure to the collection area for a 
minimum of 5 minutes. Patients with coagulopathy or 
those receiving anticoagulation therapy will most likely 
require the site to be held for a longer period of time. 
If the site requires pressure for longer than 10 minutes, 
arrange for another healthcare provider to transport the 
sample for analysis.

Once the bleeding has stopped, inspect the puncture 
site for changes in the condition of the skin. Always 
document skin abnormalities noted prior to and/or 
after the procedure as well as any complications in the 
electronic health record. An adhesive bandage may be 
used to cover the site once the bleeding has stopped and 
the site has been inspected. Weigh the risk for bandag-
ing the site, especially if fingers or toes were used for the 
procedure. Bandages may cause a choking risk for tod-
dlers or small children who may put their digit in their 
mouth.51 

Care of Sample
After obtaining the sample, the labeled capillary tube 
should be immediately taken to the laboratory for 
analysis. Because the capillary tubes are fragile, it is not 
 advisable to use a pneumatically powered transport 
tube system to send the sample for analysis. 

There may be occasions when the sample cannot 
be analyzed promptly after collection. In this instance, 
the sample will need to be mixed within the heparin-
ized capillary tube and sealed. To mix the sample and 
prevent clotting, gently cap the ends of the capillary 
tube and roll the tube between the fingers and the 
palm, as shown in Figure 19-10A. Mixing can also be 
accomplished by inserting a metal filing, also known 
as a flea, into one end of the capillary tube. Seal both 
ends of the tube by gently inserting rubber caps. (The 
caps and mixing fleas are provided with capillary tube 
kits.) Mix the sample by running a small magnet hori-
zontally along the side of the capillary tube, as shown 
in Figure 19-10B. When a mixing flea is used, the flea 
must be removed before the sample is analyzed. To 
remove the flea, uncap one end and run the magnet 
horizontally in one direction along the sample from 
the capped end to the open end. This will move the 
flea to the open end of the tube, where it can be easily 
removed.
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Preparing for the 
procedure

1. Perform hand hygiene.
2. Introduce yourself to the patient and family and explain the procedure.
3. Adhere to standard precautions, including the use of hand hygiene before donning gloves and protective 

garments.
4. Select the collection site.
5. Warm the area using a wet cloth pre-warmed to approximately 42°C or a commercially available warming pack.

a. Apply the cloth or pack to the area. Allow the area to warm for 5–10 minutes before removing the warming 
cloth or pack.

b. To avoid burning the skin, do not to use cloths that exceed the recommended temperature.
c. A dry cloth or tape can be used to hold the warming cloth or pack, respectively, in place.

6. Assess for the need for pain control.
a. Obtain an order for a topical anesthetic cream if needed.

7. Remove the warming cloth or pack.
a. Cleanse the site with an antiseptic wipe and dry with a sterile gauze pad to minimize hemolyzing the blood.
b. Apply anesthetic cream to the puncture site prior to collecting the specimen as needed.

8. Immobilize the area selected for the procedure by:
a. Holding the patient’s digit with your thumb and forefinger for a finger stick
b. Grasping the earlobe
c. Grasping the foot and positioning the thumb along the arch of the foot and the forefinger, wrapped around 

the upper portion of the heel (in a C shape)

Collecting the 
specimen

  9.    Position the lancet on the skin. Lancets vary in size and include those with a safety feature, which will 
automatically pierce and withdraw the blade into a housing.
a. Do not direct the lancet over bone.
b. Lancets that automatically trigger, when actuated, will pierce the skin at a depth of 1–2 mm.
c. To manually pierce the skin, quickly and gently pierce the skin with a smooth continuous motion, at a depth 

of 1–2 mm. Superficially puncturing the skin may require a second stick to produce a free flow of blood 
sufficient enough to fill the capillary tube.

d. To minimize the chances of slicing or digging into the infant’s or child’s skin, avoid puncturing the skin 
multiple times or using a twisting motion to pierce the skin.

10.  Maintain moderate pressure on the heel or fingertip while slightly releasing the pressure the thumb is placing on 
the infant’s heel or fingertip. This will allow blood to flow more freely from the site. 
a. To avoid hemolyzing the blood, do not squeeze or massage the collection site.

11.  Wipe the first drop of blood from the site with a sterile gauze pad. This will reduce contaminating the sample 
with intrastitial, intracellular, and/or lymphatic fluid.

12.  Holding the capillary tube horizontal to the puncture site, with the opening angled downward, place the tip of 
the capillary tube into the drop of blood.
a. Do not hold the tip of the capillary tube against the puncture site.
b. Keep the opening of the capillary tube in constant contact with the blood droplets until the blood fills the 

capillary tube. The amount of blood collected depends on the size of the capillary tube, which typically 

ranges from 40–125 µL.
c. Do not expose the capillary tip to air between droplet collections.
d. Do not scrape the skin’s surface to collect the sample, as this will increase the likelihood of introducing air 

into the sample.
13. After collecting the sample, hold pressure on the puncture site with a sterile gauze pad.

a. Hold pressure for approximately 5 minutes or until bleeding stops.
b. Pressure should be held for a longer period of time for children with coagulopathy or those receiving 

anticoagulation therapy.
14. Apply the patient label to the sample.

Care of the sampling 
site and postproce-
dure infection con-
trol measures

15. Observe the puncture site.
a. If bleeding is noted, continue to hold pressure, assessing the site every few minutes.
b. Note any changes to the puncture site, such as new onset of bruising, swelling, blanching, etc.
c. Document the procedure in the patient medical record.

16. Doff protective garments and perform hand hygiene.

Transporting the 
sample for analysis 
and documenting 
care

17. Document the procedure in the electronic health record:
a. Puncture site
b. Quality of blood obtained
c. How the patient tolerated the procedure

18. Transport the sample for analysis using standard precautions.

TABLE 19-9
The Preparation and Procedural Steps for Performing a Capillary Blood Gas Puncture
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Clinical Considerations
Capillary sampling should be performed only when 
there is a documented need for intermittent assessment 
of an infant’s or child’s acid–base balance. This form of 
blood gas sampling is not recommended when frequent 
assessment is required or when the need for an arterial 
assessment of oxygenation and ventilation exists. 

The integrity of a capillary sample is important. 
A poor-quality sample can impair effective medical 
management and contribute to poor patient outcomes. 
Factors that can contribute to a poor-quality sample 
include contamination of the sample with air and lym-
phatic fluid, insufficient sample, or clots in the capillary 
tube. During transition to extrauterine life, peripheral 
perfusion is poor; therefore, capillary punctures should 
not be performed in newborn infants younger than 
24 hours of age. 

Indications
Capillary blood gas sampling provides an invasive  
alternative to arterial blood gas sampling when blood 
gases are of value to the management of the infant or 
child, including monitoring the severity and/or progres-
sion of disease status as well as evaluating a patient’s 
response to therapeutic intervention. Capillary blood 
gas sampling is less invasive than percutaneous arterial 
blood gas sampling and is often used when access to  
arterial blood is not available. Capillary blood gas  
results are helpful when assessing the accuracy of non-
invasive monitoring, such as transcutaneous and end-
tidal values for CO2 and SpO2 trends. 

Hazards/Complications
Although this procedure is less invasive than a percu-
taneous arterial puncture, complications may occur, 
especially if variations in the procedure occur. Use of 
a warming cloth that is heated to temperatures above 
42°C increases the likelihood of causing thermal injury 
to the skin. Puncturing the skin in an area that is outside 
of the recommended collection site, such as the pos-
terior medial aspect of the heel, can lacerate the tibial 
artery. Lancing the posterior curvature of the heel can 
injure bone and cause osteomyelitis and/or calcification. 
The risk for nerve damage is increased as well when a 
lancet is used in areas of the heel, fingers, or toes that 
are not recommended. As with any invasive procedure, 
the risk of infection and bleeding exists. Hematoma is 
a common finding when pressure is not held on the site 
until all bleeding stops.

Disadvantages/Limitations
Preparation of the puncture site is a crucial step in the 
sampling procedure. A site that is not properly warmed 
will yield capillary pH and CO2 values that correlate 
poorly with arterial values. Warming is necessary to 
arterialize the sample. Variability in capillary O2 values 
precludes its use for adequately assessing oxygenation 
status. 

Conditions Adversely Affecting Accuracy 
There are several clinical conditions that can affect 
the quality of the sample and accuracy with which the 
blood obtained reflects the infant’s or child’s acid–base 
balance. Conditions that reduce cardiac output and 
contribute to peripheral blood pooling, such as cor pul-
monale,  hypotension, hypothermia, hypovolemia, and 
shock, may elevate PaCO2 values. 

The gap between arterial and arterialized capillary 
oxygen tensions will narrow in the presence of hypox-
emia. Children with congenital cardiac disease require 
special consideration as well. Consideration should be 
given to the type of cardiac disorder affecting the child 
as well as the therapeutic interventions (e.g., surgical 
repair, medications) the child received.

Umbilical Artery Catheter
Arterial catheters are useful when frequent sampling of 
arterial blood is required for the management of a criti-
cally ill infant or child. Arterial catheters also provide 
continuous blood pressure monitoring, which is useful 
with infants and children who are not hemodynamically 
stable.

Placement
After birth, the umbilical stump provides access to 
the umbilical artery, making access and cannulation 
easier, as compared to peripheral artery cannulation. 

FIGURE 19-10 Mixing a capillary sample by (A) gently rolling the 
sample between the fingers and the palm or (B) inserting a metal 
filing, or flea, and using a magnet to move the filing within the blood 
sample.

(A)

(B)
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Cannulating the umbilical artery shortly after birth is 
preferable because these vessels will spasm as arterial 
tensions rise, reducing the ease with which they can be 
accessed.52 

An umbilicus contains two arteries and a vein. The 
hands of a clock are often used to describe the position 
of the umbilical vessels. While standing at the foot of 
the newborn, the two arteries are located at the 5 and  
7 o’clock positions, as seen in Figure 19-11.

Cannulation of the umbilical artery is a surgical 
procedure, requiring the use of aseptic technique. 
There are two positions for a properly placed umbilical 
artery catheter: high and low. Historically, a measure 
of shoulder to umbilicus length, also known as the 
Dunn formula, was used to determine initial catheter 
placement.52 A chart or nomogram was then used to 
determine the depth with which the catheter was ini-
tially advanced and anchored into place. The literature 
reports that this method often overestimates insertion 
length, especially in very low birthweight babies.52,53 The 
use of a weight-based formula to determine initial inser-
tion depth—insertional length (cm) = (4 x birth weight 
[kg]) + 7—resulted in significantly fewer malpositioned 
 umbilical artery catheters.54,55

The tip of the umbilical artery catheter (UAC) over-
lies the 6th to 8th thoracic vertebrae in the high-lying 
position and the 3rd to 4th lumbar vertebrae in the 
low-lying position. Once the high or low position is 
determined and the distance for catheter insertion is 
calculated, the sterile catheter is gently inserted and 
advanced through the artery, using a rotating  motion. 
Blood will flow freely through the catheter when it 
is patent and unobstructed. Once in position,  using 

aseptic technique, the catheter is connected to a 
fluid-pressure transducer system and the transducer is 
calibrated. The transducer should be positioned at the 
level of the right atrium.

Sutures are generally used to secure the umbilical 
catheter into the artery through the umbilical skin, and 
then tied around the umbilical stump. Tape can be used 
to stabilize the catheter by tethering it to the infant’s 
abdomen. A chest and abdominal radiograph is used to 
confirm UAC position. 

Clinical Considerations
Historically, the selection of the high or low position for 
UAC placement has been the subject of much debate. 
Currently, there are no evidence-based recommen-
dations for the optimal position. The literature does 
report, however, a lower incidence of clinical vascular 
complications, such as arterial vasospasm and lower 
extremity blanching, with high-lying umbilical artery 
catheters.56,57 Most physicians and practitioners insert-
ing UACs use the position favored at the institution 
granting their medical privileges. 

Indications
UACs are commonly used for blood sampling and  
invasive monitoring of blood pressure. A UAC 
 provides painless, quick, and reliable vascular access 
immediately after birth in high-risk newborns and 
avoids the painful skin punctures needed for a periph-
erally placed arterial catheter. 

Direct measurement of systolic, diastolic, and 
mean blood pressure are useful in determining 
the hemodynamic status of critically ill patients. 
Mean blood pressure (MAP) represents the force with 
which the left ventricle must pump, providing an assess-
ment of left ventricular afterload. The MAP is calcu-
lated and displayed on the monitor when an indwelling 
arterial catheter is in place. MAP can be calculated by 
using the systolic and diastolic pressures obtained by 
noninvasive blood pressure monitoring through the  
following formula:

MAP = [(2 x diastolic blood pressure) +  
(systolic blood pressure)] / 3

Monitoring pulse pressure, or the difference between 
systolic and diastolic blood pressure, is helpful in de-
termining volume status and determining the efficacy 
of fluid resuscitation. A narrowing or decreasing pulse 
pressure may indicate hypovolemia. During fluid resus-
citation, increasing pulse pressure will occur with the 
restoration of a normal volume status. 

Arterial access, through an indwelling catheter, 
provides a connection to an inline blood gas monitor. 
This closed system allows for continuous monitoring of 
blood gases, electrolytes, and hemoglobin by sampling a 
small amount, approximately 1.5 mL, of blood. After the 

FIGURE 19-11 An illustration of the positions of the umbilical 
arteries and vein in the stump of the umbilical cord following birth. 
The arteries are smaller in size and located at the 5 and 7 o’clock 
positions. The vein is larger, more oblong shaped, and found near the 
12 o’clock position.

Placenta

Umbilical cord

Umbilical arteries

Umbilical vein

Wharton’s
jelly
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blood crosses the microelectrochemical sensor for an-
alysis, the patient is reinfused with 1.0 mL of the blood 
used for analysis, minimizing blood loss. Figure 19-12 
provides an illustration of the ViaMedical inline blood 
gas monitor (International Biomedical, Austin TX).

Hazards/Complications
Incorrect placement of the UAC increases the risk for 
catheter-associated complications, such as increased 
risk for thromboses of the lower extremities, bowel, and 
kidneys and bleeding and circulation disturbances.58 
Adjusting the catheter position and drifting from asep-
tic technique during line care increases infant handling 
and infection risk.58 

Disadvantages/Limitations
Distal hypoperfusion may follow arterial cannulation. 
Therefore, it is important for the infant’s pelvic area 
and feet to be visible at all times, facilitating assess-
ment of adequate circulation. The risks and benefits 
of cannulation should be weighed prior to catheter 
placement. 

Conditions Adversely Affecting Accuracy 
Catheter malposition increases the likelihood for com-
plications, some of which may be life threatening. The 

accuracy of invasive blood pressure monitoring may be 
adversely affected by transducer position. It is essential 
for the transducer to be free of blood and maintained at 
the level of the right atrium. Monitoring arterial pres-
sure waveforms is helpful in determining the quality of 
the signal and precision of the systolic, diastolic, and 
mean pressures displayed on the monitor. A dampened 
signal denotes the need to calibrate the transducer. 
Treatment based on erroneous blood pressure readings 
contributes to poor patient outcomes. 

Peripheral Artery Catheter 
Peripherally inserted arterial lines are useful when 
frequent sampling of arterial blood is required for the 
management of a critically ill child and where cannula-
tion of the umbilical artery is not a viable option. Simi-
lar to a UAC, a peripheral artery catheter also provides 
continuous blood pressure monitoring. 

Placement in an Infant or Child
Cannulation of the artery can be accomplished by 
percutaneous puncture or by making a small surgical 
incision in the skin to allow direct access to the vessel, 
also known as the cut-down method. The radial artery 
is the most commonly used site. However, the dorsalis 
pedis and posterior tibial arteries provide viable  options 
if cannulation of the radial artery cannot be accom-
plished. Arterial catheters range in size from 10 to  
22 gauge for children and 22 to 24 gauge for newborns 
and infants. The literature reports the benefits of using 
ultrasound to guide peripheral arterial line placement. 
The use of ultrasound guidance for the placement of 
radial arterial catheters reduces the time and number 
of attempts required for cannulation, especially among 
less experienced practitioners.59

Clinical Considerations
Prior to cannulation, it is important to assess the col-
lateral circulation of the extremity selected for potential 
use by performing a modified Allen’s test. This invasive 
procedure is not without risk for complications. The 
risks and benefits of peripherally cannulating the artery, 
especially when performed in infants and very small 
children, should be weighed prior to performing the 
procedure. 

There is an increased risk of complications with 
cannulation of the brachial, femoral, and superficial 
temporal arteries. These sites are not considered as 
first choices for percutaneous or surgical access of the 
artery. 

Indications
The indications for a peripherally inserted arterial 
catheter mirror those of UACs. The arterial lines are 

FIGURE 19-12 An illustration of the configuration and use of an 
inline continuous blood gas monitor.
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commonly used for blood sampling and invasive moni-
toring of blood pressure. As with a UAC, an inline con-
tinuous closed-loop blood gas monitor may be used.

Hazards/Complications
The insertion of a peripheral artery catheter carries a 
risk for catheter-associated infections. To minimize 
the risk for infection, adherence to aseptic technique 
and catheter-related bloodstream infection bundles is 
essential.60 Bleeding and thrombosis are also compli-
cations associated with indwelling arterial catheters. 
The risk of thrombosis increases proportionally with 
the size and duration of catheter placement. Children 
younger than 5 years of age carry a higher risk for com-
plications and should be closely monitored for signs 
of thrombosis.61 

Disadvantages/Limitations
Insertion of peripheral artery catheters can be challeng-
ing and is associated with a low first-attempt success 
rate, especially when less experienced practitioners per-
form the procedure.61 Repeated attempts for vascular 
access are associated with a higher complication rate 
and can delay patient care.61

Conditions Adversely Affecting Accuracy 
Conditions that adversely affect the accuracy of invasive 
blood pressure measurements or blood gas results mir-
ror those associated with the use of a UAC. Catheter 
malposition will increase the likelihood for circulatory 
impairment of the extremity distal to the catheter tip. 
The accuracy of invasive blood  pressure monitoring 
may be adversely affected by transducer position. Poor 
patient outcomes may occur when treatment is based 
on erroneous blood gas or pressure readings. 

Central Venous Catheter 
There are several types of central venous access. The 
types of access devices differ with indications for use. 
The frequency of catheter use, availability of access 
sites, and expected duration of therapy should be con-
sidered when selecting the type of venous access device 
to place. Although a topical anesthetic is frequently 
used before accessing a central vein, sedation and anal-
gesia are necessary for pain control.62

Placement in a Neonate or Child
A central venous catheter may be placed percutane-
ously or through surgical cannulation, known as the cut-
down method. The cut-down procedure is typically used 
to access the internal and external jugular and common 
facial, brachial, femoral, and saphenous veins. This 
method requires expertise to minimize the propensity 

for surgical complications, including bleeding, vessel 
perforation, and nerve and/or muscle damage.63 

The internal and external jugular, brachial, and  
saphenous veins may also be accessed percutaneously. 
The subclavian vein is also a commonly accessed ves-
sel by percutaneous cannulation. A flush line, pressure 
transducer, and pressure-monitoring device are re-
quired for invasive monitoring of right atrial pressures. 
The pressure waveform provides guidance for the depth 
of insertion.63 Similar to the placement of arterial lines, 
radiographic confirmation of line position is required 
following placement.63

Clinical Considerations 
The umbilical venous catheter (UVC) is most commonly 
used in critically ill newborn infants. Cannulation of the 
umbilical vein provides easy access and preserves the 
integrity of the small-caliber peripheral veins, especially 
in preterm infants. 

Another option for central access in infants and chil-
dren is a peripherally inserted central catheter (PICC). 
A PICC is generally threaded percutaneously through a 
superficial vein and can be used to administer vasoac-
tive medications and parenteral nutrition. 

Indications
Central venous catheters provide a direct route for 
fluid, medication, and nutritional support to the central 
circulation. Assessing a central vein is preferable when 
antibiotic or chemotherapeutic medication delivery 
is irritating to the peripheral veins (causes a burning 
sensation or vasospasm), in children with limited or 
difficult peripheral access, and those requiring frequent 
blood collection.64

Central venous catheters can be used to monitor 
hemodynamic status by measuring central venous and 
right atrial pressures, which are helpful in managing 
fluid administration.

Central access through the internal and external 
jugular, brachial, femoral, subclavian, and saphenous 
veins provides a route for infusing larger volumes of 
fluid as well as for monitoring right atrial pressures.64 
Monitoring right atrial pressures is helpful in assess-
ing tricuspid valve performance, intravascular volume, 
and myocardial function. Pressure trends are useful for 
guiding therapy, especially fluid balance. Normal values 
for right atrial pressures range from 2 to 7 cm H2O but 
vary with changes in intrapleural and thoracic pressure. 
Table 19-10 outlines the clinical conditions associated 
with variances in central venous pressures.

Hazards/Complications 
Studies comparing complications from central venous 
access devices identified that most occur with PICCs 
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(51%) and fewer (1.6%) with UVCs.65 As with any in-
dwelling catheter, the risk for catheter-associated blood-
stream infection exists.65 

During insertion, pneumothorax can occur.65 
 Dysrhythmias are often associated with catheter 
 malposition and occur in response to right ventricular 
irritation by the catheter tip. There is also the risk for 
thromboembolism and migration of the emboli to the 
pulmonary vasculature, especially when the catheter is 
in place for a prolonged period of time.63 

Disadvantages/Limitations
The caliber of the central line may limit its use. The lu-
men of a PICC line can be extremely small, especially 
when the use is for a preterm or low birthweight in-
fant. The small lumen often makes these lines unsuit-
able for blood sampling or hemodynamic monitoring. 
Because of the risks of infection, PICCs are used for 
intermediate duration of therapy, extending from 1 to 
6 months.66

Conditions Adversely Affecting Accuracy 
Catheter migration and subsequent malposition will 
affect pressure readings. Right atrial pressures are also 
affected by changes in thoracic and intrapleural pres-
sure. Caution should be used when basing decisions on 
trends that include values obtained during mechanical 
ventilatory support.

Pulmonary Artery Catheter 
Pulmonary artery catheters, also known as Swan Ganz 
catheters, provide direct monitoring of pulmonary and 
intracardiac pressures and measurement of mixed ve-
nous oxygen tensions and cardiac output. Left arterial 
pressure estimations can be obtained by performing a 
pulmonary artery wedge pressure.

Placement in a Neonate or Child
Preparation for insertion is essential. The child is typi-
cally placed in a Trendelenburg position to enhance 
neck vein filling, which facilitates catheter float through 
the tricuspid valve into the right ventricle. This position 
also used to prevent air emboli. The conventional pul-
monary artery catheter has four ports (Figure 19-13). 
Prior to insertion, the catheter is primed with an in-
travenous flush solution. The integrity of the balloon 
is also assessed by injecting air into the balloon lumen 
and verifying that the balloon, located on the catheter’s 
distal tip, inflates and remains inflated until manually 
deflated by removing air from the balloon lumen.

  Increased Central Venous Pressure Decreased Central Venous Pressure

Clinical condition

Hypervolemia Severe dehydration

Increased systemic vasoconstriction Hemorrhage

Left ventricular failure Profound vasodilation

Tricuspid stenosis Shock

Tricuspid regurgitation Hypovolemia

Increased pulmonary vascular resistance  

Cardiac tamponade  

TABLE 19-10
Common Conditions Associated with Changes in Central Venous Pressure

FIGURE 19-13 An illustration of a pulmonary artery catheter.
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Monitored Pressure Range (mm Hg)

Mean right atrial 2–7

Pulmonary artery systolic 15–30

Pulmonary artery diastolic 5–15

Mean pulmonary artery 10–20

Pulmonary capillary wedge 5–15

TABLE 19-11
Normal Range Values for Pressures Obtained from 
Pulmonary Artery Catheterization

Cannulation of a large vessel is required. This can be 
accomplished surgically, by a cut-down technique, or 
through percutaneous insertion. The left subclavian or 
right internal jugular vein is frequently used because 
the predesigned curvature of the catheter allows for 
ease of access, even in the most unfavorable condi-
tions, such as a pulmonary hypertensive crisis. The 
femoral artery may also be used; however, access to the 
pulmonary artery is more difficult with this approach 
because of the torturous path the catheter must travel. 
Fluoroscopy-guided insertion may be helpful when 
congenital anomalous venous connections are sus-
pected.67 The balloon is inflated after insertion of the 
distal portion of the catheter. The air-filled balloon 
helps the catheter flow through the major vessels and 
right chamber of the heart to the pulmonary artery. 
The location of the  catheter is confirmed by observ-
ing the pressure  waveforms on the cardiac monitor 
(Figure 19-14). 

Clinical Considerations
The use of pulmonary catheters in critically ill infants 
and young children is much less frequent than in criti-
cally ill teens and adults. The risk of complications is 
much higher in infants and young children, which must 
be weighed against the monitoring benefits. The pres-
sures and normal ranges for their respective values ob-
tained from pulmonary artery catheterization are found 
in Table 19-11. Fluid balance, intrapleural pressure, 
and cardiac function can cause variations in pulmonary 

FIGURE 19-14 Waveforms from the various locations of a pulmonary artery catheter.
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artery and capillary wedge pressures. Table 19-12 out-
lines the clinical conditions that can cause alterations in 
pulmonary artery pressures. Pulmonary capillary wedge 
pressures will be increased with intravascular fluid 
overload and left ventricular failure.

Pressure and cardiac output measurements can 
be used to derive several hemodynamic parameters. 
Pulse contour analysis is a minimally invasive tech-
nique that uses pressure measurements obtained 
from a pulmonary artery or central venous catheter 
to continuously calculate cardiac output. Stroke vol-
ume and cardiac index can be accurately derived from 
variations in the arterial pressure waveform during 
mechanical ventilation.68 Figure 19-15  illustrates 
how stroke volume and cardiac output can be derived 
from the arterial pressure waveform. A central venous 
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catheter may be used in lieu of a pulmonary artery 
catheter when pulse contour analysis is used, making it 
an attractive alternative for  infants and children. 

Values obtained from pulmonary artery pressure 
monitoring can be used to calculate parameters that 
will provide a comprehensive hemodynamic profile. 
The parameters and normal range values are found in 
Table 19-13.

Indications
Pulmonary artery catheters measure hemodynamic 
parameters and are used to measure cardiac output, 
evaluate cardiomyopathy and intravascular volume, 
and determine shock state. The presence and severity of 
valvular heart disease and pulmonary hypertension can 
also be assessed. 

Hazards/Complications
Complications can occur during the insertion of a 
pulmonary artery catheter or while the catheter is in-
dwelling. Bleeding, pneumothorax, arrhythmias, and 
perforation of the right atria and ventricle can occur 
during catheter insertion. Overinflation of the balloon 
can contribute to balloon rupture and subsequent air 
emboli or, if the balloon remains intact, cause structural 
damage to the pulmonary artery. To minimize the  
potential for pulmonary infarction, care should be taken 
to avoid positioning the catheter in the wedge position 
for prolonged periods of time. 

Complications associated with an indwelling catheter 
include catheter-associated bloodstream infections and 
thrombosis.

Disadvantages/Limitations
The skill required for insertion and complications as-
sociated with insertion limit the utility in infants and 
small children. 

Conditions Adversely Affecting Accuracy 
Variations in pulmonary capillary wedge pressure may 
occur during mechanical ventilatory support. Pulmo-
nary capillary wedge pressure reflects the pressures on 
the left side of the heart, which are obtained when blood 
flow is absent on the pulmonary capillary bed. Change 
in intrapulmonary pressure will affect pulmonary capil-
lary wedge pressures. As intrapulmonary pressures rise, 
more pressure is transmitted to adjacent cardiovascular 
structures. The use of positive end-expiratory pressure 
(PEEP) will elevate pulmonary capillary wedge pressure. 
It is important to follow trends and to interpret values 
cautiously when changes in PEEP and pulmonary com-
pliance occur.

Hemodynamic Parameter Range of Normal Values

Cardiac index 3.5–4.5 L/min/m2

Stroke volume 50–80 mL/heartbeat

Stroke volume index 30–65 mL/heartbeat/m2

Systemic vascular resistance 11–18 mm Hg/L/min

Pulmonary vascular resistance 1.5–3.0 mm Hg/L/min

Shunt fraction <5%

TABLE 19-13
Calculated Parameters Used to Construct a 
Hemodynamic Profile and Values Within the 
Normal Range

FIGURE 19-15 An illustration of the use of pulse count analysis to 
derive stroke volume and cardiac output. Stroke volume is reflected 
by the red-colored area under the systolic part of the pressure curve 
of one heartbeat. Cardiac output is calculated beat to beat and is 
the product of stroke volume and heart rate (stroke volume x  
heart rate).
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Conditions Causing 
Pressures to Increase

Conditions Causing 
Pressures to Decrease

Increased pulmonary vascular 
resistance

Mitral stenosis
Left ventricular failure
Hypervolemia/intravascular fluid 

overload
Pulmonary edema
Increase in pulmonary blood flow 

(i.e., congenital heart defects 
with a left-to-right shunt)

Hypovolemia
pulmonary vasodilation

TABLE 19-12
Conditions That Will Cause Pulmonary Artery 
Pressure to Vary from Normal
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Case Study 1
A 16-year-old girl with a history of poorly controlled 
asthma presents to the emergency department with 
worsening shortness of breath. She is in severe respira-
tory distress despite receiving albuterol every 2 hours at 
home. She is placed on a cardiopulmonary monitor and a 
pulse oximeter. Vitals signs are as follows: heart rate 120 
beats per minute, respiratory rate 30 breaths per minute, 
blood pressure 125/90 mm Hg, temperature 37.5°C,  
oxygen saturation 86% on room air. You are asked to 
initiate continuous albuterol at 15 mg/hr and to obtain a 
blood gas. After obtaining the arterial blood gas supplies, 
you enter the room, introduce yourself to the patient, 
and describe the procedure to her. 

Prior to performing the radial artery puncture, you 
perform the modified Allen’s test. The color of the palm 
changed from blanched to pink in <5 seconds. 

You proceed with the procedure, obtain a sample for 
analysis, and apply pressure to the puncture site until 

bleeding has stopped. The blood gas is analyzed with a 
point-of-care blood gas machine. The arterial blood gas 
test indicates a pH of 7.54, CO2 of 26 mm Hg, PaO2 of  
60 mm Hg, bicarbonate level of 22 mEq/L, base excess of 
0.8 meq/L and Pa. A chemistry panel demonstrates a  
sodium level of 138 mEq/L and chloride level of 103 mEq/L. 
The physician asks you to interpret the arterial blood gas 
and to make recommendations for care.

1. Was collateral circulation adequate prior to 
 performing the arterial sample.

2. If the patient was unable to follow your direc-
tion for the modified Allen’s test, describe how 
you would assess collateral circulation.

3. What is your interpretation of this arterial  
blood gas?

4. What other recommendations would you make 
at this time?

Case Study 2
A 6-week-old infant presents to the emergency depart-
ment with complaints of color changes with a choking 
and coughing episode. The mother reported that the 
child had a bluish discoloration of his face with the 
episode. Upon presentation, the infant appeared alert 
and in no distress. Vital signs are as follows: heart rate 
122 beats per minute, respiratory rate 30 breaths per 
minute, blood pressure 90/54 mm Hg, SpO2 100% on 
room air. The patient was triaged and placed on a car-
diorespiratory monitor. 

The infant’s mother stated that the event occurred 
about 10 minutes after she had finished breastfeeding 
and had placed him on his back in his crib. She said that 
she had heard him making choking and gurgling sounds 
and had gone back to his room to check on him, where 
she noticed that his face had turned bluish purple. She 
further noted that when she picked her son up, he was 
limp and did not seem to be breathing. She immedi-
ately shouted for her husband while she “blew air into 

his mouth.” After about 10 seconds, she said her infant 
responded and seemed to be back to his normal self. 

A chest radiograph was ordered and results were 
unremarkable. The infant was admitted to pediatric 
services for overnight evaluation with impedance 
pneumography with pH by an esophageal monitoring 
catheter. The patient had no further apneic episodes 
during admission but did have reflux after most feeds. 
No further interventions were required during the 
hospital stay, and the infant was discharged home the 
following day after parental education on home man-
agement of infantile gastroesophageal reflux disease.

1. What does impedance pneumography monitor?

2. Could this type of monitoring be performed with 
a home device?

3. What are the limitations to using an impedance 
pneumography monitor on the patient in this 
case study?
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OBJECTIVES
1. List the indications for chest radiography.
2. Explain the concerns associated with radiation exposure  

in pediatric patients.
3. Describe how to evaluate the technical quality of chest 

radiography.
4. Explain the importance of patient and head positioning 

during chest radiography.

5. List the indications for frontal and lateral neck radiography.
6. Differentiate between the church steeple and thumb-like 

signs.
7. Differentiate among lateral decubitus, oblique, 

anteroposterior, and posteroranterior views.
8. Describe the common radiologic abnormalities seen in the 

airway, pleura, and lung parenchyma.
9. Explain proper radiologic position of common lines and 

drains, such as peripherally inserted central catheter, 
umbilical artery catheter, umbilical venous catheter, and 
nasogastric tube.

10. List the contraindications of magnetic resonance imaging.

KEY TERMS
anteroposterior  

(AP)
computerized 

tomography scan
lateral decubitus
magnetic resonance 

imaging
oblique

peripherally inserted 
central catheter (PICC)

posteroanterior (PA)
radiolucent
umbilical artery 

catheter (UAC)
umbilical venous 

catheter (UVC)
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Introduction
Radiography has advanced tremendously over the years. 
Historically, when a chest radiograph was obtained, a 
film was used, which required manual development. 
After the image processing, the film was hand delivered 
to a physician for review and interpretation. This pro-
cess was quite lengthy and much different from the 
process we currently use. Today, radiographic images 
are obtained and ready for interpretation almost in-
stantaneously. Portable machines obtain radiographic 
images at the point of care, such as the patient’s bedside. 
Typically, portable radiologic imaging occurs when 
transport to a central radiology department is not opti-
mal. Portable machines are common in neonatal and 
pediatric intensive care units, especially when intubated 
patients require imaging. The radiologist or attending 
physician has the ability to review the images electronic-
ally and even to have a specialist review and interpret 
the reading from a separate location, expediting care. 
Radiographs are viewed digitally and most frequently 
use a Picture Archiving and Communication System 
(PACS) monitor, a monitor on the portable unit, or with 
a radiologist in the radiology department.1 In addition to 
streamlining workflow, digital imaging systems, such as 
PACS, allow radiograph images to link to the electronic 
health record, which ties the image to the patient’s clini-
cal data and minimizes the propensity for lost or missing 
films.2 The use of digital images allows the user to adjust 
the quality of the image, reducing the need to repeat ra-
diographs because films were over- or underexposed.3

Radiographic assessment of the chest is critical in 
determining accurate diagnosis and proper treatment. A 
respiratory care practitioner is able to visualize anatomy; 
assess airway patency; evaluate abnormalities; and assess 
and verify the position of lines, drains, and tubes. Pedi-
atric radiation exposure is a particular concern because 
infants and children are more radiosensitive than adults. 
Infants and children also have a longer span of time for 
any detrimental effects of radiation exposure, such as 
cancer, to manifest, and the use of equipment and expo-
sure settings designed for adults may result in excessive 
radiation exposure if used on pediatrics.4,5 Where there 
is a need for imaging, the as low as reasonably achieve-
able (ALARA) principle should  always be followed.6

Normal anatomy is distinguishable by the amount of 
the X-ray beam that is absorbed. For instance, bone and 
metallic hardware (orthopedic hardware, etc.) appear 
white because the higher absorption rate of radiation 
results in less to expose the film. In contrast, air has 
little absorption; the lungs, for example, appear black  
on the radiograph.

Anteroposterior and 
Posteroanterior Views
Anteroposterior (AP) and posteroanterior (PA) views are 
differentiated by the position of the patient in relation-
ship to the radiation source. In the AP view, the patient 

lies on their back and the radiographic beam enters 
from front to back. The PA view is the opposite—the 
patient either is in a prone position or is standing, and 
the radiographic beam enters from back to front.

Neonatal AP chest radiographs (CXRs) tend to have a 
lordotic appearance because of the lack of thoracic curva-
ture that develops with age. It is important to consider this 
distortion when reviewing the image. The image of the 
chest is obtained during the inspiratory phase for neonates 
and infants receiving ventilatory support. Occasionally, the 
provider requests an inspiratory pause during the CXR. 
The inspiratory hold enables the image to capture the 
lungs fully inflated for a better evaluation (Figure 20-1).

Chest Radiography
Chest radiography has been used as a diagnostic tool 
for more than a century. Chest radiographs provide 
clinicians with images that allow for examination of the 
heart, lungs, and thorax; identify presence and/or pro-
gression of pathology; and assess the position of lines, 
drains, and tubes.

Lateral Decubitus
The lateral decubitus position evaluates the presence of 
air or fluid in the pleural space. Positioning is important to 
obtain an image that can reveal air or fluid that is abnor-
mally in the pleura. When the clinician is evaluating for air 
in the pleural space or for a pneumothorax, the patient lies 
with the affected side of the thorax facing up or away from 
the bed or cart.7 Clinicians prefer this view because AP 
CXRs have poor sensitivity for occult pneumothoraces.8 
Positioning the patient with the affected side down helps 
to evaluate for a pleural effusion or the presence of fluid in 
the pleural space.9 Frequently, clinicians request this view 
to determine the presence of a foreign body aspiration.10 
Air trapping during expiration in a confined or isolated 
area is suggestive of a complete bronchial obstruction. 
Normally, the lung loses volume during expiration. How-
ever, when a foreign body lodges in the airway and com-
pletely obstructs the airway, air is unable to escape from 
that area, and the affected portion of the lung will remain 

FIGURE 20-1 AP view of a neonate demonstrating a lordotic 
appearance due to lack of thoracic curvature.
Courtesy of Akron Children’s Hospital.
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inflated. Proper positioning is critical for a good image. 
Arms and chin must be raised and remain out of range 
of the image. Elevating the neonate or infant on a radio-
lucent sponge prevents the chest from sinking into the 
cart pad. When the body sinks into the cart pad, artifact 
lines superimpose over the lateral lung field, obscuring 
the image. Additionally, fluid in the pleural cavity will also 
obscure an image. Because fluid sinks to the lowest level, 
there is potential for the fluid to superimpose with the 
cart pad, which will obscure the image (Figure 20-2).

Oblique
The oblique position gains an additional perspective of 
the lungs. The oblique rotation will place the anatomic 
structures in a different position to provide further 
evaluation of areas previously superimposed on the  
AP/PA image. This position also elongates the ribs to 
allow for better determination of a fracture. This is 
especially helpful when evaluating an infant or a child 
for fractures due to abuse or nonaccidental trauma.11 
As with all radiographs, proper position is critical. An 
oblique image, if evaluating the lung field, requires a 
45-degree rotation of the chest, whereas an oblique for 
the heart requires a 60-degree rotation. If the rotation is 
not accurate, distortion and magnification of anatomic 
structures can occur (Figure 20-3).

Neck
The thoracic trachea and mainstem bronchi are promi-
nent on routine CXRs. Soft tissue neck films are useful 
and further evaluate the extrathoracic airway. These 
views may show a mass effect resulting from retropha-
ryngeal abscess or reveal distortion related to a foreign 
object. The adenoids are located posterior to the na-
sopharynx on the lateral neck radiograph. The lateral 
neck radiograph allows for visualization of the palatine 

tonsils, located between the oropharynx and nasophar-
ynx. Enlargement of these two structures is a leading 
cause of sleep-related apnea as well as airway obstruc-
tion  related to swelling from acute infection.12

Croup is the most common cause of upper airway 
obstruction in children between 6 months and 3 years 
of age.13 Most cases are viral in nature and cause stridor 
with a barking cough. Frontal and lateral neck radio-
graphs may demonstrate subglottic narrowing below 
the vocal chords with loss of the normal shouldering 
and overdistention of the hypopharynx, resulting in the 
church steeple appearance (Figure 20-4).14

It is important to evaluate a child presenting with 
stridor for a foreign body aspiration. Children, espe-
cially toddlers, often put food or toys in their mouths. 
However, they often do not chew the food well enough 
to  allow it easy passage into the esophagus. The larger 
pieces of food, commonly a peanut, piece of candy, or hot 
dog, are aspirated rather than swallowed and obstruct 
the trachea or bronchus. Additionally, a coin or small toy 
ingested into the esophagus may cause compression of 
the trachea (Figure 20-5). A history of  choking typically 

FIGURE 20-2 Lordotic radiographic view showing the presence 
of free air in the pleural space. The arms and chin are raised to 
minimize interference.
Courtesy of Akron Children’s Hospital.

FIGURE 20-3 An oblique image, in which there is a 45-degree 
rotation of the chest for better evaluation of the airway and lung fields.
Courtesy of Akron Children’s Hospital.

FIGURE 20-4 Lateral neck radiograph demonstrating the steeple 
sign commonly associated with croup.
Courtesy of Akron Children’s Hospital.
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prompts the evaluation for aspiration or ingestion of a 
foreign object. A lateral neck view, as well as views of the 
chest and abdomen, are helpful in locating the object.

Radiation exposure is always a concern, and the need 
for imaging should be evaluated. Although no parent 
wants their child subjected to the hazards associated 
with radiation exposure, a radiograph is often critical 
to diagnose respiratory and cardiac-related problems. 
Proper selection of the technique and patient position 
are critical to the evaluation of the radiologic image of 
the neck and chest. Obtaining the right type of view with 
little to no interference will minimize the need to repeat 
the imaging study. Improper positioning may also result 
in a misinterpretation of the image. For example, chest 
rotation can cause image distortion, show improper tube 
or line placement, and result in a missed diagnosis.

Examination of Anatomical Structures
Many structures of the chest are readily visible on a 
chest radiograph. These include bony structures such 
as the ribs, clavicles, sternum, and spine in addition to 
the lungs, trachea, hila, diaphragm, lung fissures, heart, 
aorta, and esophagus. Other important structures, such 
as the phrenic nerve, are not visible for evaluation. Ana-
tomical structures such as the pleura are only clearly 
visible when an abnormality exists. 

Chest and Neck
When viewing a chest radiograph, it is important to be 
able to identify the anatomic structures of the thorax, 
pleura, hilar region, lung fields, heart and vasculature, 
and the soft tissues. The clavicular heads meet just above 
the mediastinum, at the first thoracic vertebra (T1), to 
form the thoracic inlet. The trachea descends vertically 
between the clavicular heads and appears as a radiolucent 
structure positioned over the spine. In neonates, the tra-
chea may not align perfectly with the spine because of the 
lack of thoracic curvature. The trachea bifurcates at the 
carina into the right and left mainstem bronchi at the 6th 
thoracic vertebrae (T6) in children and the 4th thoracic 
vertebra (T4) in neonates. The ribs should be symmetri-
cal. A normal rib cage has 12 pairs of ribs. Children with 
congenital anomalies of the chest, such as Jarcho-Levin 

syndrome, may have a crab-shaped chest and fused ribs.15 
Children with skeletal dysplasia may have asymmetrical 
and/or short ribs.16 Intercostal spaces are evenly spaced. 
Widened intercostal spaces and flattened diaphragms 
are associated with hyperinflation. Narrowed intercostal 
spaces signify decreased lung volumes, which are often 
seen with atelectasis. The right hemidiaphragm is typi-
cally slightly higher than the left. The liver rests below the 
right and the stomach below the left hemidiaphragms. 
Because the lungs are filled with air and normally do not 
contain fluid or blood, they appear radiolucent.

The heart and vasculature are located in the center of 
the chest, in the mediastinal area. A CXR does not pres-
ent the heart in detail. However, the shape and size can 
be examined on a CXR. Figure 20-6 shows the normal 
anatomic structures in an older child. Figure 20-7 iden-
tifies the structures typically seen on a lateral view of 
the neck. This view allows for evaluation of the cervical 
spine, oropharynx, and upper airway.

Lines/Drains and Tubes
A CXR also determines placement of internal lines 
and tubes. The accuracy of placement is extremely 

FIGURE 20-6 CXR showing normal anatomic structures.
Case courtesy of Dr. Jeremy Jones, Radiopaedia.org, rID: 41667.

FIGURE 20-5 Radiologic images showing a coin lodged in the esophagus.
Courtesy of Akron Children’s Hospital.
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important for proper patient monitoring, treatment, 
and care. As previously discussed, positioning of the 
patient is crucial in determining placement. Small varia-
tions, such as flexion or extension of the patient’s neck, 
may result in a need to repeat the image and subject the 
child unnecessarily to additional radiation exposure.

Tracheal Tubes
The endotracheal tube (ETT) should reside below the 
thoracic inlet and above the carina (level of T4 on a 
neonate and T6 in children). Because the distance 
between the thoracic inlet and the carina is minimal 
in a neonate, migration of the tube within a few mil-
limeters can position the ETT shallowly and at risk for 
unplanned extubation or too deeply in the trachea and 
at risk for an endobronchial intubation (Figure 20-8). 
Keep head rotation to a minimum because the ETT tip 
can move superiorly and inferiorly, making it difficult 
to determine the actual position. The tracheal length in 
a child is shorter compared to an adult. Small changes 
in head position can malposition the ETT. Head exten-
sion can move the ETT superiorly; depending on the 
initial position of the ETT, this may place the tip of the 
tube above the thoracic inlet or even in the esophagus. 
Head flexion can cause the ETT to migrate deeply into 
the trachea and position the tip at the carina or within 
a mainstem bronchus. Endobronchial intubations most 
frequently occur in the right mainstem bronchus. If un-
detected, an ETT positioned in the right main bronchus 
results in hyperinflation of the right lung and collapse 

FIGURE 20-7 A view of the lateral neck. 
© Xray Computer/Shutterstock.

FIGURE 20-8 An AP view of an intubated infant. The tip of the  
ETT is just below the thoracic inlet. A nasogastric tube is seen in  
the stomach.
Courtesy of Akron Children’s Hospital.

of the contralateral lung. The AP/PA frontal view is the 
primary choice to evaluate the distance from the ETT to 
the carina.

Gastric Tubes (NG/OG)
Gastric tubes should follow a vertical path along the 
midline of the chest. The tip should rest in the stomach, 
below the left hemidiaphragm (Figure 20-9). This tube 
should not coil in the chest or follow along the trachea 
and bronchus.

Central Lines: Peripherally Inserted  
Central Catheter
A peripherally inserted central catheter (PICC) line, 
inserted through a peripheral vein, rests in the thoracic 

FIGURE 20-9 An AP view of a gastric tube. The tip of this tube rests 
in the stomach, below the left hemidiaphragm.
Courtesy of Akron Children’s Hospital.
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portion of the vena cava or right atrium of the heart 
(Figure 20-10). A PICC allows concentrated solutions 
to be delivered with less risk of complications.

Possible complications associated with PICC insertion 
include pneumothorax, hemothorax, hematoma, and/or 
infection. Although there are risks, a PICC provides an 
alternative for pediatric patients needing frequent labs, 
small injections, or recurring intravenous medication.

Umbilical Vessel Catheters and Vein  
and Artery Catheters
The umbilical venous catheter (UVC) and umbilical  
artery catheter (UAC) are specific to newborn infants 
or neonates. This is because as the infant ages, the um-
bilical cord dries up and falls off. If not cannulated, the 
umbilical vein closes soon, fewer than 7 days after birth, 
and becomes the round ligament of the liver. The UVC is 
useful for exchange transfusions; for monitoring central 
venous pressure; and for the infusion of fluids, includ-
ing emergency vascular access for the administration 
of fluids, blood products, or medications. The umbili-
cal vein is found with the two umbilical arteries in the 
cord stump and travels to the inferior vena cava (IVC) 
by the left portal vein and ductus venosus. The ductus 
venosus begins at the left portal vein and enters the IVC 
closely related to the hepatic veins. The correct position 
of the tip of the UVC is at or close to the inferior cavo-
atrial junction (Figure 20-11). Misplacement can occur 
among other places, in normal anatomy, at the level of 
the left portal vein and at the level of the hepatic veins.

UAC uses include monitoring blood pressure  
and obtaining arterial samples for blood gas, electro-
lyte, and lactate analysis. The UAC is passed  
through either one of the two umbilical arteries  
and descends to the iliac artery before ascending  
to the aorta. Appropriate placement of the tip is in 
either a low (L3–L4) or high (T6–T10) position.  

This avoids the tip being associated with the origin of 
major aortic vessels.

Computerized Tomography
A computerized tomography scan (CT) generates 
and records many X-ray images as the detector moves 
around the patient’s body. A computer reconstructs 
all the individual images into cross-sectional images 
or “slices” of internal organs and tissues. A CT exam 
involves a higher radiation dose than conventional radi-
ography because many individual X-ray projections are 
used to construct the CT image.

CT evaluates internal organs, bones, soft tissues, and 
blood vessels (Figure 20-12). It often helps diagnose 
chest pain or evaluates for injury after trauma. CT is 
the modality of choice for distinguishing cellulitis from 
an abscess, which will appear as a walled-off fluid col-
lection needing surgical drainage. Diagnostic needle 
aspiration of a lung abscess depends on accessibility of 
the abscess and sufficient size for proper collection for 
diagnosis. It is often performed with CT guidance.

CT offers much more diagnostic information  
than a CXR but at a much higher radiation dose. The 
U.S. Food and Drug Administration states that “the 
probability for absorbed x rays to induce cancer or 
heritable mutations leading to genetically associated 

FIGURE 20-10 An AP view of a PICC line confirming placement 
following insertion.
Courtesy of Akron Children’s Hospital.

FIGURE 20-11 AP projection demonstrating correct UVC line 
placement.
Courtesy of Akron Children’s Hospital.

FIGURE 20-12 CT of the chest, showing the heart, lungs, and 
vertebrae.
Courtesy of Akron Children’s Hospital.
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diseases in offspring is thought to be very small for 
radiation doses of the magnitude that are associ-
ated with CT procedures.”17 High doses of radiation 
can lead to tissue changes, such as skin reddening, 
cataracts, and hair loss.18 Pediatric radiation expo-
sure is highly regulated and monitored to prevent 
such occurrences.

CT, although delivering useful information, can be 
difficult to obtain. CT imaging necessitates the patient 
to lie extremely still, which often requires sedation or 
general anesthesia to obtain adequate images.

Magnetic Resonance Imaging
Magnetic resonance imaging (MRI) uses a combination 
of magnetism, radio waves, and computer processing to 
create detailed anatomic images (Figure 20-13).  Unlike 
imaging techniques generated with ionizing  radiation, 
with MRI there is no exposure to radiation.

MRI is the imaging modality of choice in a vast array 
of pediatric conditions, particularly in neurologic, mus-
culoskeletal, and some cardiovascular diseases. Advan-
tages of MRI include excellent image quality, superior 
soft tissue contrast, and lack of ionizing radiation.

With radiation safety becoming more prevalent, the 
need for imaging without ionizing radiation is in high 
demand. Although MRI is safer in regard to radiation 
exposure, it has some risks as well. A person may not 
have an MRI if the following contraindications exist:

■■ Metallic fragments and clips (such as aneurysm 
clips) can shift or heat up due to the magnetic field.

■■ Magnetically activated implanted devices, 
such as cardiac pacemakers, insulin pumps, 

neurostimulators, and cochlear implants, may  
be deprogrammed.

■■ Metal hardware (such as orthopedic rods) may heat 
up or cause artifacts in the image. Titanium has be-
come widely accepted due to its MRI compatibility.

One of the biggest challenges in MRI is patient 
cooperation. Limiting patient motion is particularly 
demanding due to MRI’s long scan times. Swaddling 
is a technique used in the hospital settings to soothe 
 infants. The technique requires that an infant be fed just 
prior to an exam, then swaddled, avoiding the need for 
sedation/anesthesia.

Case Study 1
A previously healthy 5-year-old boy weighing 21 kg is 
brought to an urgent care center for difficulty breath-
ing. Three days prior he had a runny nose, cough, and 
low-grade fevers up to 38.3°C. He continued to take 
liquids well, but his solid intake has decreased. His 
mother reported this morning his temperature was 
39.4°C, and he was breathing fast and working hard 
to breathe. He is not taking medications other than 
acetaminophen. His immunizations are up to date for 
his age. He does not have a history of choking or vom-
iting. Upon initial assessment, vital signs: temperature 
40°C, heart rate 128 beats per minute, respiratory rate 
38 breaths per minute, blood pressure 90/70 mm Hg, 
oxygen saturation 88% on room air. He is awake and 
alert and in moderate distress. His nasal mucosa is 
erythematous with yellowish discharge. His mucous 
membranes are dry. Subcostal and intercostal retrac-
tions are present, oxygen saturation at this time is 

89% on room air. Breaths sounds reveal decreased air 
entry over right lower lobe with crackles; no wheezes 
are noted. There is dullness to percussion at the right 
base and increased vocal fremitus over the right base.

1. What will you recommend for next steps at this 
time?

The patient was placed on 2 L/minute nasal cannula, 
labs were drawn, and a chest X-ray ordered. Oxygen 
saturation increased to 95%. Results from a complete 
blood count revealed the following: white blood cell 
count 21,000, 75% segs, 10% bands, 12% lymphs, 
3% monos, 1% eos, hemoglobin 12.4, and platelet count 
250,000. Chest radiograph reveals infiltrates in the 
right lower lobe.

2. Based on the clinical findings, what diagnosis 
would you suspect?

FIGURE 20-13 MRI of the thorax, showing the heart, lung,  
and spine.
Courtesy of Akron Children’s Hospital.
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Case Study 2
A 6-year-old male presented to his pediatrician with 
a 1-week history of cough and shortness of breath, 
but no fever, as reported by the mother. The boy has 
no previous history of illness or asthma. Clinically the 
child was in moderate respiratory distress and has 
oxygen saturations in the mid 80s. The pediatrician 
immediately called 911, and the patient was trans-
ported to the emergency department. On admis-
sion his vitals were as follows: heart rate 130 beats 
per minute, respiratory rate 36 breaths per minute, 
blood pressure 100/80 mm Hg, temperature 38.0°C, 
oxygen saturation 94% on 4 L/minute nasal cannula. 
There was a shift of the mediastinum to the right 
and stony dullness to percussion on the left, indica-
tive of a left-sided pleural effusion. Breath sounds 
were diminished on the left side, and no wheezing 
was noted. Anterior and lateral chest X-rays were 
ordered to rule out a foreign body. Imaging confirmed 
no foreign body was present, a left-sided pleural ef-
fusion and a widened superior mediastinum were 
noted. The pleural effusion was evacuated and sent 

to the lab. The widened superior mediastinum be-
came more apparent on the repeat chest x-ray. A CT 
was ordered, which confirmed the presence of a large 
superior mediastinal mass. Cytology of the effusion 
revealed atypical lymphocytes suggestive of a malig-
nancy. The child’s white cell count was normal, with 
no atypical lymphocytes on the smear. The superior 
mediastinal mass was biopsied by the cardiothoracic 
surgery team, and a bone marrow aspirate and tre-
phine (BMAT) was performed at the same time. The 
BMAT was not suggestive of malignancy. Histology 
of the mass itself revealed a T-cell lymphoblastic 
lymphoma.

1. Can definitive diagnosis of a mediastinal mass be 
made via chest X-ray?

2. Why did the patient receive a subsequent CT 
scan after a chest X-ray confirmed a widened 
 superior mediastinum?

3. What other diagnostic approach could be used 
to confirm the presence of a tumor?
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OBJECTIVES
1. Recognize the age divisions for pediatric pulmonary 

function testing.
2. Discuss ways to communicate with children, prior to and 

during testing, that will assist in obtaining reliable data.
3. Explain the two methods of obtaining a height 

measurement in children.
4. List the components that can be obtained during standard 

spirometry.
5. Understand the criteria for acceptable and repeatable 

tests specific to the pediatric population.
6. Discuss the relationship between predicted values and 

actual measurements.
7. Given an observed measurement value and a predicted 

value, calculate the percent predicted.
8. Describe the technique used to obtain pre- and 

post-bronchodilator measurements.
9. Discuss the role that pre- and post-bronchodilator testing 

has in identifying obstructive disorders.
10. Distinguish between obstructive and restrictive patterns 

indicated through spirometry measurements.
11. Explain the insight gained through comparing and trending 

test results.
12. Appreciate the challenges faced when interpreting spirometry 

and obtaining reliable data in the pediatric population.
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13. Compare the three techniques used to obtain lung volume 
measurements.

14. Explain the ATS protocol criteria for a methacholine 
challenge.

15. List the pediatric disorders that may be identified through 
exercise testing.

16. Describe the performance of exercise testing in children.
17. List the two modalities used in performing exercise testing 

in children.
18. Discuss the value of the cough peak flow measurement.
19. Explain the method used to measure DLCO and the 

modifications that may be made when testing children.
20. List the lung measurements that can be collected through 

infant pulmonary function testing.
21. Describe the single-breath measurement of nitric oxide in 

children and its significance.
22. Explain the method of multiple breath washout and its role 

in assessing distribution of ventilation.
23. Discuss the role of bedside pulmonary function testing and 

the measurements that can be obtained.

KEY TERMS
bedside pulmonary 

function testing
bicycle ergometer
body plethysmography
bronchoprovocation
compliance
cough peak flow (CPF)
diffusing capacity  

(DLCO)
eucapnic voluntary 

hyperpnea (EVH)
exercise-induced 

bronchospasm (EIB)
expiratory reserve 

volume (ERV)
FEV1/FVC ratio
flow-volume loop
forced expiratory flow  

rate over the midportion 
of exhalation (FEF25–75%)

forced expiratory volume 
in 1 second (FEV1)

forced vital capacity  
(FVC)

functional residual 
capacity (FRC)

helium dilution
impulse oscillometry (IOS)
infant pulmonary 

function test (IPFT)
inspiratory capacity (IC)
lung clearance index  

(LCI)
mannitol challenge

maximal expiratory 
pressure (MEP)

maximal inspiratory 
pressure (MIP)

methacholine challenge
minute ventilation
multiple breath 

washout (MBW)
nitric oxide (NO)
nitrogen washout
percent predicted
pre- and post-bronchodilator 

testing
provocation dose (PD20)
pulmonary function  

testing
raised volume rapid 

thoracoabdominal 
compression 
technique (RV/RTC)

residual volume (RV)
respiratory resistance  

(Rint)
specific airway 

conductance (sGaw)
specific airway 

resistance (sRaw)
spirometry
thoracic gas volume  

(TGV)
tidal volume (VT)
total lung capacity (TLC)
vocal cord dysfunction 

(VCD)

often indicated in children who present with chronic 
symptoms of coughing or wheezing. It is used to diag-
nose and monitor diseases, including asthma, cystic 
fibrosis, and disorders that impact lung function, such 
as muscular dystrophy or pectus excavatum. Age breaks 
for pulmonary function testing in pediatrics are listed in 
Table 21-1. Children older than 10 years of age have the 
same guidelines as adults.

As our focus intensifies to a better understanding of 
pediatric pulmonary physiology and the need for early 
intervention, testing in younger children has gained 
significant interest. However, standard pulmonary 
function testing is effort dependent, and obtaining 
these tests in the pediatric population presents unique 
challenges. There are specific considerations and ad-
justments to be made to obtain accurate pulmonary 
function measurements in children. 

Infants and toddlers are unable to follow specific 
instructions and to adequately execute the maneuvers 
necessary for the performance of standard pulmonary 
function tests. Therefore, the focus of this chapter will 
be on testing in children older than 3 years of age. It will 
address the following:

■■ Challenges of testing the pediatric patient
■■ Challenges in obtaining reliable data in this 

population
■■ Guidelines, tips, and tools to assist in obtaining 

reliable data
■■ Testing options for patients who are unable to be 

tested in a laboratory setting
■■ Efforts, both from clinical and research per-

spectives, at obtaining pulmonary function 
measurements in children younger than 6 years 
of age

Preparing a Child for Testing
Most of the preparations for performing standard pul-
monary function testing in the pediatric population 
take place before patients are brought to the lab. An 
experienced pulmonary technologist with the ability to 
connect with, engage, and motivate children is essen-
tial. Although there are limitations, children as young 
as 4 years of age can attempt and sometimes perform 

Division Age

Infants and toddlers Younger than 3 years of age

Preschool age 3–6 years of age

School age 6–10 years of age

TABLE 21-1
Age Divisions for Pediatric Pulmonary Function 
Testing

Introduction
Respiratory disorders account for most hospitalizations 
and are a leading cause of morbidity and mortality in 
children. Pulmonary function testing is an integral part 
of assessing and monitoring respiratory status and di-
agnosing pediatric respiratory diseases. Testing is most 
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testing maneuvers. By 5 years of age, most children can 
perform spirometry with good technique and repeat-
ability, although this may require practice and more 
than one visit or training session.

Communication 
Children are fearful of the unknown, and it takes time 
and patience to gain their confidence. First and fore-
most, they need to be informed and reassured that there 
is no pain associated with these tests. Such comments 
as “There are no needles” and “Nothing hurts” are help-
ful. An anxious or nervous child does not process the 
directions or perform well. Anxious parents often arrive 
for testing with anxious children. An explanation of the 
tests prior to the appointment can help allay any fears 
or concerns the child and/or parent may have. 

A kid-friendly testing area relaxes patients, making 
them comfortable and better able to understand what is 
expected during the test. Wall murals, posters, and equip-
ment decorated with stickers are easy ways to accomplish 
this. Talking directly to children in a way they can under-
stand helps establish a connection that can make them 
more receptive to listening. Repeating directions and 
asking children if they understand or have any questions 
empowers them, as they feel part of the process. 

Incentives and Directions
Breathing is a very abstract concept that children are 
not able to envision; therefore, it is important to relate 
it to something they have done or seen, like blowing out 
candles or blowing bubbles. Using a pinwheel is help-
ful in showing children that something happens if you 
blow fast and long. Technology not only has given us 
better ways to measure the lower flow rates and smaller 
volumes that children have but also has provided us 
with incentive computer screens. These screens are 
complete with everything from blowing leaves off trees 
to dragons blowing fire, which helps to motivate chil-
dren in the same way video games do. Simple strategies 
like being demonstrative and changing the intonation 
of your voice help maintain the child’s attention to dir-
ections. It is equally important for the technologist to 
pay attention to how the child is responding to coaching 
techniques and to make appropriate changes when ne-
cessary. No two children are alike and they do not learn 
in the same way—what works for one child may not 
work for another.

Variables That Can Affect Testing 
How the child feels on the day of the test can dramat-
ically affect the outcome of the testing session. Being 
overtired, anxious, uncomfortable, or in pain, or some-
thing as common as needing to use the restroom, are 
all variables that can affect the success of the testing 
session. In general, early morning is best for younger 
children as they are less likely to be tired or easily 

distracted. When a child is hospitalized or chronically 
ill, it is important to address as many variables as pos-
sible prior to testing, such as not scheduling a session 
immediately after a blood draw or when the child has 
emesis. This is especially important when testing is  
being conducted at the bedside. A child’s first reaction 
when unfamiliar equipment is brought into the hospital 
room is to question if it is going to cause pain. Intro-
ducing yourself to the child and explaining what will be 
done before bringing the equipment into the room may 
help alleviate anxiety.

Involving Parents 
Keeping the focus on the child while being flexible and 
recognizing situations where exceptions should be 
made can provide better outcomes. This is especially 
important when testing very timid or fearful children. 
The technologist should appreciate parental concerns 
and address them while also taking into consideration 
the child’s willingness or needs. Although having more 
than one person other than the child and technologist 
in the room may cause the child’s attention to be easily 
diverted, allowing parents to stay in the room during 
testing can at times be helpful and not a distraction. If 
the parent wishes to be present or the child is too anx-
ious or refuses to be tested alone, it is recommended 
that the parent sit behind the technologist so that the 
technologist has the child’s full attention. In some situa-
tions, it may be helpful to have the child sit on a parent’s 
lap and touch the equipment to help allay fears and to 
make the child more comfortable. Demonstrating the 
tests on a parent can be just the right icebreaker to relax 
children enough to try the test on their own. 

Ending a Testing Session
It is important that the technologist recognize when a 
session should end, as repeated efforts may frustrate 
the child and prove counterproductive for future visits. 
Informing the parents that these tests require maximal, 
repeatable efforts that may take more than one session is 
also important so that the child and/or parent does not 
see the session as a failure. The goal should be to make as 
much positive progress in a testing session as possible so 
that future sessions will be more productive, especially 
with preschool children. Providing praise and a positive 
attitude during testing, and giving incentive prizes, such 
as a pinwheel that was used for demonstration, can set 
the groundwork for the best cooperation and outcomes 
from children when attempting these tests.

Equipment Used for Testing
The most common pulmonary function test performed 
in both children and adults is spirometry. This testing 
can occur in a variety of locations: in physician of-
fices, dedicated diagnostic laboratories, and even at the 
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patient’s bedside. Spirometry can be performed using 
a handheld device that the child blows into. Testing for 
lung volumes and airway resistance can be done using a 
body plethysmograph. 

Whether using a handheld device or a body plethys-
mograph, the equipment should meet or exceed the 
equipment performance standards set by the American 
Thoracic Society (ATS). Daily calibration and a level of 
quality assurance, depending on the sophistication of 
the equipment, should be in place to ensure accurate, 
consistent performance of the equipment.1 It is best to 
use smaller or tapered mouthpieces and cushioned or 
padded nose clips that are “kid comfortable” while still 
able to maintain a seal. A calibrated stadiometer is used 
to obtain the height at each testing session, as lung func-
tion is directly correlated to height, age, sex, and race. 
The measurement is done with the shoes removed and 
the child standing straight and looking forward. Measur-
ing the arm span may be used in children who are unable 
to stand for a height measurement.2 When this is done, 
it should be noted in the comment section of the report. 

Standard Spirometry 
Measurements
Accurate spirometry measurements require that patients 
completely fill their lungs to total lung capacity (TLC) 
and then blow that air out as fast and long as possible to 
residual volume (RV). This effort provides various vol-
ume and flow measurements, with the most common or 
standard measurements as follows:

■■ Forced vital capacity (FVC)
■■ Forced expiratory volume in 1 second (FEV1) 
■■ FEV1/FVC ratio
■■ Forced expiratory flow rate over the midportion 

of exhalation (FEF25–75%)

Maximal Expiratory Measurements
The FVC represents how large the lungs are and is 
measured in liters. The FEV1, also measured in liters, is 
reflective of flow in the large or central airways in adults; 
however, in children, this measurement also reflects 
flow in the medium to small airways because their lungs 
are smaller and empty more quickly. At a more sophis-
ticated level, measured flow can be plotted on a Y axis 
and volume on the X axis, providing inspiratory and 
expiratory flow-volume loops. The shape of flow-volume 
loops in young children is initially convex and then 
linearizes over time due to the elastic properties of the 
growing lung. As shown in Figure 21-1, curvature or 
concavity of the loop provides additional information 
concerning the presence of obstruction in children.3 

The FEF25–75% measurement represents flow rate 
measured over the midportion of a maximal exhalation. 
This measurement is accurate only if the patient con-
sistently blows to RV and produces multiple repeatable 

measurements. Children often tighten or tense their 
upper airway when executing FVC maneuvers. This 
may also occur prior to suppressing a cough or during 
coughing, as often occurs in patients with cystic fibrosis 
who have copious secretions. This can be subtle and 
difficult to detect, or grossly obvious, as with glottis clo-
sure, as seen in Figure 21-2. Measurements of FEF25–75% 

FIGURE 21-1 Normal flow-volume loop in a 6-year-old child.
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from efforts that have evidence of upper airway tension 
or glottis closure are not accurate. In diagnostic labora-
tories with experienced technologists, the variability in 
the FEF25–75% is significantly less. This has also become 
evident in multicenter research studies where efforts 
have increased over the past 10 to 15 years to standard-
ize the performance and accuracy of spirometry, espe-
cially in the pediatric population.4,5 

Maximal Inspiratory Measurements
Maximal inspiratory measurements can provide in-
formation regarding extrathoracic obstruction. For 
this maneuver, the patient is instructed to blow out 
to RV and then to inhale maximally to TLC. Children 
tend to exhale maximally and then terminate the breath 
instead of following exhalation with a maximal inspi-
ration. Therefore, these efforts should be measured 
after the child has consistently been able to perform 
maximal exhalations. The descending limb or curve 
of the flow-volume loop provides information on in-
stantaneous flows during inspiration. The maximum 
inspiratory flow at 50% of FVC (FIF50%) and the ratio of 
maximum expiratory to inspiratory flow at 50% of FVC 
(FEF50%/FIF50%) are helpful in identifying intrathoracic 
versus extrathoracic airflow limitation. Because the 
opening of the vocal cords should be approximately 
the same at both 50% of the forced expiratory capacity 
and 50% of the maximal inspiratory capacity, the ratio 
should not be greater than 1.0. A ratio of greater than 
1.0 suggests an extrathoracic obstruction, as seen in 
patients with tracheomalacia, subglottic stenosis, or 
growths in the upper airway. Patients with evidence 
of vocal cord dysfunction (VCD) show significant vari-
ability in their maximal inspiratory loops. As shown in 
Figure 21-3, there is evidence of truncating, blunting, 
and flattening as they try to maximally inspire through 
adducted vocal cords.6 

Acceptable and Repeatable Tests
As described earlier, there are three phases to perform-
ing spirometry correctly, the first being an inhalation 
that completely fills the lungs. This is followed by blast-
ing or blowing the air out as fast as possible and then 
exhaling completely until no more air can be exhaled. 
To ensure accuracy and repeatability, the patient needs 
to perform the spirometry with proper technique at 
least three times. In adults with proper coaching, this 
can be achieved in three to eight attempts. This usually 
takes longer in children; therefore, it is important to  
allocate more time in obtaining these measurements.

Table 21-2 lists additional criteria for acceptable 
and repeatable tests, including those specific to the 
pediatric population. The ATS guidelines for accur-
ate testing state that during the FVC maneuver, adults 
should blow at least 6 seconds or until a plateau of less 
than 25 mL/second is reached. In children younger than 

FIGURE 21-3 Maximal inspiratory loops demonstrating variability, as 
is seen in vocal cord dysfunction.
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Start of Test
•	 School age: Extrapolated volume of less than 150 mL OR 5% 

of the FVC*
•	 Preschool age: Extrapolated volume of less than 80 mL OR 

12.5% of the FVC*
*The greater value is used.

Free from Artifacts (for all ages)
•	 Cough, especially in first second
•	 Glottis closure or hesitation
•	 Leak around the mouth
•	 Premature termination
•	 Submaximal effort

End of Test
•	 School age: Volume-time curve demonstrates a plateau in 

volume less than 25 mL/sec for at least 1 second
•	 Preschool age: Not defined

Repeatability
•	 School age

•	 Three acceptable maneuvers
•	 Two largest efforts of FVC and FEV1 are within 150 mL or 

within 100 mL if the FVC is less than 1000 mL
•	 Preschool age

•	 Two acceptable maneuvers
•	 Second-highest FVC and FEV1 are within 100 mL or 10% of 

the highest value, whichever is greatest

TABLE 21-2
Criteria for Acceptable and Repeatable Tests
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10 years of age, these guidelines have been modified to 
blowing greater than 3 seconds because smaller lungs 
empty more quickly. It is important to view these rec-
ommendations with the understanding that some issues 
still need clarification for better standardization, espe-
cially in preschool children.1,7

Reference Sets and  
Predicted Values
Spirometry measurements from the expiratory phase 
can identify various disease patterns, such as obstruc-
tion, restriction, or a combination. To evaluate the 
measurements obtained and what they mean, it is im-
portant to compare them to predicted values or refer-
ence equations from similar populations. In the past 
this has been a challenge in the pediatric population, as 
there were limited studies performed in children and the 
values were derived from relatively small populations. 

Two efforts have been made to address the lack of 
reference values across a broad age range. The Third 
National Health and Nutrition Examination Survey 
(NHANES III) was extended down to 4 years of age 
by collating pediatric data from other large popula-
tion studies. This made it possible to more accurately 
describe the relationship between spirometric meas-
urements and height and age within the pediatric popu-
lation. Published in 2007 and referred to as “Reference 
Ranges for Spirometry across All Ages”, these reference 
equations provide a seamless transition from preschool 
through adolescence and into adulthood.8 In 2012, the 
Global Lung Initiative (GLI), a task force of the Euro-
pean Respiratory Society, published a report providing 
normal spirometry values. These values were the result 
of a study based on over 97,000 records from healthy 
males and females across five continents. It led to equa-
tions for predicted values and age-appropriate lower 
limits of normal for spirometric indices in patients 
aged 3 to 95 years.9 Other reference equations are avail-
able. Laboratory equipment often comes with multiple 
reference sets available to the user. It is important to 
choose the reference set that is most appropriate for 
the population being tested and the technology be-
ing used. Use of reference equations that extrapolate 
values for young children from data on older children 
should not be used, as linear relationship in school- and 
preschool-age children is not the same as that in older 
children and adults.4

Spirometry is generally expressed as percent  
predicted, where observed is the absolute measurement 
and predicted is from the reference equation that incor-
porates sex, age, height, and race.

Percent Predicted = (Observed Value  
÷ Predicted Value) 3 100

To avoid incorrectly flagging results as abnormal, age-
specific cutoffs should be used for the lower limits 

of normal in children. It is important to look at both 
percent predicted values and absolute values when 
comparing or trending results in children, as there is an 
age-related natural change in lung function over time. 

Interpreting Spirometry Data
Once appropriate reference equations have been se-
lected and predicted normal values calculated, the 
process to evaluate spirometry results is established. 
Baseline values that are greater than 80% of the pre-
dicted values are, by definition, within normal limits. 
Based on the percent predicted values, we can begin to 
identify and quantify patterns of disease presence or 
change that may have occurred. Table 21-3 compares 
obstructive and restrictive lung patterns. Monitoring 
the efficacy of therapies, interventions (such as hospital-
ization), and research drugs is done through comparing 
and trending spirometry data.

Obstructive and Restrictive Disorders
Significant decreases from predicted values in the FEV1, 
FEV1/FVC ratio, and/or FEF25–75% indicate a baseline 
obstruction. To evaluate if the obstruction is revers-
ible, four puffs of albuterol are administered using a 
metered dose inhaler (MDI) and holding chamber.1 
Most children who can perform spirometry consis-
tently have no problem using an MDI with a holding 
chamber. However, if the child is having trouble holding 
a breath following a puff of albuterol, then nebulized 
albuterol would be an alternative; some laboratories 
routinely nebulize albuterol in place of an MDI. Spi-
rometry testing is repeated 15 to 20 minutes after 
the administration of albuterol and results are com-
pared to pre-bronchodilator baseline measurements. 
Pre- and post-bronchodilator testing provides informa-
tion regarding airway hyperresponsiveness or airway 
reactivity, as seen in asthma. The technologist should  
be confident that baseline efforts are maximal and  
repeatable before administering a bronchodilator so 
that any improvements due to training and/or effort are 
not misinterpreted. Sometimes this may just require a 
little more time, allowing the child a comfort break or 
deferring to another testing session.

Even though children may present with clinical 
symptoms of airway obstruction disorders, they often 

Spirometry Test Obstructive Restrictive Mixed

FVC normal or ↓ ↓ ↓

FEV1 ↓ ↓ ↓

FEV1/FVC ↓ normal or ↑ ↓

TABLE 21-3
Spirometry and Disease Patterns
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have spirometry values that are within normal limits or 
even above normal. In many of these cases, test results 
following albuterol inhalation show a significant im-
provement in FEV1 (>10%) or FEF25–75% (>25%), which 
is indicative of airway reactivity or hyperresponsiveness. 
This is demonstrated in Figure 21-4. 

Accurate FEF25–75% measurements are helpful in 
following young children with cystic fibrosis when 
the disease is more confined to the periphery of their 
lungs.10 Children with asthma can have borderline or 
no significant response noted in their FEV1 (<10%) yet 
have a significant response in their FEF25–75% (>25%) 
postalbuterol. These data are helpful in identifying and 
monitoring progression of asthma and the efficacy of 
medications.11 

Spirometry data can also indicate a restrictive disor-
der. Restrictive patterns may be seen in children with 
interstitial lung disease, pulmonary fibrosis secondary 
to chemotherapy or radiation, scoliosis, obesity, and 
neuromuscular diseases, such as muscular dystrophy 
or amyotrophic lateral sclerosis (ALS). A reduction or a 
borderline reduction in FVC and an FEV1 with a normal 
or increased FEV1/FVC ratio is indicative of but not de-
finitive for a restrictive process. 

Trending Results
Trending percent predicted values over time gives in-
sight into the progression of chronic diseases, such as 
cystic fibrosis and muscular dystrophy. In children with 

asthma, spirometry can be used to assess the severity of 
the disease and how well it is controlled, evaluate the re-
sponse to medications, and help in determining changes 
in the treatment plan. Table 21-4 demonstrates how 
monitoring spirometry values can indicate progres-
sion of a disease. When comparing or trending results 
to previous visits in young children, it is important to 
realize that from one visit to the next there can be some 
variability in the child’s performance. There may also be 
a lack of reproducibility due to a training affect or other 
contributing factors.

Interpretation Challenges
Interpretation of spirometry in the pediatric popula-
tion can be challenging. An important component of 
interpretation is the technologist’s comments on how 
well the tests were performed and if they met ATS 
guidelines. During spirometry testing, the goal should 
be to meet or exceed the ATS recommendations; how-
ever, when this is not possible, data obtained may still 
be useful for lung function evaluation. An example 
is when a child consistently takes a full breath in but 
maximally blows out for only 2 seconds without a pla-
teau. In this case, the FEV1 would not be affected and 
may be helpful in assessing lung function, but the FVC, 
FEV1/FVC ratio, and FEF25–75% would not be accur-
ate measurements. Another example is the child who 
produces one effort that is technically acceptable but is 
unable to produce another good-quality effort during 

FIGURE 21-4 Spirometry pre- and post-bronchodilator showing significant response to bronchodilator.
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the testing session. The information obtained, includ-
ing documentation about lack of repeatability, may be 
helpful in assessing the child. This is a case in which 
post-albuterol testing should be deferred until repeat-
able baseline tests are obtained. Trending or compar-
ing future tests to these types of measurements is not 
advised. 

Preschoolers often do not exhale for more than 
1 second, and recent studies have investigated the clini-
cal usefulness of FEV0.5 and FEV0.75 in this age group. It 
was concluded that more research was needed to assess 
the utility and clinical applicability of these measure-
ments. In this age group, all data obtained (not just se-
lected data) should be available or accessible for review 
and interpretation.4 

Beyond Spirometry: Lung Volumes 
and Airway Resistance
Measurement of lung volumes, or more specific-
ally functional residual capacity (FRC) and TLC, can 
identify a restrictive pattern. The volume of the lung 
can be determined with one of three techniques: 
(1) helium dilution, (2) nitrogen washout, and (3) body 
plethysmography. Lung volume measurements by gas 
dilution or washout pose similar problems in children 
as they do in adults. Both methods measure lung vol-
umes in communication with the mouth. In patients 
with airway obstruction and gas trapped in the lung, 
these methods often underestimate the actual lung vol-
ume. Both testing methods require a tight seal around 
the mouth and nose while the patient breathes a dry 
gas for several minutes. This requirement, along with 
a wait time between tests for the lung to equilibrate, 
make the testing process longer and more challenging 
in children. 

Unlike helium dilution and nitrogen washout, 
body plethysmography, also known as a body box, 
measures all the gas within the lung. As shown in 
Figure 21-5, body plethysmographs are designed for 
the patient to sit inside the chamber while breath-
ing through a mouthpiece with a nose clip in place. 

The patient breathes normally until a stable tidal vol-
ume is observed, at which point a shutter occludes 
at the mouth. When the shutter opens, the patient 
is instructed to take a deep breath in followed by 
a complete exhalation, which gives a vital capacity 
(VC). Exhalation should be maximal but not forced 
or blasted out like the FVC. The VC is then divided 
into the subdivisions of inspiratory capacity (IC) and 
expiratory reserve volume (ERV). Figure 21-6 is an 
example of reduced lung volume measurements indi-
cating restriction. The body plethysmograph method 
provides multiple thoracic gas volume (TGV) measure-
ments in a short period with minimal patient effort. 
For these reasons, it is the preferred method for meas-
uring lung volumes in children and adults. When FRC 

Visit Date

Pre

FVC

L

FVC

% Predicted

FEVI

L

FEVI

% Predicted

FEF 25–75%

L/Sec

9/3/2013 13:13:55 1.61 125 1.40 122 1.46

12/3/2013 14:19:37 1.59 123 1.45 125 2.03

3/11/2014 13:06:05 1.57 117 1.38 115 1.76

6/17/2014 13:22:02 1.53 111 1.40 114 2.02

9/23/2014 13:03:12 1.41 97 1.24 96 1.57

TABLE 21-4
Trended Data in a Patient with Cystic Fibrosis Showing a Progressive Decline in Lung Function

FIGURE 21-5 A 4-year-old child performing spirometry in a body 
plethysmograph.
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or TGV measurements are combined with a measured 
VC, IC, and ERV, we also obtain indirect measure-
ments of RV, TLC, and RV/TLC ratio, which are in-
strumental in further differentiating obstruction from 
restriction.12 

Bronchoprovocation  
and Exercise Testing
As important as it is to identify disease and progression 
of disease, it is equally important not to misinterpret 
what is normal. Baseline spirometry is only as sensitive 
as the predicted values chosen. For example, when base-
line spirometry is within normal limits and there is a 
borderline or no significant response to a bronchodila-
tor, yet clinical symptoms persist, a bronchoprovocation 
test may be indicated. This test assesses bronchial 
hyperresponsiveness (BHR) or airway hyperresponsive-
ness (AHR). Depending upon the presentation of symp-
toms, a methacholine challenge or an exercise-induced 
bronchospasm test can be helpful in further assessing 
the patient.13

Methacholine Challenge
The ATS protocol criteria for a methacholine chal-
lenge are the same for children as adults.14 Baseline 
spirometry is performed; the patient is then given 
increasing doses of methacholine. After each dose, 
spirometry is performed to document any changes in 
FEV1. A drop of 20% or greater from baseline, called 

the provocation dose (PD20), is considered significant, 
and the degree of hyperresponsiveness is related to the 
cumulative dose of methacholine when this drop oc-
curred. There are also abridged protocols for perform-
ing methacholine challenges where doses are skipped. 
Although this has been proven useful in decreasing the 
test time in adults, it is important to be cautious in us-
ing the abridged protocol with children, especially the 
young child, as they have smaller airways and flow rates 
can significantly drop more quickly.15 It is also recom-
mended to perform pre- and post-bronchodilator test-
ing using albuterol prior to a methacholine challenge 
so as not to do unwarranted testing. This also ensures 
that the child is able to perform repeatable spirometry 
in a timely fashion, as the methacholine challenge is 
time specific. 

Exercise Testing
Children who have dyspnea with exertion or exercise 
are often identified when they start school or become 
involved in organized sports and activities. This may 
be because, prior to engaging in these activities, they 
may have self-limited their activity when they felt short 
of breath. Also, parents may have nothing to compare 
their child’s activity level to. Whatever the reason, dys-
pnea in children can prevent them from wanting to 
engage in exercise or limit their ability to excel in an 
activity they enjoy. Exercise testing in children is help-
ful in identifying exercise-induced bronchospasm (EIB), 
VCD, cardiac anomalies, and their level of fitness. It can 

FIGURE 21-6 Spirometry and lung volumes showing a restrictive pattern.
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also be used to evaluate patients with chest deformi-
ties, such as pectus excavatum and pectus carinatum. 
A bicycle ergometer, as seen in Figure 21-7, is the pre-
ferred modality to use in children as they are more fam-
iliar with bicycles than treadmills. It is easier to monitor 
oxygen saturation, blood pressure, and electrocardio-
gram with fewer artifacts from motion. There is also less 
chance of the child falling, should they become dizzy or 
ill. It is the preference of the laboratory as to whether a 
cycle ergometer or treadmill is used. 

It is important to familiarize the child with the tread-
mill and bicycle ergometer and how they work prior 
to testing. To perform an EIB test and to meet ATS 
protocol criteria, the patient must be able to quickly 
increase their heart rate to 90% of the predicted maxi-
mum rate, with a corresponding increase in minute 
ventilation of 17.5 x FEV1 or greater, and to maintain a 
steady state for 4 to 6 minutes.16 Additionally, the child 
must be able to consistently perform maximal, repeat-
able spirometry measurements within a reasonable 
time. This is because postexercise spirometry testing is 
also time sensitive. It requires FVC maneuvers every 5 
to 10 minutes, up to 30 minutes postexercise, to docu-
ment any significant decreases in FEV1, FEF25–75%, or 
specific airway conductance (sGaw).

VCD affects children and young adults with an aver-
age age of onset of 14.5 years. It has been reported more 
frequently in females than males (2:1) with or without 
a history of respiratory problems.17 Laryngoscopy per-
formed while the patient is exercising visualizes the 
movement of the vocal cords and any abnormalities that 
may be present. Monitoring inspiratory curves for vari-
ability and flow limitation before, during, and after exer-
cise and noting any clinical symptoms, such as abrupt 
onset of stridor, are helpful but not as definitive as 
laryngoscopy. These methods are, however, less invasive 
and better tolerated by children. 

The level of fitness, or lack thereof, is often the cause 
of dyspnea in children, especially in those with a high 
body mass index. The protocol of choice to evaluate 
the level of fitness is an incremental or ramp protocol 
to evaluate cardiorespiratory response. This would also 

be the protocol to use to evaluate the effect that chest 
wall anomalies, such as pectus excavatum and pectus 
carinatum, may have on the cardiorespiratory system.18 
There has been discussion over the years as to the best 
way to evaluate dyspnea in children: to differentiate the 
level of fitness or to use an EIB protocol. Although it 
may be convenient to attempt to achieve both assess-
ments with one testing session, this requires two differ-
ent protocols. The first is a progressive increase in work 
while the EIB protocol is an abrupt increase of work and 
steady state. The progressive protocol may condition 
the airways and prevent an EIB response while the EIB 
protocol does not give a true reflection of cardiopul-
monary adaptation to exercise. Additionally, the patient 
usually does not reach and maintain target ventilations 
necessary to elicit bronchospasm when performing a 
progressive or incremental test. Therefore, best practice 
guidelines would dictate that in such patients, especially 
those with a cardiac concern, a progressive protocol 
test be performed first and then an EIB protocol only if 
necessary. 

Considerations, challenges, and limitations of exer-
cise testing in children would include the child’s ability 
to perform spirometry in a timely fashion and their 
ability to pedal or run to a predetermined heart rate 
and/or ventilation, and the technologist’s ability to mo-
tivate and coach the child to accomplish this. Exercise 
equipment used for testing in the pediatric population 
may need to be modified to accommodate the smaller 
stature of younger children. Safety considerations 
include having appropriate resuscitation equipment 
immediately available and Pediatric Advanced Life Sup-
port (PALS)–trained and –certified staff. An identified 
physician should be either in the room or able to quickly 
respond if necessary.19 

Mannitol Challenge
In general, children as young as 7 years of age 
can perform an exercise test; however, some chil-
dren, and some adults, cannot achieve and/or 
maintain the recommended target heart rate and 
ventilation to evaluate EIB. Optional testing to as-
sess bronchial hyperresponsiveness for these in-
dividuals includes the mannitol challenge and the 
eucapnic voluntary hyperpnea (EVH) tests, which also 
act indirectly to elicit bronchoconstriction. The man-
nitol challenge requires the patient to inhale increasing 
doses of mannitol, a naturally occurring sugar alcohol, 
which is administered as a dry powder through an 
inhaler device. Each inhalation is followed by measure-
ments of the FEV1. There must be a 15% fall in the FEV1 
from baseline or a 10% fall between two consecutive 
doses to be considered a positive test.20 

Eucapnic Voluntary Hyperpnea Testing
EVH testing involves the patient breathing at a high 
level of ventilation (35 x FEV1) with replacement of the 

FIGURE 21-7 A 10-year-old child undergoing exercise testing using a 
bicycle ergometer.
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exhaled CO2. This is accomplished by inhaling a dry gas 
containing 4.9% CO2, 21% O2, and balanced N2 at room 
temperature for 6 minutes. FEV1 is measured at 1, 3, 5, 
7, and 10 minutes after the challenge. A fall from base-
line in the FEV1 of 15% or more defines an abnormal re-
sponse.21 Patients must still be able to perform maximal 
repeatable spirometry in a reasonable amount of time, 
as these are also time-sensitive tests.

Specialized Tests
Children with neuromuscular disease, such as Duch-
enne muscular dystrophy (DMD) and spinal muscular 
atrophy, present with a restrictive pattern as their dis-
ease progresses. Due to muscle weakness and fatigue, 
these patients lose the ability to fully inhale or exhale, 
cough effectively, or ventilate sufficiently for normal 
gas exchange. It is important to monitor the progres-
sion of their disease so that supportive interventions, 
such as bilevel positive airway pressure, therapy with a 
cough-assist device, or continuous mechanical venti-
lation, are made available when needed. The current 
standard of care for DMD is routine assessment of pul-
monary function. This assessment should include oxy-
hemoglobin saturation by pulse oximetry, spirometric 
measurements of FVC, FEV1, maximal mid-expiratory 
flow rate, maximum inspiratory and expiratory pres-
sures, and cough peak flow.22,23 

Maximal Inspiratory and Expiratory Pressures
Maximal inspiratory pressure (MIP) and maximal  
expiratory pressure (MEP) are measured when the pa-
tient inspires or expires maximally against an occlusion 
for 1 to 3 seconds. These measurements can be obtained 
using handheld devices, within a body plethysmograph, 
or interfaced with a laptop. Smaller mouthpieces that 
are flanged should be used to help maintain a good seal 
around the mouth and prevent leaks. The measured 
pressure is recorded in cm H2O. MIP primarily meas-
ures inspiratory muscle strength; a reduced MIP meas-
urement may indicate a need for ventilatory support. 
MEP measures the accessory muscles and elastic recoil 
of the lungs. A low or reduced MEP indicates a loss of 
force to cough effectively. An MEP greater than 60 cm 
H2O suggests difficulty in clearing secretions and the 
need for a cough-assist device. MIP and MEP meas-
urements require at least three maximal efforts within 
10% or 10 cm H2O. The maximal value should be re-
ported.24 The limited studies of maximal inspiratory and 
expiratory pressures in children show relatively large 
variability.25 

Cough Peak Flow
Cough peak flow (CPF) measures the velocity of air as a 
patient coughs into a flow measuring device, such as a 
peak flow meter. This measurement represents the ef-
fectiveness of a patient’s cough for clearing secretions. 

A reduced value may indicate the need for a cough-
assist device. The measurement is obtained by hold-
ing a mask firmly against the child’s face as the child 
is coached to cough as hard as possible. Coughing is 
something children are familiar with doing and can 
relate to; however, to get maximal results, a maximal 
inspiration is required prior to the cough. This may take 
practice. Similar to a peak flow measurement, CPF is 
measured in L/second or L/minute. Measurements of 
less than 270 L/minute would suggest use of a cough-
assist device.22 

Cough peak flow, as well as MIP and MEP, can 
frighten children as they attempt to breathe against an 
occlusion or have a mask held firmly against their face. 
Allowing the child to hold the device and having a par-
ent demonstrate the procedure may be helpful. Calm  
reassurance and taking breaks between efforts so that  
the child does not become fatigued can usually provide  
better results. 

Diffusing Capacity
Patients with restrictive and/or obstructive lung disease 
may also have a reduction in the available surface area 
that maintains normal gas exchange within the lungs. 
Diseases in children that may produce this are intersti-
tial lung disease and pulmonary fibrosis secondary to 
chemotherapy or radiation. It may also be seen in im-
munologic disorders, such as scleroderma and systemic 
lupus erythematosus.

The diffusing capacity (DLCO) is a test that indirectly 
measures gas transport at the alveolar level. The most 
common method used to measure DLco is the single 
breath or breath hold technique (DLCOsb). This requires 
a sequence of maneuvers where the patient blows out 
to RV and then rapidly inspires a very low concentra-
tion of 0.3% carbon monoxide to TLC. This is followed 
by a 10-second breath hold and then a rapid exhalation. 
Typically, the initial 750 mL of anatomical dead space in 
the exhalant is flushed or discarded and the remainder 
is collected and analyzed as the alveolar sample. The 
change in inhaled to exhaled carbon monoxide is attrib-
uted to diffusion across the alveolar capillary bed. 

There are many inherent variables affecting the re-
sults, such as hemoglobin, volume of inspiration, length 
of breath, time to TLC, and added driving pressures, 
such as those seen in a Valsalva maneuver. The ATS 
guidelines for adults are the same for children.26 This 
maneuver is very difficult for small children and even 
older children and may require more than one session 
before obtaining accurate repeatable results. 

A recent hemoglobin measurement is needed to cor-
rect the actual DLCO measurement for an accurate meas-
urement of diffusion, as hemoglobin directly affects the 
transfer and pickup of carbon monoxide by the blood. 
If a recent hemoglobin is not available, it is recom-
mended that this be done after testing is complete and 
that the child is not made aware of this possibility, as it 
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can produce significant anxiety that can affect the test-
ing session. There is currently available a pulse oximetry 
system that has the option to noninvasively measure 
multiple additional blood constituents and physiologic 
parameters, including total hemoglobin, methemoglo-
bin, and carboxyhemoglobin. In children with normal 
hemoglobin and mild anemia, there was a positive cor-
relation between this indirect measurement and a direct 
measurement. However, more studies are necessary in 
children with moderate and severe anemia.27 

Considerations and modifications when performing 
DLCO testing in children with lung volumes less than 
1.5 L would include the ability to reduce the dead space  
washout (<750 mL) on the system so that there is a suf-
ficient alveolar sample for analysis. The demand valve 
mechanism that allows the flow of tracer gas must be 
easily triggered or opened by the child’s inspiration. 
Until recently there were limited reference equations in 
children, making it more difficult to interpret these tests 
in the pediatric population.28 

Infant and Toddler Pulmonary 
Function Testing
The importance of understanding how infant and tod-
dler lungs function, grow, and present with disease has 
gained increasing interest over the past four decades. 
Early diagnosis and treatment has been shown to slow 
the progression and to reduce the mortality of various 
diseases in children with such disorders as broncho-
pulmonary dysplasia and cystic fibrosis.29,30 Children 
younger than 3 years of age cannot execute and per-
form the standard pulmonary function tests thus far 
discussed. Therefore, the focus in this age group has 
shifted to tests that require sedation or minimal patient 
cooperation in infants, toddlers, and preschoolers. 
Many efforts at accomplishing this have been met with a 
multitude of challenges and obstacles over the years. As 
far back as the 1970s, efforts were being made to study 
and measure passive respiratory mechanics in infants. 

Equipment Used
Through collaborative and cooperative efforts world-
wide supported by research funding and the commit-
ment of private industries, there have been systems that 
measure pulmonary function in infants commercially 
available since the 1990s. The system or Plexiglas body 
plethysmograph, similar to the one used in older chil-
dren and adults, is a pressure-variable chamber that 
provides measurements of lung volumes, capacities, 
and flows, as well as compliance and resistance, as seen 
in Figure 21-8. 

Obtaining Measurements
Infants as young as 17 weeks and up to approximately 
3.5 years of age can be tested using these systems. An 

infant pulmonary function test (IPFT) gathers measure-
ments similar to those obtained during spirometry and 
plethysmography in older children and adults. However, 
these tests require the infant to be sleep-deprived and 
sedated during testing. The flow and volume measure-
ments collected are adjusted for the lower lung volumes 
and flows in infants. Equipment should be calibrated 
with a smaller 1-L syringe to ensure accuracy.31

As the infant breathes for several efforts against a 
closed-mouth valve within the sealed chamber, a pneu-
motach and transducers measure the resulting changes 
in box and mouth pressure. These changes are then  
applied to the inverse relationship of volume and pres-
sure, as expressed by Boyle’s law, to calculate the FRC.

To obtain measurements similar to FVC, often re-
ferred to as raised volume rapid thoracoabdominal 
compression technique (RV/RTC), the infant’s inspira-
tory effort is augmented by 30 cm H2O positive pressure 
applied to the breathing circuit. This pressure is applied 
to the face mask at the beginning of two to five succes-
sive, spontaneous inspirations until a pause occurs at 
end expiration. This is also referred to as activating the 
Hering-Breuer reflex. Pressure is then applied to an in-
flatable bladder that is secured in place over the infant’s 
chest with a hugger vest. This forces the air out of the 
lungs and is measured and displayed as an expiratory 
flow-volume curve.32 Pre- and post-bronchodilator test-
ing can also be performed if the child remains asleep.

Challenges 
Although infant pulmonary function testing requires 
no patient cooperation, it is not without challenges. The 
testing process requires highly trained and dedicated 
staff and the use of sophisticated equipment, and it is 
very time consuming, taking approximately 2 to 4 hours 
to obtain measurements. A great deal has been learned 
about infant pulmonary physiology with IPFT. However, 
because this testing cannot be done quickly or easily, 

FIGURE 21-8 An infant undergoing pulmonary function testing with a 
body plethysmograph.
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it does not provide the lung function monitoring that 
is needed routinely to manage patient care. Sedating 
an infant or toddler poses risks that require continu-
ous monitoring throughout testing by staff trained 
and certified in PALS.33 Reference values are available 
but limited.34

Children between the ages of 3 and 6 years, also 
referred to as preschoolers, present the most challenge 
when attempting to measure lung function. Efforts in 
this age group have also focused on minimal coopera-
tion, such as breathing normally through a mouthpiece 
with nose clips or through a mask, which in and of 
itself is not an easy feat in a conscious preschooler. 
Some examples of tests that require minimal effort 
would include tidal volume measurements, various 
methods that measure airway resistance, measure-
ment of indirect biomarkers, and multiple breath 
washout tests.

Flow-Volume Loops
A flow-volume loop can also be measured during tidal 
volume breathing. The highest flow generated during 
a tidal volume breath normally occurs within the ini-
tial third of the expiration. These loops look similar to 
and can mimic standard FVC loops with characteristic 
shapes. Concavity of the expiratory curve with a normal 
volume may indicate an obstructive process. Decreased 
volumes but with normal flow on the expiratory curve 
may indicate a restrictive process. Flow limitation on 
the inspiratory curve by flattening is characteristic of 
a variable extrathoracic obstruction. If this flattening 
is also evident on the expiratory portion of the loop, it 
may reflect a fixed obstruction.4 Measuring tidal volume 
loops pre- and post-bronchodilator inhalation has pro-
vided evidence of reactivity.35 

Airway Resistance
Airway resistance contributes to how easily air flows 
in and out of the lungs. This measurement during tidal 
breathing is reflective of airway caliber. Increased air-
way resistance contributes to airflow limitation and 
is associated with an obstructive pattern, as seen in 
asthma. Other methods to measure airway resistance 
in the preschooler include a modified procedure for 
measurement of specific airway resistance (sRaw) using 
whole-body plethysmography, the interrupter technique 
for measurement of respiratory resistance (Rint), and 
impulse oscillometry (IOS).36 

Measurement of sRaw requires the child to be seated 
in the body plethysmograph with the door closed. A 
mouthpiece with a nose clip in place is used to breathe 
through a pneumotach. During tidal volume breathing, 
flow is measured by the pneumotach and the change in 
pressure is measured by pressure transducers in the ple-
thysmograph. The sRaw is calculated from the change in 
volume divided by the change in flow. An advantage of 

this measurement in children is that sRaw is independ-
ent of height and gender, which facilitates the inter-
pretation of measurements over time.37 However, the 
equipment used for these measurements is not portable. 
It also requires the child to sit totally enclosed in a ple-
thysmograph and to tolerate a mouthpiece and nose clip 
while breathing. 

The interrupter technique for measuring Rint is a 
noninvasive method for determining airway resistance 
in children. This handheld device is comprised of a 
flowmeter, a pressure measurement device, and a flow 
interruption system. As the child breathes normally 
through a mouthpiece with a nose clip in place, flow is 
intermittently occluded. To calculate resistance, mouth 
pressure recorded immediately after the occlusion is 
related to the mouth pressure recorded before the oc-
clusion.38 Measurement of Rint is performed during 
normal tidal volume breathing, making it a feasible test 
in the preschool-age group. Reference values have been 
published, but there is still a need for standardization of 
methods used between laboratories.4 

Measurement through IOS is another way to nonin-
vasively determine airway resistance in the preschooler. 
For this test, the child breathes through a pneumotach 
with a mouthpiece and nose clip in place. Downstream 
from the pneumotach is a miniature loudspeaker that 
produces forced oscillations generated by soundwaves 
with a range of frequencies into the airway. Flow and 
pressure are measured at the mouth. The resultant 
pressures and flows at the mouth in response to the 
oscillations are measured. The pressure oscillations 
generated by the soundwaves are either referred to as 
respiratory resistance (Rrs), which are in phase with 
the airflow, of which airway resistance is the most 
significant, or respiratory reactance (Xrs), which are 
those out of phase with the airflow and are determined 
by the elastic and inertial properties of the respiratory 
system. The data collected from these signals represent 
total respiratory system resistance and contain con-
tributions from both the lung and the chest wall. IOS 
has been shown to be well suited to studies in children 
or in adults who cannot perform spirometry, such as 
those with neuromuscular disease. Reference values are 
limited as they are derived from different populations, 
devices, and techniques.39 

Nitric Oxide Measurement
Measurement of nitric oxide (NO), a substance normally 
found in exhaled air, can be useful in monitoring airway 
inflammation, such as that present in asthma and cystic 
fibrosis. Significantly higher levels of NO are present 
when there is tissue inflammation. Therefore, measure-
ment of exhaled NO has been considered an index or 
indicator of airway inflammation in asthma. There are 
several commercially available systems that make this 
measurement by single or multiple breaths. The single 
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breath method involves the child taking a deep breath 
to TLC and immediately exhaling at a rate of approxi-
mately 50 mL/second into a device. Many systems come 
with graphics that help the child exhale at or around 
this rate. Results of this test are based on a mean of two 
to three values and are expressed in parts per billion 
(ppb). Various studies have looked at the usefulness 
of these measurements as indirect biomarkers when 
asthma is present, controlled, or not controlled by in-
haled corticosteroids.40 

Multiple Breath Washout
Multiple breath washout (MBW) is a method that has 
gained considerable interest in identifying lung disease 
in children with cystic fibrosis and is thought to be 
more sensitive than spirometry in accomplishing this. 
MBW is used to measure FRC and to assess distribu-
tion of ventilation. When this process is affected by 
disease, it becomes less efficient and results in non-
uniformity of ventilation distribution across the lungs. 
This is often referred to as ventilation inhomogeneity. 
Lung clearance index (LCI) is the cumulative expired vol-
ume needed to clear a tracer gas from the lungs divided 
by the FRC. It is a means to measure ventilation inhomo-
geneity. This can be done with a variety of tracer gases, 
but nitrogen, a resident gas, is most commonly used. 

During MBW, the child uses a flanged mouthpiece 
with a nose clip or mask to breathe nitrogen through a 
pneumotach until a stable baseline tidal volume is es-
tablished. At end exhalation the child begins breathing 
100% oxygen and is coached to breathe normally until 
the resident nitrogen is washed out to 1/40th of the 
initial concentration. This is referred to as the washout 
phase. Leaks in the system, especially around the child’s 
mouth or nose, allow entrainment of nitrogen and pro-
vide erroneous results. Time between tests is required 
for the wash-in phase, which allows for the reequilibra-
tion of oxygen and nitrogen in the lungs.41 Because of 
the challenges and inherent variables in obtaining these 
tests, especially in preschoolers, it is recommended that 
they be performed by trained and nationally certified 
technologists. 

The tests that have been discussed for measuring 
lung function in infants and preschoolers are options 
that are feasible in young children who cannot perform 
standard spirometry. Although technically the child 
does not have to perform or execute maneuvers, they 
still must be able to understand what is going to oc-
cur and what is expected of them. They must also be 
capable of relaxing and breathing normally. This re-
quires time, patience, and a technologist familiar with 
techniques used to relax and reduce anxiety in children. 
Additionally more research is needed to standardize 
methods and techniques, establish predicted values, and 
evaluate usefulness in the clinical setting. 

Bedside Pulmonary Function 
Testing 
Advances in technology have made it possible to bring 
many of the standard pulmonary function tests per-
formed in the laboratory to the patient’s bedside. This is 
an important option in evaluating critically ill patients 
in the intensive care unit as well as patients in isolation 
and those who are unable to go to the laboratory. 

Equipment Used
Equipment or devices used for bedside pulmonary  
function testing range from hand spirometers to  
state-of-the-art ventilators to complete mobile PFT 
labs. In the intensive care unit, bedside pulmonary 
function measurements and respiratory mechanics 
play a major role in weaning patients from mech-
anical ventilation.42 They are also used to monitor a 
patient’s response to pharmacologic and therapeutic 
interventions.43 

State-of-the-art ventilators can provide diagnostic 
measurements while monitoring the patient. These 
systems measure flows and pressures from which calcu-
lated values, such as compliance and resistance, can be 
displayed or reported in various relationships, including 
flow-volume and pressure-volume loops. Pressure, flow, 
and volume measurements can be displayed continu-
ously, providing a dynamic representation of the patient’s 
respiratory status. Conditions under which the patient is 
breathing must be considered when reviewing the results. 
These include the mode of ventilation, amount of ventila-
tor support, and presence of spontaneous breathing. 

Bedside Measurements 
Tidal volume (VT) is the basic unit of respiration and  
is measured in milliliters. It is correlated to body 
weight and is reported in milliliters per kilogram  
(mL/kg). Respiratory rate or frequency is the  
number of breaths a minute and is one of the first  
indicators that the child is in distress. Time spent  
in the inspiratory and expiratory phases of the tidal  
volume are referred as TI and TE, respectively. They  
are also expressed as a ratio (TI/TE) or as a fraction of  
total time (TI/total). Typically, expiratory time will  
be greater than inspiratory time as it is the  
passive phase of respiration. If the inspiratory time  
is longer than the expiratory time, then the patient  
may be experiencing air trapping. Minute ventilation, 
which is a product of respiratory rate and tidal  
volume, is expressed as liters per minute or liters  
per minute per kilogram (L/min/kg). This measure-
ment is an important guide in weaning a patient  
from a ventilator.44 

Compliance is defined as the change in volume div-
ided by the change in pressure and is used to describe 

352 CHAPTER 21 Pulmonary Function Testing in the Pediatric Population



the elastic properties of the respiratory system. It is 
reflective of how easily the lungs fill and empty. Com-
pliance can be measured statically (static or specific 
compliance) or dynamically (dynamic compliance). A 
difference in compliance occurs throughout the lung, 
making it a more useful measurement when measured 
at a known lung volume. Dynamic compliance is meas-
ured during tidal volume breathing and is affected by 
resistance. If graphic displays of tidal volume show a 
return to 0 at end inspiratory and expiratory, it is as-
sumed that pressures have equalized within the lung. 
Pressure-volume loops graphically display a relation 
between tidal volume (vertical axis) and pressure (hori-
zontal axis). If this relationship were linear, it would re-
sult in a straight line. By drawing a line through the loop 
at the end points of the tidal breath, the resulting slope 
of the line is proportional to compliance—the more 
vertical the line, the more compliant the lung, meaning 
less pressure is needed for the tidal volume, as seen in 
Figure 21-9.45 Compliance is decreased in such diseases 
as bronchopulmonary dysplasia and respiratory distress 
syndrome of the newborn.

Airway resistance is defined as the change in flow 
divided by the change in pressure. Resistance measure-
ments have been used to assess the severity of infant 
respiratory diseases and the efficacy of bronchodilator 
therapy.46 

Mobile Testing
Commercially available mobile PFT systems provide 
many of the same measurements we have previously 
discussed, including spirometry, lung volumes by wash-
out technique, tidal volume loops, resistance measure-
ments, compliance by passive occlusion, DLCO, and 
exercise testing, at the bedside. This option provides 
the advantage of testing the patient in the comfort and 
privacy of their room. For patients in isolation or at risk 
for nosocomial infections, such as immunosuppressed 
patients and patients with cystic fibrosis, it provides 
an option for least exposure. Additionally, perform-
ing bedside PFTs also addresses many of the issues of 
the changing landscape of health care, such as readily 
available results for patient management and care and 
providing additional testing options for increased pro-
ductivity and decreased wait time.

Considerations and Limitations
Bedside pulmonary function testing is covered under 
the same guidelines, standards, and protocols that are 
used in the laboratory, including calibration, quality 
control, infection control, and competency of the staff  
performing these tests. Additionally, considerations  
and limitations discussed in performing these tests  
in the pediatric population must be considered.  
Often, when equipment becomes easier to use and  
more readily available, standards and guidelines may  
be compromised. 

Considerations of and limitations to performing tests 
at the bedside would include the patient’s status and 
ability to perform the tests. For example, some children 
are too sick to perform spirometry or to cooperate 
enough to just breathe quietly. As previously stated, 
bringing equipment into a child’s room can cause anx-
iety. Meeting with the child and parent prior to testing 
and using a booklet in a storybook format that describes 
the testing is helpful. Using a stuffed animal to demon-
strate the test and then giving that animal as a prize is 
often just the right incentive. Flexibility, patience, and 
timing are very important in performing bedside pul-
monary function tests in children. 

Summary
Pulmonary function testing in the pediatric population 
assists in identifying, grading, and monitoring various 
disease states. Special attention is given to the integral 
role the skilled technologist has in getting the child to 
perform the maneuvers necessary for measurements of 
standard pulmonary function tests. Techniques, modifi-
cations, and considerations for performing various tests 
in children are critical in obtaining usable data. Pulmo-
nary function measurements are needed in infants and 
preschoolers for early diagnosis and intervention. FIGURE 21-9 Pressure-volume loops of compliance.
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Case Study 1
An 8-year-old male is referred to a pediatric pulmo-
nologist for evaluation because of continued cough 
and wheezing and the need for oral steroids four times 
in the past year. His medical history includes being 
born prematurely at 27 weeks’ gestation, remaining 
hospitalized for 5 months after birth with a diagnosis 
of bronchopulmonary dysplasia, and requiring supple-
mental oxygen for the first 10 months of life. Over 
the past 8 years, he has had frequent ED visits with 
more than 2 hospitalizations per year for viral-induced 
cough and wheeze. His symptoms have been managed 
with the following:

 � Leukotriene inhibitor taken daily

 � Combination corticosteroid and long-acting 
bronchodilator inhalations twice per day

 � Albuterol inhalations as needed 
The pulmonologist ordered pulmonary function tests 
that included spirometry with lung volumes, pre- and 
post-bronchodilator, and DLco. He was able to per-
form spirometry that met ATS criteria. However, his 
DLco measurements could not be obtained after 
multiple attempts. On the day of the test, his mother 

stated that he was taking all the medications just 
listed, but he had not used albuterol for several weeks 
and had no symptoms. The spirometry test results 
were as follows:

 � Decreased FVC

 � Decreased FEV1

 � Normal FEV1/FVC ratio

 � Decreased TLC

 � Decreased FEF25-75%

 � Increased RV/TLC ratio
Post-bronchodilator measurements revealed a 15% 
increase in the FEV1, significant improvement in the 
FEF25–75%, and a reduction in the RV/TLC ratio.

1. These test results indicate which of the follow-
ing disease patterns: restrictive, obstructive,  
or mixed?

2. How would you interpret the results of the  
pre- and post-bronchodilator testing?

3. What do the test results tell you about the effi-
cacy of the current medication regimen?

Case Study 2
A 13-year-old girl presents to the pulmonary function 
laboratory for exercise-induced bronchospasm (EIB) 
testing. She had been well until the start of soccer 
season 2 months ago. Twice while running she became 
short of breath and “thought she was going to pass 
out”. During a recent soccer game, she became se-
verely dyspneic and was taken to the local emergency 
department (ED). By the time she reached the ED, she 
was not wheezing or coughing and her dyspnea had 
resolved. She was discharged and referred to her local 
pediatrician for follow-up, where she was prescribed 
an albuterol inhaler to use 20 minutes prior to exer-
cise. Over the past 2 weeks, she has had 2 more epi-
sodes of dyspnea during games and states that “the 
albuterol didn’t help” and that her throat hurts and it 
is difficult to breathe in or catch her breath.

EIB testing was performed on the cycle ergom-
eter. She had no coughing or wheezing; however, at 

end-exercise she experienced significant stridor  
and respiratory distress. Her blood pressure  
increased from a baseline of 108/76 to 156/75 prior 
to termination of the test. Baseline pulmonary func-
tion results showed a normal FVC, FEV1, and FEF25–75%. 
Post-exercise measurements showed no significant 
changer from baseline. After interpretation of the 
test results, a diagnosis of vocal cord dysfunction 
was made.

1. Based on the test results, did this patient have a 
positive EIB test?

2. What is the classic presentation of a patient 
with vocal cord dysfunction?

3. How is a definitive diagnosis of vocal cord dys-
function made, and how is it managed?
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OBJECTIVES
1. Discuss the indications, hazards, complications, and 

contraindications of upper and lower airway devices.
2. Describe the technique used to insert a laryngeal mask 

airway (LMA).
3. Explain the calculation used to select endotracheal  

tube (ETT) size.

4. List the equipment essential to the preparation for 
endotracheal intubation.

5. Explain the different techniques used to intubate the 
trachea.

6. Describe the methods used to confirm tracheal  
ETT placement.

7. Discuss the clinical considerations for evaluating 
tracheostomy tube size.

8. List the indications, contraindications, and hazards of 
suctioning.

9. List suction pressures.
10. Differentiate between deep and shallow suctioning.
11. Describe how suction catheter size is selected.
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laryngeal mask airway (LMA)
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nasopharyngeal airway

oropharyngeal airway
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Introduction
Establishing and maintaining airway patency is crucial 
to the care of infants and children. It is essential to rec-
ognize not only the signs of airway compromise but  
also the need to secure an airway in those with respira-
tory distress and/or pending respiratory failure. Clini-
cians need to be familiar with the indications, proper 
uses, and limitations of airway management equipment 
to minimize the propensity for harm during care.

Upper Airway Devices
Upper airway obstruction describes partial or complete 
obstruction of gas flow through the oro- or nasopha-
ryngeal airway, past the base of the tongue. It impedes 
spontaneous ventilation or effective bag-mask ventila-
tion. It is most commonly encountered among patients 
with obesity, those with a decreased level of conscious-
ness due to relaxation of airway musculature, or those 
with certain anatomic findings, such as a small man-
dible or large tongue. 

Upper airway devices do not provide lower airway 
protection. Rather, they are designed to relieve upper 
airway obstruction (i.e., oro- or nasopharyngeal  
airways) or to provide a conduit to the lower airway  
(supraglottic airway devices, laryngeal mask airway) and 
a temporary means to provide assisted ventilation.

Oropharyngeal Airways
An oropharyngeal airway is a rigid, c-shaped device that 
is inserted through the mouth to provide a clear passage 
of airflow past the obstruction of the tongue and upper 
airway tissue to the level of the supraglottic area. Some 
styles of oropharyngeal airways have a hollow center, 
allowing for suctioning of the airway and the passage of 
airflow through the lumen of the device (Figure 22-1). 

An oropharyngeal airway is indicated when spon-
taneous ventilation is partially or fully obstructed or 
mask ventilation is inadequate despite optimal facemask 

position, mask fit, and mask seal. When correctly posi-
tioned, the oropharyngeal airway displaces the tongue 
forward, away from the palate and the posterior wall 
of the pharynx. The distal portion rests just above the 
larynx. Oropharyngeal airways are manufactured in 
several different sizes, and choosing the correct size is 
imperative because an airway that is either too short or 
too long could exacerbate airway obstruction. The cor-
rect size for an oropharyngeal airway can be determined 
by measuring the device against the patient’s face. The 
appropriately sized oropharyngeal airway should extend 
from the level of the patient’s teeth (or alveolar ridge) to 
the angle of the mandible (Figure 22-2).

An oropharyngeal airway is inserted through the 
mouth. The use of a tongue depressor can facilitate 
insertion. The clinician holds the mouth open with the 
nondominant hand. If a tongue depressor is used, it is 
held by the dominant hand to depress the tongue. The 
nondominant hand holds the airway with the concav-
ity facing rostrally and inserts it into the mouth. Once 
the distal end of the airway passes the upper teeth, 
the device is rotated 180 degrees and simultaneously 
advanced along the surface of the tongue. The clini-
cian should be careful not to abrade the palate or other 
oropharyngeal structures during insertion. Sponta-
neous ventilation should immediately improve with 
proper positioning of the oral airway. Should the patient 
require ventilatory assistance, mask ventilation can 
again be implemented or resumed and air movement 
evaluated. The device does not need to be secured and 
can remain in place until either the patient’s breathing 
improves or a more definitive airway, such as an endo-
tracheal tube, is inserted. To remove the oropharyngeal 
airway, gently pull in a slightly caudal direction to allow 
the oropharyngeal airway to follow the natural course of 
the patient’s airway.

Oropharyngeal airways are useful adjuncts to mask 
ventilation in the case of upper airway obstruction 
or in the sedated patient breathing spontaneously. 
However, they are not well tolerated in awake patients 

FIGURE 22-2 An illustration of a properly placed oral airway, which 
extends from the patient’s teeth to the angle of the mandible.

FIGURE 22-1 The Guedel airway has a hollow center that allows air 
to flow through and provides a path to facilitate suctioning.
Courtesy of Intersurgical Ltd/Wikimedia Commons.
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and can induce coughing, gagging, and choking. 
Their use should be reserved for deeply sedated or 
anesthetized patients.

Nasopharyngeal Airways
The nasopharyngeal airway is a device designed to 
maintain or improve upper airway patency by creating 
a conduit from the tip of the nose to the hypopharynx. 
This device often bypasses an upper airway obstruction. 
Unlike the oropharyngeal airway, the nasopharyngeal 
airway is a soft, flexible tube. The proximal end of the 
device, or flange, is flared to prevent it from advanc-
ing in the nasopharynx, and some nasopharyngeal 
airways are adjustable to ideally position the length of 
the airway (Figure 22-3). When properly placed, the 
distal aperture should rest just superior to the epiglottis 
(Figure 22-4). The nasopharyngeal airway is better tol-
erated than the oropharyngeal airway and can be used 
in either awake or asleep patients. 

The nasopharyngeal airway is indicated to treat 
upper airway obstruction, either in an awake patient 
exhibiting signs of respiratory distress or in an uncon-
scious patient to facilitate effective mask ventilation. 
A spectrum of different sizes is available. The correct 
size should extend from the naris to the meatus of the 
ear. Typically the nasopharyngeal airway will be 2 to  
4 cm longer than the appropriate oropharyngeal  
airway in a given patient. 

Lubricate the nasopharyngeal airway prior to inser-
tion to allow smooth passage through the nasopharynx. 

A vasoconstrictor, such as oxymetazoline, can be 
sprayed into the nose to reduce the risk of epistaxis. Ini-
tial insertion should be aimed directly posterior along 
the floor of the nasal passage. Attempting to insert the 
nasopharyngeal airway in a superior direction should 
be avoided because this could cause injury to the nasal 
turbinates. The device is smoothly advanced until the 
flange rests against the naris. If resistance is encoun-
tered, attempt to turn the device while applying gentle 
pressure, and if resistance continues, the nasopharyn-
geal airway should be removed and insertion attempted 
in the opposite naris, as exerting force could produce 
a nose bleed. Securing the nasopharyngeal airway is 
rarely necessary, but in the presence of a tenuous air-
way, such as postsurgery or with facial trauma, the de-
vice may be secured in place with sutures or tape.

Typically, a nasopharyngeal airway is much better 
tolerated compared to the oropharyngeal airway. Al-
though oropharyngeal airway use is essentially limited 
to the unconscious patient with absent airway reflexes, 
the nasopharyngeal airway is often well tolerated in 
awake patients. 

Although nasopharyngeal airways are an excellent 
adjunct for effective ventilation, they are not suitable in 
all patients. Due to the risk of epistaxis, nasopharyngeal 
airways should be avoided in patients with impaired co-
agulation from either pharmacologic anticoagulation or 
a pathologic bleeding disorder. Nasopharyngeal airways 
are contraindicated in head trauma or facial trauma 
because, if the facial bones or basilar skull are compro-
mised (broken), there is a potentially fatal risk of pass-
ing the nasopharyngeal airway through the cribiform 
plate into the brain. 

Supraglottic Airway Devices
A supraglottic airway (SGA) provides an unobstructed 
airway from the mouth to the suprglottic area and a 
15-mm connector to provide positive pressure ventila-
tion. There are a number of different SGAs available 
for use. 

Laryngeal Mask Airway
One of the first to be developed, the mostly widely used 
SGA is the laryngeal mask airway (LMA) developed 
by Dr. Archie Brain in 1981. The LMA was originally 
designed as an alternative to facemask ventilation for 
delivering anesthesia when endotracheal intubation 
was impossible. Currently, there are many different 
types of SGAs, and their clinical application has broad-
ened to include a role in anesthesia, resuscitation, and 
intensive care.

The original LMA developed is a reusable silicone 
device that can be autoclaved and reused up to 40 
times, and it is still commercially available. Several 
manufacturers produce disposable versions that are 
typically made of polyvinyl chloride. The LMA is a 

FIGURE 22-4 In a properly inserted nasopharyngeal airway, the flange 
rests at the nares and the distal end rests superior to the epiglottis.

FIGURE 22-3 An adjustable nasopharyngeal airway. The circle 
portion just below the flange can be moved along the body of the 
airway to adjust its length.
Image courtesy of Teleflex Incorporated. ©2018 Teleflex Incorporated. All rights reserved.
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small, elliptically shaped mask designed to fit in the hy-
popharynx and to provide a conduit that bypasses the 
upper airway and allows positive pressure ventilation. 
The rim of the mask is an inflatable cuff, which is con-
nected to a pilot tube and balloon through which the 
cuff is inflated and intracuff pressure can be monitored 
(Figure 22-5). There is an anterior aperture that, when 
correctly positioned, will overlie the laryngeal inlet. 
On the posterior surface of the mask, a ventilating tube 
extends from the central aperture to the mouth, with 
a standard 15-mm adapter allowing connection to a 
breathing circuit. Properly positioned, the distal aper-
ture opens to the laryngeal inlet, and the tip of the cuff 
rests in the proximal esophagus posterior to the cricoid 
cartilage (Figure 22-6). Upon inflation of the cuff, a seal 
is created within the hypopharynx, allowing for positive 
pressure ventilation.

The LMA is available in sizes ranging from infant to 
adult, and correct size is usually determined by the pa-
tient’s weight. The manufacturer recommends choosing 
the largest size that fits in the oral cavity, then inflating 
the cuff to the minimum pressure that will allow venti-
lation using up to 20 cm H2O of pressure to the airway 
without significant air leak.

Prior to insertion of the LMA, the patient is placed 
in the sniffing position. The cuff of the LMA is fully de-
flated, ensuring that the posterior surface of the mask is 
smooth and wrinkle-free (although some recommend 
having a slight amount of air in the cuff). The tip of the 
LMA should be deflected backward, away from the ap-
erture, encouraging the LMA to slide posterior to the 
epiglottis without pushing it over the glottic opening. 
The posterior (pharyngeal) surface should be lubricated 
to facilitate smooth insertion. Using the nondominant 
hand at the patient’s occiput to extend the head, the 
LMA is held in the dominant hand like a pencil, with 
the index finger at the junction of the mask and bar-
rel. The LMA is inserted into the mouth and advanced 
against the hard palate toward the larynx until resis-
tance is felt. The hand is then removed and the cuff 

inflated to an intracuff pressure of less than 60 cm H2O. 
The LMA can be secured with tape.

Laryngeal masks and other SGAs are poorly toler-
ated in awake or lightly anesthetized patients. Insertion 
in a patient who has an intact gag reflex can result in 
coughing, laryngospasm, gagging, and emesis. Con-
traction of the pharyngeal and laryngeal musculature 
prevents optimal positioning of the LMA. The LMA 
partially protects the airway from pharyngeal secre-
tions but does not protect the patient from aspiration 
of gastric contents. The cuff need not be deflated prior 
to removal, as the inflated cuff may aid in extraction of 
oropharyngeal secretions. 

After becoming commercially available in the United 
Kingdom in 1988 and the United States in 1991, the 
LMA gained wide acceptance for its role in anesthesia 
practice and airway management. Over the first 3 years 
of clinical availability, the LMA replaced the endotra-
cheal tube (ETT) as the airway management technique 
in >40% of routine general anesthesia.1 With wide-
spread use, numerous other SGAs were introduced, 
with design modifications aimed to provide more de-
pendable positive pressure ventilation. Design modifica-
tions included disposability to minimize the potential 
for cross-contamination, an integrated bite block, and 
features to reduce the risk of pulmonary aspiration of 
gastric contents. Several SGAs were invented that had 
the ability to accommodate decompression of the stom-
ach by passing a suction or nasogastric tube. Modifica-
tions were made to facilitate intubation through the 
lumen of some SGAs.2 

There are several advantages to using an LMA 
compared to endotracheal intubation. Insertion of an 
LMA is simple and easy to learn and has a high success 
rate, even among inexperienced operators. Insertion 
is typically faster and does not require a laryngoscope. 
Insertion is also accomplished with a lighter level of 
anesthesia, and no muscle relaxation is necessary. There 
are fewer changes in hemodynamics or intracranial and 

FIGURE 22-5 A laryngeal mask airway is available in a variety of 
sizes to facilitate insertion in very small or larger children.
© Michael Pervak/Shutterstock.

FIGURE 22-6 An illustration of a laryngeal mask airway properly 
positioned in the airway.
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intraocular pressure compared to tracheal intubation 
and extubation.3–7 There is decreased laryngeal trauma 
associated with LMA use versus tracheal intubation.8 
When used for administration of general anesthesia, 
there is a lower incidence of postoperative sore throat 
when using the LMA.9 Compared to facemask ventila-
tion, the LMA is easier to learn and use and provides a 
better seal in bearded patients or those with abnormal 
facial anatomy.10 The LMA protects the airway from 
secretions and may reduce the risk of facial nerve injury 
and eye trauma.11

Esophageal-Tracheal Combitube
The Esophageal-Tracheal Combitube (Covidien-Nellcor, 
Boulder, CO) is another laryngeal airway that has 
proven especially useful in the prehospital setting or 
other emergency situations because it is inserted blindly 
and ventilation can be established whether the device 
enters the trachea or the esophagus. Unfortunately, the 
Combitube can only be used in the adult population, as 
no pediatric sizes are available. 

King Laryngeal Tube
The Laryngeal Tube (LT; King Systems, Noblesville, 
IN) is an SGA that is easy to insert and designed to 
minimize airway trauma. There are several variations of 
the design in the LT family, and all are composed of a 
slightly curved tube with a larger proximal pharyngeal 
cuff and a smaller distal esophageal cuff (Figure 22-7). 
Both are low-pressure, high-volume cuffs served by 
a common inflation line, designed to equalize pres-
sures between the two cuffs. A ventilating lumen exists 
between the two cuffs to allow air movement through 
the larynx. It is available in both disposable and reus-
able models, and modifications exist to allow suction 
through the distal tip and a ventilating lumen that will 
accept a flexible bronchoscope or tube exchanger for 
tracheal intubation. It is available in pediatric sizes for 
children as small as 12 kg and 35 inches tall.

Both cuffs are deflated and lubricated prior to in-
sertion. With the head in neutral or sniffing position, 
the LT is inserted in the midline of the mouth. It is ad-
vanced along the hard palate in a caudal direction until 
resistance is felt. The cuffs are inflated to a pressure no 
greater than 60 cm H2O. Position is confirmed by auscul-
tating breath sounds and detecting CO2 on capnometry. 

Clinical Application/Indications  
of Laryngeal Airways
Although the LMA was originally designed for admin-
istration of anesthesia, the use of laryngeal airways has 
expanded to play an important role in many avenues 
of airway management. The most critical new role 
for SGAs is to rescue the airway when traditional at-
tempts to oxygenate or ventilate the patient fail. In the 
American Society of Anesthesiologists’ Difficult Airway 

Algorithm, the LMA is recommended for patients in 
whom initial intubation attempts fail and facemask ven-
tilation is inadequate.12 In an observational study, the 
LMA provided rescue ventilation in 94% of patients in 
whom tracheal intubation and mask ventilation were 
impossible.13,14 In the pediatric population, the LMA 
has been shown to prevent significant desaturation in 
patients with difficult airways.15,16

SGAs also serve as an aide to tracheal intubation. 
This technique is particularly useful in patients with a 
known difficult airway or those who have had a rescue 
laryngeal airway placed for emergency ventilation and 
oxygenation. A key advantage is the ability to continue 
ventilation through the device during the intubation. 
Several different modifications were made to early 
SGAs to provide a conduit for either blind or fiberoptic 
intubation. In the perfectly positioned LMA, where the 
ventilating aperture lies against the glottic inlet, blind 
tracheal intubation is possible. However, in children it 
is common to have the epiglottis fold inside the mask 
of the LMA yet not produce airway obstruction. There-
fore, in children we recommend inserting a fiberoptic 
bronchoscope through the LMA where a complete view 
of the glottis is possible in the majority of patients,15,17 
making fiberoptic-guided techniques for intubation a 
safer option than blind intubation techniques. 

Airway management of children is a significant 
challenge in the emergency prehospital setting. Often, 
personnel lack advanced airway management expertise, 
some standard supplies are not available, and physical 
conditions are suboptimal. Optimal patient prepara-
tion is impossible. Although tracheal intubation is the 
gold standard for securing the airway, it is often difficult 

FIGURE 22-7 An example of a laryngeal tube (King LTS).
Courtesy of King Systems.
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and occasionally impossible in the prehospital setting. 
Because of their ease of insertion and ability to provide 
reliable ventilation better than bag-mask ventilation, 
SGAs have come to play a prominent role in prehospital 
airway management. They can also be inserted without 
mobilization of the cervical spine, which is advanta-
geous in trauma patients. Tracheal intubation is also a 
challenge during a cardiopulmonary resuscitation and 
often requires cessation of chest compressions. There 
is a high incidence of failed intubations, unrecognized 
esophageal intubation, and unrecognized dislodge-
ment of the tracheal tube. For these reasons, the use of 
an SGA device has been recognized as an acceptable 
method of airway management during cardiopulmo-
nary resuscitation.16,18

Complications
Although they have proven to be a safe and effective 
adjunct to airway management, a significant failure rate 
exists with the use of SGAs. The majority of devices 
report a failure rate of 0% to 5%.19 Ventilatory failure 
most likely results from a malpositioned device, which 
can partially or completely obstruct the airway.20 This 
may be exacerbated by an improperly sized device. 
Torque from the ventilator circuit can induce mechani-
cal kinking or twisting of the ventilation shaft and com-
promised ventilation, especially in smaller devices for 
pediatric patients. 

Pulmonary aspiration of gastric contents remains 
a rare but potential risk associated with SGA use. The 
incidence of pulmonary aspiration with LMA use is 
between 0.85 and 2/10,000 patients.20–22 There is no 
increased risk of aspiration with positive pressure 
ventilation through an LMA compared to an ETT.23 
Most correctly positioned laryngeal airway devices 
have a high esophageal seal pressure (>50–60 cm 
H2O),19 inhibiting esophageal insufflation, but the 
LMA is associated with a reduced lower esophageal 
sphincter tone compared to facemask ventilation.22,24 
Newer designs of SGAs have aimed to reduce the 
risk of pulmonary aspiration, incorporating gastric 
vents to decompress the stomach. Factors that likely 
increase the risk of aspiration include improper posi-
tioning of the device and excessive peak airway pres-
sures. Cadaver studies have demonstrated esophageal 
insufflation with airway pressures >20 cm H2O 
through various SGA devices, including those with 
modifications to reduce the risk of aspiration.23 For 
this reason, airway pressures should be maintained at 
<20 cm H2O whenever possible. Despite these find-
ings, the use of an SGA should still be considered in 
an emergency situation, even for patients at increased 
risk for aspiration. 

Airway injury can occur with SGA use, most likely 
related to improper positioning of the device or exces-
sive cuff pressure. Postoperative sore throat is common 

after SGA use, and tongue congestion or edema can 
occur if the SGA is improperly positioned or holds high 
intracuff pressure.25 Avulsion of the frenulum of the 
tongue can occur if the tongue is caught by the mask 
during insertion. If intracuff pressure exceeds the pres-
sure of the pharyngeal mucosa, local tissue necrosis 
and resulting edema can occur. Compression injuries 
to pharyngeal nerves have been reported, including the 
lingual, hypoglossal, and recurrent laryngeal nerves.26 
In order to minimize the risk of airway injury, cuffs 
should be inflated to a pressure no greater than 60 cm 
H2O. Package inserts of some devices recommend a 
maximum volume of air to be inflated as well. Use of a 
manometer attached to the pilot balloon can confirm an 
appropriate cuff pressure. 

Contraindications
The routine use of SGAs should be avoided in patients 
who have an increased risk of pulmonary aspiration, 
such as those with active gastroesophageal reflux,  
intestinal obstruction, hiatal hernia, pregnancy, recent 
trauma, or intoxication. Because peak airway pres-
sures are limited when ventilating through an SGA, 
they are best avoided in patients with low pulmonary 
compliance. SGAs should not be used in the presence 
of pharyngeal pathology, such as pharyngeal abscess or 
obstruction. In an emergency situation, however, pro-
viding oxygenation and ventilation is of utmost impor-
tance and the use of an SGA should be considered, even 
in the presence of these risk factors. 

Limitations
Although they play a prominent role in airway manage-
ment, SGAs are not considered a definitive airway and 
should be exchanged for a tracheal tube in patients who 
have continued need for ventilatory support. They may 
not provide adequate ventilation in patients with lung 
pathology requiring high inspiratory pressures. There 
also exists a low but identified risk for pulmonary aspi-
ration of gastric contents.

Lower Airway Devices
Lower airway devices provide a definitive method for 
securing an airway, removing airway secretions, and 
providing the lower airway with aspiration protection. 
Lower airway devices can be inserted through the na-
res or mouth (i.e., endotracheal tubes) or permanently 
placed surgically or percutaneously (tracheostomy tube).

Endotracheal Tubes 
The most definitive method of securing the airway is 
endotracheal intubation, whether to provide positive 
pressure ventilation, effective suctioning of lower airway 
material, or protection from pulmonary aspiration. 
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Description
Polyvinylchloride (PVC) is the most commonly used 
material to produce an endotracheal tube. The tubes 
are designed with a gentle curve, making it easier to 
pass around the tongue without the need for a stylet. 
If a more acute curve in the ETT is required, a stylet 
can be inserted within the lumen of the ETT and used 
to alter the shape or curve of the tube. It is important 
to ensure that the more rigid tip of the stylet is not 
advanced beyond the tip of the ETT, which may injure 
glottic or subglottic structures. The tip of the ETT has a 
45-degree bevel that makes it easier to pass between the 
vertical vocal cords. If the ETT is advanced beyond the 
carina, it will most often pass into the right mainstem 
bronchus because the bevel contacts the carina and dis-
places the ETT to the right. If left mainstem intubation 
is desired, the ETT can be turned 180 degrees so that 
the bevel will direct the ETT to the left. Most ETTs have 
a Murphy eye, an additional orifice on the side of the 
ETT at the distal tip (Figure 22-8). The Murphy eye will 
allow bilateral lung ventilation when the tip of the ETT 
sits close to the carina; gas is able to pass to one lung 
out of the distal orifice of the ETT and to the other lung 
through the Murphy eye. Lastly, many manufacturers 
place markings on the ETT indicating the proper depth 
of insertion when aligning these markings with the  
vocal cords.

Indications
Tracheal intubation is most commonly indicated to 
provide positive pressure ventilation to treat respira-
tory failure. An ETT is sometimes placed to bypass 
an obstruction between the mouth or nose and the 
mid-trachea. Other indications include facilitating 
 airway suctioning when a cough and less invasive 
suctioning are ineffective or for airway protection 
(Table 22-1). A child who does not have protective 
 airway reflexes, most commonly from anesthetics or 
poisoning, and who is also at risk for emesis is at in-
creased risk of aspiration pneumonitis. Rarely, tracheal 
intubation is used to isolate one lung—for example, 
during thoracic surgery. Specialized ETTs and bronchial 
blockers are used in these situations. Many times, tra-
cheal intubation is indicated for surgery under general 
anesthesia. General anesthesia can be administered 
without an ETT, but intubation is most commonly used 
for major surgical procedures and for laparoscopic and 
 thoracoscopic procedures where spontaneous ven-
tilation is compromised. Endotracheal intubation is 
 frequently indicated for airway surgery, and in children 
the most common airway procedures are adenoidec-
tomy and tonsillectomy.

Hazards/Complications
Caution should be used when tracheal intubation with 
positive pressure ventilation is used to bypass an airway 
obstruction because of the risk of intrathoracic airway 
collapse. Therefore, tracheal intubation is contraindicated 
for patients with airway collapse from a mediastinal mass.

The timing of intubation is also important. As tra-
cheal intubation is most commonly performed for respi-
ratory failure or general anesthesia, failure to intubate 
in a timely manner may rapidly lead to patient injury 
or death. Backup systems should always be in place to 
care for patients with unanticipated difficult intubation. 
During the procedure, there is a risk of stress hormone 
release, leading to systemic hypertension, pulmonary 
hypertension, tachycardia, and increased intracranial 
pressure. A vagal response during laryngoscopy and 
ETT placement may cause bradycardia or even asystole.

FIGURE 22-8 An example of an uncuffed endotracheal tube.
© poolsarp/Shutterstock.

Provide positive pressure ventilation from respiratory failure

Bypass supraglottic, glottic, and subglottic airway obstruction

Airway suctioning

Airway protection from gastric aspiration

Lung isolation

Surgery with general anesthesia

TABLE 22-1
Indications for Endotracheal Intubation
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Although not a direct complication of tracheal intu-
bation, ventilator-associated pneumonia is a common 
source of morbidity among intubated and ventilated 
intensive care unit (ICU) patients.

Postintubation croup (also referred to as postextuba-
tion croup) occurs in 0.1% to 1% of children.27,28  Factors 
associated with increased risk of croup include an 
ETT with an outer diameter (OD) that is too large for 
the child’s airway, no leak at >25 cm H2O pressure or 
 resistance at the time of insertion, repeated attempts at 
intubation, traumatic intubation, patient age between  
1 and 4 years, coughing while intubated with an ETT, 
and previous history of croup. 

Ninety percent of acquired subglottic stenoses are 
the result of tracheal intubation, particularly prolonged 
intubation.29,30 However, preterm neonates less com-
monly develop subglottic stenosis because the imma-
ture cricoid cartilage is thought to be less susceptible 
to ischemic injury.30,31 An ischemic injury occurs sec-
ondary to pressure exerted from the ETT on the lateral 
wall of the trachea, producing mucosal ulcerations and 
necrosis. Granulation tissue forms within these ulcer-
ations, ultimately resulting in a narrowed airway from 
scar tissue.32,33 

Types of Tubes
Most standard ETTs are made of PVC. There are re-
cent advances in ETT design for infants and children. 
For example, some ETTs are manufactured from softer 
polyurethane and have a cuff that is high volume, low 
pressure, similar to cuffed ETTs used for older children 
and adults. The cuff may be positioned more distally 
on the tube to facilitate insertion below the cricoid 
cartilage. The Murphy eye is eliminated because of 
thin ETTs with a distal cuff placement. Other special-
ized tubes are designed for specific surgical procedures 
(Table 22-2). 

Cuffed versus Uncuffed
Traditionally, uncuffed endotracheal tubes were used 
in children younger than 8 years because a seal can be 
made between the wall of the ETT and the tracheal 
mucosa at the level of the cricoid cartilage.32 The com-
plete ring of the cricoid cartilage was thought to be the 
narrowest portion of the pediatric airway. More recent 
evidence has shown the narrowest portion of the airway 
to be the rima glottides (the level of the vocal cords),33,34 
and the cricoid cartilage is not circular but rather more 
elliptical in shape. An ETT that makes a good seal at the 
level of the cricoid exerts more pressure on the lateral 
mucosa than mucosa in the anterior-posterior dimen-
sion.34 For this reason, some manufacturers of cuffed 
ETTs have the cuff positioned below the level of the 
cricoid cartilage.

Small changes in the internal diameter of an ETT 
more significantly affect airway resistance when ETTs 

have a small internal diameter (ID). Assuming the gas 
flow is laminar, the change in resistance between a 
7.5- and a 7.0-mm ETT is 24%. However, the change in 
resistance between a 3.5- and a 3.0-mm ETT is close 
to 50%.35 Therefore, it is recommended to decrease the 
size of the ETT by 0.5 mm ID when using a cuffed tube. 
Cuffed tubes are now standardly used for pediatric  
patients for anesthesia and intensive care, yet contro-
versy remains regarding the use of cuffed tubes during 
infancy.36 One significant advantage of a cuffed ETT 
is the ability to maintain an adequate seal between the 
wall of the ETT and the tracheal mucosa.37 Modern pe-
diatric ventilators will effectively coordinate and assist 
ventilation in patients with spontaneous efforts; how-
ever, an air leak around the ETT will reduce the sensi-
tivity or eliminate this capability.

The risk of injury to the subglottic mucosa from a 
tight-fitting cuffed or uncuffed ETT exists. A few stud-
ies comparing the use of cuffed ETTs in ICU settings in 
children have not found a difference in the incidence of 
subglottic injury; however, all these studies suffer from 
small sample size.38 Studies in the anesthesia literature 
have significantly larger numbers of patients and do not 
find a difference in the incidence of stridor after intuba-
tion.39–42 Table 22-3 compares the advantages of cuffed 
and uncuffed tubes in infants and children.

Selecting the Appropriate Size
Age is the primary parameter used to determine the 
correct size of an ETT. The head and neck typically 
grow even when there is growth reduction due to 
 nutritional or other causes; therefore, weight-based or 
length-based formulas are less accurate.43,44 One of the 
most commonly used formulas dates back to a publica-
tion from 1957:45

Age (years)  4/16 (age 2 and older)

Type of ETT Use

Metal tubes Laser surgery on the airway. Metal is 
used because PVC is flammable.

Double lumen tubes Facilitates single (unilateral) lung 
ventilation

Bronchial blockers built 
into the ETT or used 
in conjunction with 
standard ETTs 

Facilitates single (unilateral) lung 
ventilation

Specialized curved 
ETTs designed by Ring, 
Adaire, and Elwyn (RAE) 

Oral RAE tubes are used for cleft 
palate and adenotonsillectomy 
surgery. Nasal RAE tubes are used for 
dental procedures.

TABLE 22-2
Types and Uses of Specialized ETTs
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ETT Insertion
ETTs can be inserted using digital technique (by feel), 
blind technique (usually nasal intubation), direct laryn-
goscopy, video laryngoscopy, a lighted video stylet, or 
fiberoptic laryngoscopy. Standard equipment should 
be routinely prepared and checked before proceeding 
with intubation. One mnemonic used as a checklist 
memory aid is SOAPPIM (Table 22-4). A large-bore, 
multi-orifice suction is required to remove secretions 
or vomitus that may obstruct the view of the larynx. In 
larger children and adults, the yankauer-style suction is 
typically preferred (Figure 22-9). Although smaller, pe-
diatric yankauer suction is available, but the device may 
still be too large for a neonate infant and a flexible suc-
tion may be used instead. Typically, a 14 Fr catheter that 
provides continuous suction is preferred because this 
will not be used to suction the trachea and functions 
more like a yankauer-style suction.

In addition to the appropriately sized ETT, a tube 
0.5 mm smaller should be readily available. The smaller 
tube can be used when the clinician performing the 
intubation is unable to pass the appropriate-size tube 
due to airway edema or anomaly. Appropriately sized 
oral airways should also be prepared for immediate 
use. Sedatives and analgesics should be prepared, along 
with muscle relaxants if indicated. IV access is helpful 

for pre-intubation medication and/or emergency drug 
administration. Patients who are hypovolemic may 
develop significant hypotension from the conversion 
of spontaneous ventilation, with associated negative 
intrathoracic pressure, to positive pressure ventilation. 
Volume administration of a balanced salt solution is  
frequently indicated.

Technically skilled personnel should be performing 
tracheal intubation; the care team should be aware of 
immediate patient needs during the procedure and be 
prepared to assist with bag-mask ventilation, adminis-
tration of additional medications, and monitoring of the 
patient’s vital signs as the laryngoscopist is focused on 
the technical task. Also, because failure to intubate can 
rapidly lead to patient harm, a backup plan to call for 
additional skilled assistance should be considered.

Direct Laryngoscopy (DL)
Anatomic differences between children and adults 
require a difference in intubating techniques.46–50 The 
Miller (straight) blade is commonly used to expose the 
glottis because of these anatomic differences. The in-
fant larynx is positioned more superiorly, at the level 
of the second cervical vertebral body as opposed to 
the fourth, as seen with older children and adults. This 
position gives the larynx a more anterior appearance 

  Cuffed ETT Uncuffed ETT

Advantages

Accurate ventilator sensing of spontaneous effort

Less airway resistance to gas flowLess need for multiple laryngoscopies to size the best-fitting tube

Better protection against aspiration

Disadvantages Greater ETT resistance to gas flow Poor seal will lead to poor coordination with modern 
ventilators

TABLE 22-3
Comparison of the Advantages of Cuffed and Uncuffed Tubes in Infants and Children

S Suction

O Oxygen source

A Airway(s)

P Pharmacy (pharmaceutical agents)

P Personnel

I Intravenous access

M Noninvasive monitors (heart rate, blood pressure, oxygen 
saturation, and CO2 detection)

TABLE 22-4
SOAPPIM Mnemonic for Endotracheal Intubation

FIGURE 22-9 An example of a yankauer-style suction used for  
larger children.
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when performing laryngoscopy. A curved blade (Ma-
cintosh) can displace the larynx even more anteriorly, 
worsening visualization of the glottic opening. Also, the 
epiglottis in a child is more omega shaped and hangs 
over the glottic opening compared to the adult, where 
the  epiglottis is parallel to the trachea.51 Many times the 
laryngoscopist must lift the epiglottis to obtain a good 
view of the glottic opening (Figure 22-10). The Miller 
blade is designed to easily lift the epiglottis without pro-
ducing trauma. Many other laryngoscope blade designs 
exist; however, the Miller and Macintosh blades are the 
most commonly used (Figure 22-11). 

The laryngoscope blade is inserted slightly to the right 
side of the mouth and advanced under constant vision 
along the surface of the tongue as the tip of the blade is 
placed in the vallecula. The tongue is then displaced to 
the left as the laryngoscope blade is moved more to the 
midline, exposing the glottic opening. If the epiglottis 
is still covering the glottic opening, it can be lifted with 
the tip of the blade (Figure 22-10). The laryngoscope 
blade should not be used as a fulcrum with pressure ap-
plied to the teeth or alveolar ridge. If the laryngoscope 
blade is blindly advanced deep into the mouth, the tip 
of the blade typically advances into the esophagus. The 
blade can then be withdrawn until the epiglottis falls and 
subsequently advanced into the vallecular. This tech-
nique should be avoided because there is a greater risk 
of laryngeal trauma when the tip of the blade scrapes the 
arytenoids and aryepiglottic folds.

The goal of laryngoscopy for tracheal intubation is 
to optimally align the oral, pharyngeal, and tracheal 
axes. In older children and adults, this generally re-
quires placing a folded towel or blanket under the 
head. Because of the large occiput in smaller children 
and infants, simple head extension will accomplish 
this alignment. It is common for the inexperienced 

laryngoscopist to place a roll under the shoulders of 
infants and children. Even though this may improve the 
laryngeal view, especially when the laryngoscopist is 
seated, this extreme neck extension position typically 
misaligns the oral, pharyngeal, and tracheal axes, mak-
ing intubation more difficult and placing the larynx very 
anterior in appearance (Figure 22-12).52–54 

FIGURE 22-10 Illustrated view of the glottis during intubation with a 
Miller blade.

Vocal cord

Vocal cord
guide

FIGURE 22-11 Handles of laryngoscopes (small and large),  
as well as two styles of blades: Macintosh blades (left) and  
Miller blades (right).
© Terayut Janjaranuphab/Shutterstock.

FIGURE 22-12 The three planes: oral (O), pharyngeal (P), and 
tracheal (T). Head position affects alignment of the three planes and 
visualization of the vocal cords. (A) Lack of alignment when the head 
is held in a neutral position. (B) The use of a head roll begins to move 
the larynx more anteriorly. (C) Simple head extension aligns the three 
planes in smaller children; head extension with a head roll (pictured) 
can be used to align the three plans in the older child.
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Videolaryngoscopy
Improvements of small video cameras and optical lenses 
have led to the development of a wide variety of video-
laryngoscopes. These scopes enhance the ability to visu-
alize the larynx of children who are difficult to intubate. 
All these tools require practice to acquire appropriate 
expertise. They should be used periodically for routine 
laryngoscopy in order to maintain practice and familiar-
ity with the differences in technique required to master 
these tools. Compared to standard direct laryngoscopy, 
videolaryngoscopy typically requires more time to in-
tubate, and blood or secretions in the airway limit the 
utility of these devices.55–59 The glidescope is one of the 
most popular devices available. The blade has an accen-
tuated curvature with a high-resolution camera at the 
tip of the blade, and it has an incorporated anti-fog sys-
tem. A variety of blade sizes are available, from neonatal 
to adult. Because of the extreme curvature of the laryn-
goscope blade, the ETT requires a stylet that should be 
molded to the shape of the blade. The blade is inserted 
in the center of the mouth and the tongue is not swept 
to the side. Once the ETT is positioned at the laryngeal 
inlet, the stylet is withdrawn, allowing the ETT to  
pass into the trachea. When a poor view is encountered, 
it is most commonly due to wrong blade size, excess 
head extension, and/or failure to lift the blade. Similar 
to standard direct laryngoscopy, the best view of the 
larynx is obtained from a straight lift of the blade rather 
than from rocking the blade back against the incisors 
where the tip of the blade is forced more anteriorly.

Fiberoptic Intubation
The fiberoptic bronchoscope is one of the most versatile 
tools used to intubate children with a difficult airway. 
This tool does not require neck extension and is useful 
when the neck is fused or should not be manipulated. 
It can be used with a sedated, spontaneously breathing 
patient, improving safety over the use of anesthetics and 
muscle relaxants. It can also be used in combination 
with the LMA. Once the LMA is successfully inserted, 
the fiberoptic bronchoscope can be passed through the 
LMA, where it typically exits above the laryngeal inlet. 
In children, the epiglottis frequently folds within the 
mask portion of the LMA. This positioning of the epi-
glottis generally does not interfere with LMA function; 
however, visualization of the larynx using fiberoptic 
bronchoscopy is more difficult, and blind insertion of 
the ETT through the LMA will traumatize laryngeal 
structures.

Confirming the Tube Position
The routine use of capnography provides rapid and 
reliable evidence of tracheal intubation. A true capno-
graphic display is more reliable than the colorimetric 
devices because the waveform has better diagnostic 

properties. The colormetric devices display a color 
change, typically from purple to yellow, when carbon 
dioxide (CO2) is detected. Bag-mask ventilation often 
causes some CO2 to enter the stomach, and a slight 
color change is sometimes seen with esophageal  
intubation. This color change will quickly disappear.  
A capnographic display will demonstrate a low value 
of CO2 in this setting that also disappears with ventila-
tion. CO2 detection may produce false-negative results 
(the patient is properly intubated, yet there is no CO2 
detected) during full cardiac arrest. If there is no pul-
monary blood flow, there will be no CO2 delivered to 
the alveoli. Capnography can be used to determine the 
effectiveness of cardiopulmonary resuscitation (CPR), 
as a higher CO2 number indicates adequate pulmonary 
blood flow and therefore better cardiac output.60–62

Other markers of tracheal intubation are less reliable 
than CO2 detection; these include bilateral auscultation 
of breath sounds, auscultation over the abdomen, fog 
in the ETT, symmetric chest rise, and the absence of 
gastric insufflation. Because breath sounds in children 
are transmitted, it is best to listen for breath sounds in 
the axilla and apices to determine if there is endobron-
chial intubation; listening over the anterior chest is less 
reliable. Likewise, gastric ventilation can often be heard 
over the chest and can fool the examiner. The gold stan-
dard for determining optimal positioning of the ETT is 
plain chest radiography, which should be obtained as 
soon as possible after tracheal intubation, unless very 
short-term intubation is planned.

Securing the Tube
Traditionally, tape has been used to secure ETTs, and 
this remains the most common method of securing 
ETTs placed for anesthesia (Figure 22-13). There are 
several commercially available securing systems that 
minimize movement of the ETT yet allow access to the 
mouth for oral care. Most of these devices adhere to the 
face, but some also are secured behind the neck.

For neonatal patients, one of the most popular devices 
is the Neobar (Neotech, Valencia, CA; Figure 22-14). 
The Neobar is available in several sizes, and using the 
best-fit bar is key to success. Oral care is easier, and 
it is also easier to avoid skin injury using this secure-
ment device; however, there may be a higher risk of 
 self-extubation. One small retrospective study reported 
that the Neobar was more likely to position the ETT 
high compared to standard tape, which may increase 
the risk for unplanned extubation.63 

It is important to properly insert the ETT in 
mid-trachea of neonatal patients. The term neonate has 
a 5-cm distance from vocal cords to carina.64  Therefore, 
placing the ETT in the mid-trachea and securing 
the ETT with minimal movement is key to avoiding 
 endobronchial intubation or unanticipated extubation. 
Head flexion or extension will move the tip of the ETT, 

Lower Airway Devices 367



Cuff Pressure Monitoring
Cuff pressures that exceed 25 mm Hg will produce mu-
cosal ischemia that may heal with scar tissue, producing 
subglottic stenosis. Therefore, cuff pressure should be 
checked and monitored a few times per day. 

Extubation
All equipment and personnel needed for intubation 
should also be available at the time of extubation, in 
case there is a need for immediate reintubation. Prior 
to extubation, the ETT should be cleared of secretions 
and the oropharynx suctioned. One of two techniques 
is commonly used. The first technique is to insert a 
 suction catheter beyond the tip of the ETT and to ap-
ply suction while removing both the suction catheter 
and the ETT. This is thought to suction secretions from 
the airway as the ETT is removed. More commonly, 
one large positive pressure breath is administered as 
the ETT is removed to ensure that the first phase of 
respiration without the ETT is exhalation. This way, any 
residual secretions will not be pulled into the airway.

Unplanned Extubation
Translaryngeal, standard ETTs are inherently unstable. 
Patient movement or traction of the ETT or ventilator 
circuit can lead to unplanned extubation. ICUs that care 
for intubated patients must have immediate access to 
intubation tools and personnel. In the event of an un-
planned intubation, bedside personnel must be skilled 
in bag-mask ventilation to temporize and maintain 
ventilation and oxygenation while gathering equipment 
and personnel. Patients who are known to be difficult to 
intubate should have a bedside sign or indicator to avoid 
delay in contacting an expert in intubation, such as an 
anesthesiologist or otolaryngologist.

Tracheal Abnormalities
A smaller-size ETT should be used for patients with 
known tracheal stenosis. Review available records from 
previous intubations to determine the best size ETT to 
use, and if intubation records are not available,  multiple 
smaller-size ETT should be available from 0.5 mm 
smaller ID to 2 mm smaller.

FIGURE 22-13 Securing an ETT with tape in which a Y slit is made 
in the tape. One end affixes to the upper lip, and the other is used to 
wrap around the ETT to hold it in place.

FIGURE 22-14 The Neobar, a commercially available ETT holder.
Courtesy of Neotech Products.

Insertion Depth (cm) <1 year of age >1 year of age

Nasotracheal weight
2

9





+ age
2

15





+

Orotracheal weight
2

8





+ age
2

13





+

TABLE 22-5
Formulas for Predicting the Depth of ETT Insertion, Stratified by Age

even when well secured. There are several formulas 
the clinician can use to predict the depth of insertion 
(Table 22-5). It is important to note that the formulas 
have not been prospectively validated.65
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Patients with trachemalacia typically can be intu-
bated with a normal-size tube for age, although some 
authors suggest using an ETT that is 0.5 mm smaller 
than predicted so as not to place excess pressure on the 
tracheal mucosa.

Granulomas form in the airway from prior airway in-
jury and reduce the diameter of the trachea. To prevent 
further injury, use an ETT that is 0.5 mm smaller than 
predicted.

Tracheostomy Tubes
A tracheostomy tube provides a stable airway for many 
infants and children requiring airway and chronic 
 respiratory support. A tracheostomy tube is inserted 
into an artificial opening, known as a stoma, in the 
trachea. Although a tracheostomy tube can be inserted 
percutaneously, most infants and small children require 
it to be placed surgically. After surgery, the tracheos-
tomy tube is sutured in place to prevent movement 
or inadvertent removal until the stoma has had time 
to heal. In most cases, the stoma will heal in approxi-
mately 7 days, at which time the sutures are removed; 
the tracheostomy tube is replaced or exchanged for 
another tube of the same size and type, and it is secured 
with ties. 

Indications
Some of the most common indications for a tracheos-
tomy in children are listed in Table 22-6.

There are many types of tracheostomy tubes, in-
cluding cuffed or uncuffed, fenestrated or unfenes-
trated, single cannula or a tube with an inner cannula 
(Figure 22-15). There are also a variety of types of neck 
flanges to choose from. The child’s age, medical condi-
tion, structure of neck and face, presence of airway 
anomalies, and need for ventilatory assistance affect the 
tracheostomy tube type, length, and flange design used.66

A tracheostomy should not limit a child’s activities. 
Prior to performing a tracheostomy, consideration 
should be given to the child’s medical needs and degree 
of disability.

Hazards/Complications
Complications associated with tracheostomy can  occur 
during or shortly after the surgical procedure or as a 
consequence of long-term use. Bleeding can occur at the 
stoma or within the airway. Depending on the length of 
the tube and the presence of airway anomalies, the distal 
tip of the tube can rub against the tracheal wall, caus-
ing irritation or abrasion. When this occurs, the patient 
may have blood-tinged, or blood-streaked, secretions. 
As with any artificial airway, there is the potential for 
accidental removal, or decannulation. Clinicians should 
avoid placing undue tension on the proximal end of the 

•	 Laryngomalacia

•	 Need for prolonged mechanical ventilation

•	 Control of airway secretion

•	 Upper airway obstruction

•	 Central hypoventilation syndrome

•	 Airway trauma

•	 Tracheomalacia

TABLE 22-6
Common Indications for Tracheostomy

(A)

(B)

FIGURE 22-15 Examples of different types of tracheostomy tubes: 
(A) cuffed, (B) uncuffed, and (C) extended length.
(A) ©2018 Medtronic. All rights reserved. Used with the permission of Medtronic; (B) and  
(C) Courtesy of Smiths Medical.

(C)
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tube, especially when the patient is receiving mechani-
cal ventilation. Should decannulation occur before the 
stoma is healed, there is a risk of creating a false track 
during reinsertion. A false track occurs when the tra-
cheotomy tube is inserted through the stoma and passed 
into a tissue plane rather than the lumen of the trachea. 
The insertion of a tracheostomy tube into a false track 
is an airway emergency. It is  imperative for the clinician 
to immediately remove the tracheostomy tube; provide 
ventilation if needed, with the stoma occluded; and pre-
pare to reestablish a patent airway. If direct laryngoscopy 
can be performed, the child should be orally intubated. 

Granulation or scar tissue can form in the airway or 
at the stoma. Infection in the trachea or lower airway 
can also occur. The presence of blood or secretions can 
occlude the airway.

Types of Tracheostomy Tubes
There are many different types of tracheostomy tubes 
that can be used for infants and children. The type of 
tube selected for use depends on several factors. The two 
most common used in the decision making process are 
the purpose for the airway (airway anomaly, need for 
long term mechanical ventilation) and the child’s age.

Cuffed Tubes 
Cuffed tracheostomy tubes reduce the risk of aspiration 
and are also used when high ventilation pressures are 
required. There are currently three methods of cuff in-
flation: (1) Air is injected into the pilot tubing to inflate 
the cuff, (2) sterile water is used to inflate the cuff, and 
(3) foam is contained within the cuff and, when the pilot 
tube is opened, ambient air pressure inflates the cuff.

Uncuffed Tubes
Children who do not require high airway pressures or 
who are not at risk for aspiration most commonly re-
ceive an uncuffed tracheostomy tube. Uncuffed tubes 
do not exert pressure on the tracheal mucosa, thereby 
reducing the risk of mucosal injury, the development of 
granulation tissue, and scarring.

Jackson Silver
Metal tubes are sometimes used in special circum-
stances, such as after laryngeal reconstruction surgery. 
Most metal tubes have an inner cannula that reduces 
the inner diameter of the tube, and the inner cannula 
can be easily removed for cleaning.

Procedure for Tracheostomy Tube Change
Cleaning the stoma and changing the tracheostomy 
tube is an essential component of care.67 Parents are 
taught how to perform tracheostomy care in the home 
for those children transitioning from the acute care to 
the long-term or homecare setting. Table 22-7 outlines 
the technique used to care for a tracheostomy tube. 

During daily stoma care, the site should be inspected 
for redness, irritation, bleeding, or increased secretions. 
Secretion removal or suctioning is important to the care 
of infants and children with an artificial airway. Suction-
ing can be accomplished in two ways. The suction cath-
eter can be inserted into the proximal end or hub of the 
tracheostomy tube and suction applied to clear secretions 
that have been coughed into the hub. This method is 
often used when the patient has a strong cough and does 
not have difficulty mobilizing and/or expelling secretions. 
The goal is to clear secretions from the hub and to pre-
vent reentry of mobilized secretions into the airway. 

Suctioning can also be performed similar to the pro-
cedure performed for intubated patients. The suction 
catheter can be advanced the length of, but not extend-
ing beyond the distal end or tip of, the tracheostomy 
tube and suction applied as the catheter is withdrawn. 
Prior to suctioning, the suction depth is calculated to 
ensure that the catheter does not extend beyond the 
distal tip of the tube. The use of premarked catheters is 
strongly recommended to ensure insertion to the cor-
rect depth, at the tip of the tracheostomy tube. This 
will reduce the risk of epithelial damage to the tracheal 
mucosa.69 Suction pressures, for pediatric patients, are 
typically limited to 80 to 100 mm Hg. 

Securing the Tracheostomy Tube
There are three common methods of securing the trache-
ostomy tube: (1) twill ties, (2) a commercially manufac-
tured securement device, and (3) a stainless steel beaded 
chain. Twill ties are low cost and readily available. Twill ties 
are disposed of after each use or when the ties are changed 
during stoma care. Commercially manufactured secur-
ing devices are made of a soft material that adheres with 
 Velcro. This type of securement device can be washed and 
reused. A stainless steel beaded chain is not commonly 
used. As with the commercially manufactured device, the 
steel beaded chain also can be easily washed and reused.

•	 Gather supplies and have suction readily available.

•	 Use clean technique—hand washing with the use of nonsterile 
gloves.

•	 Place child in a comfortable position.

•	 Suction the tracheostomy tube prior to changing.

•	 Prepare the new tube by completely inserting obturator and 
applying a water-soluble lubricant.

•	 Hold on to the current tube hub while unfastening the ties.

•	 Remove the old tube.

•	 Insert the new tube on inspiration.

•	 Remove obturator.

•	 Fasten with tracheostomy tube ties or commercial tube holder.

TABLE 22-7
Procedure for Performing Stoma Care and 
Changing a Tracheostomy Tube
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The tracheostomy tube is held securely to avoid slip-
page of the tube in the trachea and evenly to avoid pull-
ing on the stoma. The ties are tightened to allow one 
finger to easily slide beneath the tie.68

Confirming Tube Position
A tracheostomy tube is placed as a surgical procedure, 
most commonly performed under general anesthesia. 
During placement, the anesthesiologist confirms  
bilateral breath sounds, and if the length of the tube is 
questionable, the surgeon may perform a bronchoscopic 
evaluation to ensure that the tube is in good position 
and that the shaft is an appropriate length. A CXR can 
be used to confirm proper tube placement as well.

Speaking/Phonation Devices
When a tracheostomy is considered, better practices 
recommend referral to a speech pathologist to facilitate 
a communication and feeding plan. Prior to trialing a 
speaking valve, the child must be medically stable. Eval-
uation of the tracheostomy size is also important. The 
tracheal cannula diameter must not exceed two-thirds 
of the tracheal lumen, unless a fenestrated tube is used. 
Should this diameter exceed two-thirds of the tracheal 
lumen, there is a risk that airflow around the trache-
ostomy tube will be obstructed or limited. In this case, 
expired gas will fail to effectively pass through the vo-
cal cords, making phonation difficult. Children with 
cuffed tracheostomy tubes must be evaluated for the 
risk of aspiration and their ability to tolerate a deflated 
cuff. Cuff deflation and the sensation of air through 
the vocal cords may alarm some children. The com-
munication plan should include a process to prepare 
and support the child and parent/caregiver(s) through 
this experience. 

Patients with significant medical complications who 
are unable to tolerate a speaking valve can use language 
boards, electronic communication devices, or sign 
language.

Decannulation
Typically, an endoscopic evaluation of the airway is per-
formed to evaluate anatomic structure and vocal cord 
function prior to elective decannulation, or removal of 
the tracheostomy tube. Patients who tolerate tracheos-
tomy tube capping for 24 to 48 hours are candidates for 
decannulation. After decannulation, the stoma typically 
spontaneously closes within hours or days. For those 
whose stoma remains partially or fully open, a surgical 
closure is necessary.

Clinical Considerations
Patients with tracheostomy tubes require follow-up by 
an otolaryngologist to evaluate airway patency, airway 
function, and the development of granulation tissue 
around the stoma or within the airway. Evaluating the 

size of the tracheostomy tube with growth is often nec-
essary. This ensures correct placement of the distal tip in 
the trachea and minimizes the resistive work of breath-
ing associated with the tube’s diameter. If the tracheos-
tomy tube is alleviating an airway obstruction, such as a 
stenosis, evaluating the tracheostomy tube size is crucial 
with growth to minimize inadvertent airway compro-
mise due to insufficient tracheostomy tube length. 

Unplanned Decannulation
In some instances, an unplanned decannulation can be 
life threatening, especially for the child receiving mech-
anical ventilatory support. A spare tracheostomy tube of 
the same size and a tube one size smaller should always 
be readily available for immediate insertion. If the clini-
cian is unable to reinsert the same size tube, a smaller 
one should be attempted. Orotracheal intubation by dir-
ect laryngoscopy should be performed in most patients 
whose tracheosomy tube cannot be reinserted.

Patient/Family Education
The goal of education is to ensure that the caregivers are 
confident and have demonstrated ability in caring for 
their child with a tracheostomy tube before transition to 
the home.

Homecare teaching commonly begins before the 
tracheostomy is placed and continues throughout the 
hospitalization. Training is multifaceted and inclusive 
of all aspects of care, from activities of daily living to 
operation and basic equipment troubleshooting. Typ-
ically, more than one direct caregiver is trained. Train-
ing includes didactic instruction and demonstration 
(Table 22-8). The parent(s) and/or direct caregiver(s) 
return demonstrations and are assessed on their ability 

•	 Routine tracheostomy tube change

•	 Suctioning

•	 Manual ventilation

•	 Ventilator training if patient requires mechanical ventilation

•	 Use and storage of oxygen if patient requires supplemental 
oxygen

•	 Use of a heat and moisture exchanger

•	 Use of a speaking valve

•	 Prevention of unplanned decannulation and reinsertion of 
tracheostomy tube following an unplanned decannulation

•	 CPR 

•	 Use of a specialized airway bag to keep all necessary supplies 
(extra tracheostomy tube, ties, suction catheters, etc.) organized

•	 Use of and basic mechanical ventilator troubleshooting 

TABLE 22-8
Content Areas Included in a Teaching Plan for  
a Child Transitioning from Hospital to Home with  
a Tracheostomy
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to provide care safely in the home. Some hospitals re-
quire the parent/caregiver to perform 12 to 24 hours of 
continuous care in a homelike setting with clinical staff 
in close proximity and available to answer questions or 
intervene if necessary. 

If the child requires mechanical ventilation, the local 
emergency medical system (EMS) and power compan-
ies should be notified of the address of the technology-
dependent child. In the event of a natural disaster or 
medical emergency, the appropriate local agencies and 
personnel are then made aware that a child requiring 
electrical power for life-support systems is in a residence.

Suctioning
Suctioning involves the manual removal of secretions 
from a patient’s airway and is commonly performed in 
patients with an artificial airway. Retained secretions 
can produce respiratory distress, increased work of 
breathing, a decrease in oxygen saturation, hypercapnia, 
and atelectasis and can lead to pulmonary infection. 
Other reasons for suctioning include coarse breath 
sounds or “noisy” breathing, the inability to cough up 
secretions, new areas of atelectasis noted on a CXR, 
visible secretions in the patient’s airway, or clinical 
deterioration. More subtle indications that suggest the 
need for suctioning include changes in the patient’s ven-
tilator settings, such as an increase in peak inspiratory 
pressure when set in volume control ventilation, or a 
decrease in tidal volume during pressure control venti-
lation.69,70 Suctioning involves applying negative pres-
sure from a vacuum source through a collection tube. 
Collection tubes can either be flexible suction catheters 
or rigid devices with a suction tip on the end, such as a 
yankauer-style device. The equipment needed for  
suctioning is listed in Table 22-9.

Hazards/Complications
Suctioning is not always a benign procedure. Suctioning 
is never contraindicated when it is needed or an indica-
tion exists. Potential associated complications of open 
and/or closed suctioning are found in Table 22-10. 

Bulb Suctioning 
Bulb suctioning is typically reserved for infants and 
small children and is defined as the act of removing 
secretions from a patient’s nasal passage using a bulb 
device (Figure 22-16). To use bulb suction, you squeeze 
the air out of the bulb, gently insert it into the infant’s 
nostril, and release the bulb, creating a vacuum as the 
bulb reinflates. This action will pull mucus out of the 
infant’s nostril. 

•	 Adjustable vacuum source

•	 Sterile suction catheters with thumb regulation port

•	 Sterile gloves

•	 Eye protection

•	 Mask and gown 

•	 Oxygen delivery system (bag-valve mask or ventilator if closed 
suction technique is performed) 

TABLE 22-9
Equipment Needed to Perform Tracheal Suctioning

Decrease in dynamic lung compliance

Atelectasis

Hypoxemia

Tissue trauma to the tracheal or bronchial mucosa

Pulmonary hemorrhage from mucosal trauma

Interruption of mechanical ventilation 

Bronchoconstriction/bronchospasm

Microbial colonization of lower airways

Systemic hypertension

Pulmonary hypertension

Hypotension

Increased intracranial pressure

Bradycardia or other arrhythmias, including cardiac arrest

TABLE 22-10
Potential Complications Associated with Suctioning 
a Tracheostomy Tube

FIGURE 22-16 An illustration of nasal suctioning with a bulb syringe. 
The arrow illustrates the flow of nasal secretions once the squeezed 
bulb reinflates.
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Nasotracheal Suctioning
Nasotracheal suctioning (NTS) is intended to remove 
accumulated saliva, pulmonary secretions, blood, 
vomitus, and other foreign material from the trachea 
and nasopharynx that cannot be removed naturally by 
the patient.71 NTS is performed by inserting a flexible 
catheter into the patient’s nasal passages and pharynx 
in order to remove secretions. Secretion clearance is ac-
complished by applying negative pressure, at the recom-
mended vacuum pressure, to a flexible catheter.72,73

To facilitate passing the suction catheter into the 
airway, position the patient in the sniffing position, or 
with the head slightly extended (Figure 22-12). Gently 
insert the catheter through the nostril, directing it  
toward the septum and floor of the nasal cavity. Nega-
tive pressure should not be applied during catheter 
insertion. If resistance is felt, twirl the catheter (roll it 
gently between your index finger and thumb) and then 
advance. The patient may cough as the catheter enters 
the posterior larynx.

Indications 
NTS is indicated to maintain a patent airway and to 
remove secretions in patients who have difficulty ex-
pectorating mobilized secretions. Indications for the 
need of NTS mirror those for suctioning associated 
with an artificial airway. The patient may have secre-
tions visible in the airway (secretions bubbling from 
the nares or mouth), coarse breath sounds or “gur-
gling” may be heard on auscultation, or the patient 
may exhibit signs of increased work of breathing or 
complain that they feel their secretions did not clear 
with coughing.

The only absolute contraindications for NTS are in 
patients diagnosed with epiglottitis or croup. Relative 
contraindications include occluded nasal passages; nasal 
bleeding; head, neck, or facial trauma; bleeding disor-
der/coagulopathy; irritable/reactive airway; and follow-
ing tracheal reconstruction surgery.71,74 

NTS is a blind procedure and is not without risks 
or complications. Inserting the catheter into the  
oropharynx or esophagus may cause the patient to 
gag and vomit, increasing the risk for aspiration. Re-
positioning the patient and/or catheter is appropriate 
at this time. Always be ready to suction the orophar-
ynx if needed. Special consideration should be made 
for patients who have recently eaten or who have 
gastric tube feedings. The determination to suction 
should be done in close coordination with the nurse 
caring for the patient. Hazards or complications are 
listed in Table 22-11.71

Suctioning and Artificial Airway
Suctioning is the most common procedure performed 
in the ICU for patients with an artificial airway.73 

The presence of an artificial airway, such as an ETT, 
impairs the cough reflex and increases mucus produc-
tion, thereby producing the need for suctioning. The 
ideal suction procedure should be painless, safe, ef-
fective, and free of associated adverse events. In order 
to optimize safety, the provider should consider the 
patient’s lung compliance, the vacuum pressure used 
for the suctioning procedure, the size of the suction 
catheter, and the time taken to pass the catheter and 
collect secretions.

Use of correct suction catheter size and vacuum 
pressure are essential. Vacuum pressures vary by age 
and are listed in Table 22-12. The use of smaller cath-
eters at lower vacuum pressures leads to ineffective 
secretion clearance. 

Mechanical trauma (nose bleeding)

Hypoxia/hypoxemia

Bradycardia, other arrhythmias, or cardiac arrest

Hypotension/hypertension 

Respiratory arrest

Paroxysmal coughing

Gagging/vomiting

Laryngospasm

Bronchoconstriction/bronchospasm

Infection

Atelectasis

Increased intracranial pressure

Pneumothorax

TABLE 22-11
Hazards/Complications Associated with 
Nasotracheal Suctioning

Population Pressure (mm Hg)

Neonates 60–80

Infants 80–100

Children 100–120

Adults 100–150

TABLE 22-12 
Recommended Vacuum Pressures Used for 
Suctioning the Airway
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Hazards/Complications
Although suctioning is a routine procedure performed 
in the ICU on a daily basis, as with NTS, it is not with-
out complications. Careful adherence to the procedure 
is the best way to avoid potential hazards or complica-
tions, such as oxygen desaturation, bronchospasm, nos-
ocomial infection, pain, anxiety, dyspnea, tachycardia, 
and increased intracranial pressure. 

The routine use of normal saline lavage prior to suc-
tioning may be associated with adverse events and can 
actually increase the risk of nosocomial pneumonia by 
dislodging bacteria from the tracheal walls. 

Desired Outcomes 
Clinical outcomes associated with suctioning include an 
improvement in breath sounds, improvement in arterial 
blood gases or oxygen saturation, decrease in airway 
resistance with a concomitant decrease in peak inspira-
tory pressure, and increase in tidal volume delivery dur-
ing pressure ventilation.69

Suctioning Techniques
Suctioning may be done with the child disconnected from 
ventilatory support (also know as the open procedure) or 
while the child remains connected to the patient-ventilator 
circuit (closed procedure). Although differences in the 
open and closed suction procedures differ, the indications, 
risks, and complications are similar. 

Open
The open suction procedure requires the patient to be 
disconnected from ventilator support to insert a suc-
tion catheter into the ETT to remove secretions. In 
the hospital setting, sterile technique is used. A clean 
technique is often used in the homecare setting to 
suction patients with a tracheostomy who may or may 
not require mechanical ventilation. This procedure 
may pose an increased risk of exposing the patient to 
environmental contamination if proper technique is 

not maintained.75–77 Suction catheters are available 
in a variety of designs, with most including a thumb 
port to apply suction and distal side suction ports to 
decrease mucosal damage caused by applying vacuum 
at a single end port (Figure 22-17). Suction catheters 
are sized in French units for the external circumfer-
ence and are typically 22 inches long.69 It is import-
ant to select the appropriate-size catheter to prevent 
atelectasis or hypoxemia when negative pressure 
is applied. 

Closed
The closed suction technique involves attaching a sterile 
suction system inline in the patient’s ventilator circuit 
(Figure 22-18). Use of a closed suction system main-
tains ventilation and oxygen delivery during the suction 
procedure. The literature reports that the use of closed 
suction results in fewer procedure-associated oxygen 
desaturations.76 

FIGURE 22-18 An example of a closed suction system.
Used with permission from Avanos Medical.

FIGURE 22-17 An example of an open suction kit. The kit contains 
sterile gloves, a suction catheter, and a container to hold sterile 
water to flush the secretions from the catheter.
© Medline Industries, Inc. 2018
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Catheter Size Selection
It is recommended to use smaller catheters whenever pos-
sible. The negative pressure that is transmitted to the air-
ways is determined by a combination of the catheter size 
as well as the vacuum pressure. Large catheter sizes and 
increased vacuum pressures are associated with increased 
negative tracheal pressures during endotracheal suction-
ing.72 Therefore, it is recommended to use smaller catheter 
sizes whenever possible for suctioning an artificial airway. 

Measuring the Size of Suction Catheters
To estimate the proper size of a suction catheter for en-
dotracheal suctioning, first multiply the tube’s inner di-
ameter by 2, then use the next smallest size catheter. For 
example, if the patient has a size 5.0 ETT: 2 x 5 = 10, 
and the next smallest size is an 8.75

Suction Depth
Many studies address the difference between deep 
suction procedures and shallow suction procedures. 
A deep suction procedure is described as the catheter 
being passed into the ETT until a cough or gag reflex 
is obtained while a shallow suction procedure is de-
scribed as the catheter being passed into the ETT so 
that the catheter goes to the tip of the ETT but does 
not extend beyond the length of the tube.77 When deep 
suctioning was compared to shallow suctioning in 
neonatal patients, there was no significant difference 
in oxygen saturations or heart rate; therefore, there 
appears to be no added cardiovascular risk to a neona-
tal patient from deep suctioning.77 However, shallow 
suctioning is recommended to prevent trauma to the 
tracheal mucosa.77

Case Study 1
A 5-year-old boy presented to the emergency depart-
ment with signs of acute airway obstruction and 
stridor. The signs and symptoms had begun the day 
before, with a respiratory infection, and had quickly 
progressed. His mother reported that the child ate 
peanuts as well. On arrival, the boy was restless and 
agitated, with dyspnea and tachypnea. He was sitting 
in a tripod position, and audible inspiratory stridor in 
the head-up position was noted. Cyanosis was present 
and his oxygen saturation by pulse oximetry was 85%. 
His vital signs upon admission were as follows: tem-
perature 37.80C, blood pressure 90/60 mm Hg, heart 
rate 160 beats per minute, respiratory rate 38 breaths 
per minute. The chest examination revealed decreased 
aeration bilaterally, transmitted sounds from the 
upper airway, and wheezing and whispery sounds. 

Systemic corticosteroids and 100% oxygen by face 
mask were given immediately. The physician asks 
you to prepare for intubation to assure an airway is 
secured. 

1. What size and type of ETT will you prepare for 
this patient?

2. What mnemonic is used as a checklist memory 
aid for equipment essential for endotracheal 
intubation?

The child was successfully intubated and transferred 
to the ICU.

3. Is there another method the physician may have 
chosen because of the upper airway obstruction 
and associated risks?

Case Study 2
A 10-month-old girl was transported to the emer-
gency department by paramedics. She has a history 
of fever and had a seizure at home. On arrival, the pa-
tient was not actively seizing, but she was apenic with 
an oxygen saturation of 75%. You position the head, 
open the airway, and, using the EC-clamp technique, 
you provide oxygen by a bag-valve-mask resuscitator. 
You suction the airway to remove oral secretions. At 
this time, the physician takes over manual ventilation 
and asks you to prepare for intubation. He would like 
an oral airway, with appropriate ETT size, stylet, and 

laryngoscope handle and blades. Using SOAPPIM, you 
prepare for intubation. 

1. What size ETT, oral airway, stylet, and laryngo-
scope blades will you prepare for this patient?

The patient is intubated without any adverse intuba-
tion-associated events.

2. How do you confirm endotracheal tube place-
ment in the pediatric patient?

3. What other intubation device could have been 
used for this patient?
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OBJECTIVES
1. List the indications for oxygen therapy.
2. Describe the physiologic mechanisms and provide 

examples of conditions that contribute to hypoxemia.
3. Define normoxemic hypoxia.
4. Describe the signs and symptoms associated with 

hypoxemia.
5. Differentiate between central and peripheral cyanosis.
6. Explain the methods for evaluating the efficacy of oxygen 

therapy.

7. Compare and contrast the indications, contraindications, 
and hazards associated with variable performance oxygen 
delivery devices.

8. Describe how a nasal cannula is applied to an infant and 
child.

9. Describe the essential components of applying reservoir 
devices to infants and children.

10. Compare and contrast the indications, contraindications, 
and hazards associated with the various fixed performance 
oxygen delivery devices.

11. Describe the indications, contraindications, and hazards 
associated with the various enclosure devices.

KEY TERMS
air-entrainment mask
air-entrainment nebulizer
central cyanosis
enclosure devices
fixed performance devices
heated high-flow nasal 

cannula (HHFNC)
incubator
nasal cannula
nonrebreathing mask

normoxemic hypoxia
oxygen hoods
partial rebreathing  

mask
Qp/Qs ratio
reservoir device
retinopathy of 

prematurity (ROP)
simple mask
variable performance
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Introduction
The administration of oxygen plays an essential role 
in the treatment and outcomes of infants and children 
with respiratory impairment. Oxygen therapy is admin-
istered across the continuum of care, from prehospital 
or emergency care during transport to definitive care 
though a variety of inpatient and outpatient settings, 
including acute care and intensive care units, physi-
cian offices, extended care facilities, and home. The 
devices used to administer oxygen therapy have evolved 
throughout the years. Technologic advances offer bed-
side clinicians a variety of devices to choose from and 
enable the caregiver to select a device that delivers the 
concentration and flow the patient needs while enhanc-
ing comfort and, ultimately, adherence to therapy.

Indications of Oxygen Therapy
The principal goal of oxygen therapy is to achieve ad-
equate tissue oxygenation by preventing and/or treat-
ing documented or suspected hypoxemia.1,2 Infants 
and children are particularly susceptible to hypoxemic 
events and, depending on the severity, they can lead to 
complications, including tissue hypoxia, metabolic ab-
normalities, acid–base disturbances, and even death.3–5  
Vital organs, such as the brain, heart, and kidneys, need 
high amounts of oxygen to adequately function. Exer-
cise, injury (trauma, burns), and illness increase oxygen 
requirements and, because the human body does not 
have a store of oxygen in the body, require supplemental 
oxygen administration to treat hypoxemia.6 In the ab-
sence of a respiratory or cardiac condition, exercise does 
not increase the oxygen requirements to the point where 
treatment is needed. However, children with chronic 
respiratory conditions, such as cystic fibrosis, may re-
quire oxygen for exercise-related  activities. Table 23-1 
provides a list of physiologic mechanisms and examples 
of conditions that contribute to hypoxemia. For ex-
ample, newborns have a higher concentration of fetal 

hemoglobin, which has a greater affinity for oxygen. 
The presence of higher fetal hemoglobin concentrations 
shifts the oxygen dissociation curve to the left, allowing 
higher oxygen saturation for any given PaO2. Therefore, 
a PaO2 less than 60 mm Hg and an SpO2 less than 90% 
would be indicative of hypoxemia in newborn infants. 
In children, hypoxemia is characterized by a PaO2 of less 
than 80 mm Hg or an SpO2 of less than 94% to 95%.

There are conditions that require prompt admin-
istration of high concentrations of oxygen. The high-
est concentration of supplemental oxygen should be 
administered during cardiopulmonary arrest while 
resuscitation is provided.7 After the return of spontan-
eous circulation, FiO2 should be titrated to achieve and 
maintain an SpO2 of 94%.8

Hypoxia is the most important indication for oxy-
gen therapy. Hypoxia can result from different acute 
conditions, including but not limited to acute respira-
tory failure, severe anemia, low cardiac output, severe 
sepsis, trauma, surgical intervention, and anesthesia. 
Supplemental oxygen therapy is also required when 
normoxemic hypoxia is present or when tissue hypoxia 
is present despite normal arterial PaO2 or SpO2.8 Cya-
nide poisoning is an example of normoxemic hypoxia.

Clinical Signs and Symptoms of Hypoxemia 
and Hypoxia
Several respiratory signs were found to be associated 
with hypoxemia. The literature reports that there is no 
single sign or symptom that can accurately predict hy-
poxemia in young children. Signs and symptoms include 
tachypnea, tachycardia, grunting, nasal flaring, chest re-
tractions, and head bobbing.9 Hypoxemia may also pres-
ent as general signs of depression, manifested as poor 
feeding or the inability to feed, lethargy, and/or irritabil-
ity. Infants may also present with poor muscle tone and, 
in extreme cases, flaccid with arms and legs in a frog-leg 
position (Figure 23-1).9

Clinicians often use the presence of central cyanosis, 
or bluish discoloration of the tongue or mucous mem-
branes, as an indication for the need to administer sup-
plemental oxygen. In children, central cyanosis does not 
occur until arterial hemoglobin concentrations drop to 
4 to 6 g/dL. Children presenting with central cyanosis 
typically have a PaO2 of approximately 50 to 60 mm Hg 
and an SpO2 of 85% to 95%. Central cyanosis in a new-
born infant is a late and often ominous sign.

Monitoring Oxygen Therapy
It is important to monitor the oxygenation status of 
children receiving oxygen therapy in the acute care set-
ting. The clinical monitoring includes observation of 
the child’s level of consciousness, vital signs, respira-
tory depth and pattern, and the color of the skin and 
mucosa. Pulse oximetry (SpO2) is a convenient, nonin-
vasive method for intermittent or continuous monitor-
ing of oxygen therapy.10 Pulse oximetry can be used to 

Physiologic Mechanisms Conditions

Decreased alveolar 
ventilation

Respiratory insufficiency
Respiratory failure 

Ventilation/perfusion 
mismatch

Asthma
Lower respiratory tract infections 

Right-to-left intracardiac or 
intrapulmonary shunt

Congenital heart defects

Reduced oxygen-carrying 
capacity

Anemia
Carbon monoxide poisoning

Reduced inspired oxygen Altitude

TABLE 23-1
Physiologic Mechanisms Contributing to and 
Conditions That Often Result in Hypoxemia
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monitor oxygen saturation levels as the concentration of 
oxygen is titrated to need. There are conditions where 
pulse oximetry is not reliable, including carbon monox-
ide poisoning and methemoglobinmia. Periodic mea-
surements of arterial blood and analysis of PaO2 and 
SaO2 by hemoximetry can be used to accurately assess 
tissue oxygenation. Table 23-2 provides  calculations 
that can be used to assess, monitor, and trend the status 
of tissue oxygenation.

Hazards/Complications
Optimal strategies for the use of oxygen in preterm 
infants and young children remain controversial. It is 
often challenging to achieve a balance between attaining 
adequate tissue oxygenation and avoiding oxygen tox-
icity. There remains a paucity of clear evidence-based 
guidance for clinicians on safe oxygen saturation tar-
gets. What does seem apparent is that these targets vary 
over time in the life of a preterm infant.

Prolonged exposure to high concentrations of oxy-
gen (i.e., FiO2 >0.5) can cause cellular damage result-
ing from the formation of highly reactive oxygen free 
radicals (hydroxyl radicals and peroxynitrite) after pro-
longed exposure to oxygen therapy. Although oxidative 
damage can occur in any cell in the body, deleterious 
effects most often occur in the lungs, eyes, red blood 
cells, kidneys, and endocrine glands (thyroid and ad-
renal). Additionally, the rate of absorption atelectasis 
is accelerated when high concentrations of oxygen are 
 delivered. The literature reports that higher saturation 
targets are associated with an increased number of ba-
bies requiring oxygen at 36 weeks’ gestation11 as well as 
 increased exacerbations of chronic lung disease.12

FIGURE 23-1 An infant with low muscle tone, positioned in the  
  frog-leg position. Legs are flexed at the knees and arms at the elbows.
© Mint Images/Mint Images RF/Getty Images.

Assessment Calculation

Arterial oxygen 
content (CaO2)

CaO2 = (Hb. × 1.34 × SaO2) + (PaO2 × 0.003)

Venous oxygen 
content (CvO2)

CvO2 = (Hb. × 1.34 × SvO2) + (PvO2 × 0.003)

Oxygen 
consumption 
(VO2)

CO × (CaO2 – CvO2) × 10

Oxygen 
delivery (DO2)

(CaO2 × CO) × 10

CO = cardiac output; Hb = hemoglobin

TABLE 23-2
Calculations Used to Assess Tissue Oxygenation

Judicial use of supplemental oxygen should be consid-
ered for children with congenital large ventricular septal 
defects. The administration of oxygen in this population 
can cause pulmonary vasodilatation and a diversion of 
blood to the pulmonary circulation instead of systemic 
circulation. A high Qp/Qs ratio, or pulmonary blood 
flow/systemic blood flow ratio, results in and causes 
pulmonary overcirculation, which can lead to tissue 
ischemia, severe lactic metabolic acidosis, pulmonary 
edema, and even death if the hyperoxia is not reversed.

Caution should also be used when administering 
supplemental oxygen to children with chronic hyper-
capnia due to chronic obstructive lung disease or neu-
romuscular failure. Hyperoxia in these cases can lead to 
coma and death.

Oxygen therapy has a role in the development of 
retinopathy of prematurity (ROP). The pathogenesis of 
ROP includes two phases. In the first phase, hyperoxia 
leads to vessel-growth cessation. The second phase, 
precipitated by the increasing metabolic demand of the 
developing retina with a compromised vascular sup-
ply, is characterized by relative hypoxia, which leads 
to pathologic neovascularization that extends into the 
vitreous.13 The timing of the development of ROP is de-
pendent on the infant’s gestational age, which provides 
an estimation of the maturity of the retinal vasculature. 
Significant risk factors for ROP include the need for 
high levels of respiratory support, or high concentra-
tions of oxygen, to stabilize the infant’s clinical course.14

Oxygen Delivery Devices
The effectiveness of oxygen therapy depends on the 
ability to deliver the precise dose (FiO2) with an inter-
face that meets the flow and comfort needs of the child. 
Oxygen delivery devices or interfaces are broadly clas-
sified into four categories: low flow, high flow, reservoir, 
and enclosures. These devices are categorized by their 
ability to meet the inspiratory demands of the patient 
and to deliver a stable FiO2. Table 23-3 provides an 
overview of the performance characteristics of devices 
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Device Classification FiO2 Stability FiO2 Range Illustration

Nasal cannula Low flow Variable Low range
<0.35

Simple mask Reservoir Variable Moderate range
0.35–0.60

Partial 
rebreathing 
mask

Reservoir Variable Moderate range
0.50–0.60

Nonrebreathing 
mask

Reservoir Variable High range
>0.60

TABLE 23-3
A Comparison of the Interfaces Used to Deliver Oxygen Therapy to Children
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Air-entrainment 
mask

High flow Fixed Low–moderate 
range
<0.35–0.60

Heated high-
flow nasal 
cannula

High flow Fixed Low–high range
<0.35 to >0.60

Oxygen hood Enclosure Fixed Low–high range
<0.35 to >0.60

Incubator Enclosure Fixed Low range
<0.35
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or interfaces commonly used to deliver oxygen therapy 
to infants and children.

Variable Performance Oxygen 
Delivery Devices
Variable performance devices provide a portion of the 
total flow of gas a patient inhales per breath. These 
devices are also referred to as variable performance de-
vices because the devices do not satisfy the patient’s to-
tal flow needs; the patient entrains air as well as the flow 
of oxygen from the device. Therefore, depending on the 
child’s tidal volume, inspiratory time, and the flow of 
oxygen from a low-flow device, the actual FiO2 can vary 
from breath to breath. These devices typically deliver 
low to moderate concentrations of oxygen but can de-
liver higher concentrations as with the nonrebreathing 
mask. The nasal cannula, simple mask, partial rebreath-
ing mask, and nonrebreathing mask are examples of 
variable performance oxygen delivery devices.

Nasal Cannula
A nasal cannula is commonly used to delivery low con-
centrations of oxygen to infants and children. It consists 
of small-bore oxygen tubing connected to two short 
prongs. The prongs are angled down to conform to the 
anatomic features of the nares.

Indications, Contraindications, and Hazards
A nasal cannula provides a method for continuous 
oxygen administration and allows direct caregivers the 
ability to provide care with ease. A nasal cannula allows 
an infant to receive supplemental oxygen while feed-
ing and receiving routine nursing care, and parents are 
able to hold their infant and provide skin-to-skin care, 
also known as kangaroo care. Infants cared for with this 
delivery device also have increased mobility compared 
with those who receive oxygen therapy by a hood, which 
increases interactions with parents, caregivers, and en-
vironment and may be developmentally beneficial.15 In 
children, the use of this oxygen delivery device allows 
the child to communicate, eat, and interact with their 
environment. As with infants, increased mobility is also 
facilitated.

The benefits derived from this oxygen delivery device 
are balanced by some drawbacks, including the insta-
bility of oxygen administration in transitions between 
oral and nasal breathing, drying of nasal mucosa, and 
lack of precise knowledge about the delivered oxygen 
concentration.16

Device Application
Nasal cannulas are available in a variety of sizes, one of 
which can be seen in (Figure 23-2). Prong length and 
the width or the space between the prongs varies with 
size to accommodate the anatomic features of a range 

of patients, from a preterm infant to a developing child. 
The prongs should fit comfortably in the nares without 
being occlusive (Figure 23-3). The prong-to-nare ra-
tio describes the amount of space the prong occupies 
in the nare. The literature reports that, for a standard 
nasal cannula, the prong-to-nare ratio should not ex-
ceed 50%.17 Nasal cannulas are also available with only 
a single prong. This modification allows for oxygen to 
be delivery to patients with craniofacial conditions, 
such as choanal atresia or cleft lip, or to those requiring 
placement of a nasogastric tube.

The nasal cannula is a low-flow device and does not 
provide the total flow to meet the inspiratory needs 
of the patient. Therefore, the concentration of oxygen 
delivered through a nasal cannula is dependent upon 
the flow of oxygen through the device, the concentra-
tion of oxygen delivered to the patient (if blended gas is 
delivered), minute ventilation, and the amount of air the 
infant or child entrains through the nose and mouth.18 
The ratio of oxygen provided through the device and air 
entrained through the nose and mouth determine the 
concentration of oxygen delivered to the alveoli.19 Neo-
natal and pediatric patients require much lower flow 

FIGURE 23-2 An example of a nasal cannula. This oxygen delivery 
device is available in a variety of sizes to accommodate the 
anatomical features of children as they grow and develop.
Image courtesy of Teleflex Incorporated. ©2018 Teleflex Incorporated. All rights reserved.

FIGURE 23-3 Proper application of a nasal cannula. The prongs 
fit in the nare, with the slant or curvature downward, and are not 
occlusive. The oxygen delivery tubing is looped over the ears and 
secured comfortably, not tightly, in place under the chin.
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deliveries than those used for adults receiving oxygen 
by nasal cannula. Because of the anatomic features of 
the upper airway and the small tidal volumes in infants, 
oxygen delivery to the hypopharynx is more stable when 
flows of 1 L/minute or less are used to deliver oxygen by 
a traditional nasal cannula. As a result, predicting the 
concentration of oxygen delivered by a nasal cannula 
is not as easy in infants and small children. Therefore, 
the rule of 4s, which estimates a 4% change in deliv-
ered oxygen concentrations for each liter delivered by a 
nasal cannula, cannot be reliably applied. Finer et al.20 
described a regression equation to predict the inspired 
oxygen concentration delivered to neonates when us-
ing a low-flow flowmeter and nasal cannula. When a 
nasal cannula was connected to a flowmeter at 100% 
humidified oxygen by a simple bubble-through humidi-
fier, and 5.5 mL/kg was used to estimate tidal volume, 
the regression formula described in Table 23-4 was able 
to produce a wide range of predictable FiO2s for neo-
nates when compared to measured pharyngeal oxygen 
concentrations. Although the equation had acceptable 
correlation between the measured and predicted oxygen 
delivery for infants weighing more than 1500 grams, 
this equation had a greater predictive value when used 
with infants weighing less than 1500 grams.20

Often, specially designed low-flow flowmeters are 
used to deliver oxygen by nasal cannula. These flow-
meters, depending on the design and manufacturer, 
have a maximum flow of 1 L/minute or 3 L/minute 
(Figure 23-4). A flowmeter connected to a blender is 
often used to deliver FiO2s of less than 1.0 to preterm 
infants receiving oxygen therapy by nasal cannula.21 
When blenders are used, oxygen titration is typically ac-
complished by weaning the FiO2 in addition to the flow. 
There are no standards for oxygen titration or weaning. 
Typically, when the FiO2 reaches 0.23, a trial of room air 
is performed.22

Securing the device in place can be challenging for 
preterm infants. The cartilage of the ears may not be well developed enough to hold the tubing in place, and 

securing the oxygen tubing around the small chin risks 
airway obstruction. Therefore, a common way to secure 
the small-bore oxygen tubing in place is at the base of 
the occiput (Figure 23-5). Because many infants are po-
sitioned supine, in the safe sleep position, it is important 
to ensure that the infant does not rest their head on the 
small-bore tubing. The tubing should rest at the base of 
the occiput to avoid the risk of skin breakdown due to 
the pressure of the head on the tubing. Figure 23-5 also 
illustrates the use of the Tender Grip skin fixation tab 
(Salter Labs, Arvin, CA). This skin fixation device has a 
round base, composed of microporous tape, attached to 
a securable flap. The flap opens to allow oxygen tubing 
from the cannula to rest against the fixation device and 
closes to secure it in place. There are a variety of  fixation 
devices or cannula holders on the market. EZ-Hold 
(Neotech Products, Valencia, CA) uses a securable  
flap attached to a hydrocolloid base (Figure 23-6).  

Predicted FiO2 = (O2 flow × 0.79) [(0.21 × VE) (VE × 100)]

Oxygen flow is expressed in mL/min

The flow of oxygen must be provided by a flowmeter connected 
to 100% oxygen rather than blended gas

Minute ventilation, or VE, is calculated by multiplying the infant’s 
respiratory rate by the predicted tidal volume, or VT

Predicted VT is calculated by multiplying the infant’s weight in kg 
by 5.5

Data from Finer NN, Bates R, Tomat P. Low flow oxygen delivery via nasal 
cannula to neonates. Pediatr Pulmonol. 1996;21(1):48-51.

TABLE 23-4
Regression Equation Used to Predict the FiO2 
Delivered by Nasal Cannula to Infants

FIGURE 23-4 Low-flow flowmeters used to deliver oxygen to 
pediatric patients. An example of a flowmeter with a maximum flow 
of 3 L/min, graduated in 0.5-L increments.
Courtesy of Precision Medical.

FIGURE 23-5 Application of a nasal cannula to an infant. The small-
bore oxygen tubing is secured at the base of the neck, posteriorly.
Courtesy of Neotech Products.
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Nasal cannula holders are used to prevent inadvertent 
removal of the oxygen delivery device in active patients. 
These devices are also protective to the epidermal layers 
of the skin and minimize the skin irritation and epider-
mal stripping that can occur when tape is used to secure 
the cannula in place on the infant’s fragile facial surface.

Reservoir Devices
A continuous flow of oxygen is accumulated within the 
interface of a reservoir device, allowing the patient to 
breathe in the flow of oxygen provided by the flowme-
ter in addition to the gas contained within the device. 
Simple masks, partial rebreathing masks, and nonre-
breathing masks are examples of reservoir devices used 
to deliver oxygen to children. As the flow of oxygen 
through a reservoir device may not meet the total flow 
needs for pediatric patients, the oxygen concentration 
delivered to the patient is variable.

Simple Mask
A simple mask is a lightweight plastic mask designed 
to fit over the child’s nose and mouth. The mask has 
exhalation ports located on either side of the mask that 
also allow the patient to entrain air to meet their total 
flow needs. The mask is held in place by a small, adjust-
able elastic band attached to the device’s peripheral ends 
(Figure 23-7). A flexible metal strip, located at the proxi-
mal end of the mask, allows the caregiver to conform the 
mask to the contours of the nasal bridge to prevent the 
flow of oxygen from escaping and to minimize irritation 
to the child’s eyes. Small-bore, smooth lumen tubing at-
taches the mask to the oxygen source. Similar to a nasal 
cannula, a variable concentration of oxygen is delivered. 
However, the simple mask does help increase the poten-
tial to deliver higher oxygen concentrations.

Indications, Contraindications, and Hazards
A simple mask may be used to deliver moderate concen-
trations of oxygen, 35% to 60%, to children. This delivery 
device is commonly used for short-term therapy, such as 
during inter- or intrahospital transport, in the emergency 
department, postoperatively in the recovery or postan-
esthesia care unit, or during stabilization of the child 
during special procedures or emergency care. Because 
oxygen concentrations are variable and dependent upon 
minute ventilation and the flow of gas to the patient, 
this device is not recommended for children requiring 
precise oxygen concentration delivery or for those whose 
oxygen requirements may require titration over time.23

Children often have difficulty adhering to oxygen 
therapy delivered by this device. The simple mask muffles 
speech and interferes with the child’s ability to com-
municate; limits their mobility; and makes eating, bottle 
feeding, or breastfeeding very difficult. Care should be 
taken when securing the mask to the child’s face; the mask 
should fit snuggly, but not tightly, against the face. A very 
tight fit increases the risk of skin irritation and breakdown, 
which can contribute to the formation of pressure ulcers.

The use of insufficient flow to the mask (i.e., flow 
rates less than those recommended for this device) may 
not provide a sufficient source of fresh gas and may 
limit the ability to flush the patient’s exhaled CO2 from 
the mask.

Device Application
After gently placing the mask against the patient’s face, 
the adjustable elastic straps are secured around the 
patient’s head, above the ears. Care should be taken to 
adjust the straps so that the mask is held in place, but is 
not tightly held against the skin, and that the straps do 
not fold or cause discomfort to the cartilage of the ears. 
A bubble humidifier may be used to provide additional 
humidity when this device is used postoperatively, dur-
ing procedures, or for emergency care. However, during 
transport this device is connected directly to the oxygen 

FIGURE 23-6 Application of a nasal cannula to an infant using a 
nasal cannula holder. The flap can be opened and closed to secure 
the small-bore tubing.
Courtesy of Neotech Products.

FIGURE 23-7 A simple mask in place on a child.
© Fertnig/E+/Getty.
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source to prevent water from the humidifier from in-
advertently entering the small-bore tubing.

The flow of oxygen to the mask varies and can range 
from 6 to 10 L/minute. It is important to maintain a 
sufficient flow of gas to the patient to minimize the 
propensity for CO2 accumulation in the mask. Assess-
ment of the patient’s oxygen requirement is often ac-
complished noninvasively by trending SpO2. Because 
the flow cannot be weaned, as with a nasal cannula, 
this device is discontinued and other delivery devices, 
such as an air-entrainment mask or a traditional or 
heated high-flow nasal cannula when FiO2 titration 
is required, are used. Assessment of the patient’s skin 
integrity around the periphery of the mask is also im-
portant. Any redness or indentations signify that the 
mask fit is not proper. When it is difficult to obtain 
proper fit without compromising skin integrity, even 
for very short-term therapy, a different delivery device 
should be considered.

Partial Rebreathing Mask
A partial rebreathing mask has a reservoir bag attached 
to the disposable plastic mask. Oxygen is delivered to 
this device through small-bore, smooth lumen tubing 
at the junction between the mask and the reservoir bag. 
Similar to a simple mask, a partial rebreathing mask has 
exhalation ports on either side of the mask to allow ex-
haled gas to escape and to provide a mechanism for the 
patient to entrain air should the oxygen source fail. The 
reservoir bag collects fresh gas from the oxygen source 
as well as a portion, typically the first third, of the pa-
tient’s exhaled gas. Because the first third of the exhaled 
gas represents anatomic dead space, it is presumed that 
the child will not rebreathe exhaled CO2.

Indications, Contraindications, and Hazards
A partial rebreathing mask is used when a child requires 
the delivery of moderate, 50% to 60%, concentrations of 
oxygen.24 Similar to the simple mask, this delivery de-
vice is commonly used for short-term therapy. FiO2 de-
livery is variable and dependent upon the child’s minute 
ventilation. Hypo- and/or hyperventilation can change 
oxygen concentration delivery. The depth and rate of 
respirations should be observed, with strict attention 
to changes, because changes in minute ventilation will 
influence oxygen concentration delivery.

Children often have difficulty adhering to oxygen 
therapy delivered by this device as well. As with all res-
ervoir devices, the mask will muffle speech and often 
interferes with the child’s ability to communicate; lim-
its their mobility; and makes eating, bottle feeding, or 
breastfeeding very difficult. Care should be taken when 
securing the mask to the child’s face. To obtain moderate 
concentrations of oxygen, this mask must fit a bit more 
snuggly against the face. The flexible metal strip, which 
is located at the proximal end of the mask, allows the 

caregiver to conform the mask to the contours of the na-
sal bridge to prevent the flow of oxygen from escaping, 
maintain the delivery of moderate oxygen concentra-
tions, and minimize irritation to the child’s eyes from es-
caping gas flow. Because this mask fit is more snug than 
that needed with a simple mask, there is an increased 
risk of skin irritation and breakdown, both of which can 
contribute to pressure ulcer formation. For this reason, 
assessment of the patient’s skin integrity around the 
periphery of the mask is very important. Any redness or 
indentations signify that the mask fit is not proper. As 
with the simple mask, a different delivery method should 
be chosen if skin integrity cannot be assured.

Device Application
Once the mask is held gently against the patient’s face, 
the adjustable elastic straps are secured around the pa-
tient’s head, just above the ears, to hold the mask snugly 
against the patient’s face. While adjusting the elastic 
band, care should be taken to avoid folding or causing 
discomfort to the cartilage of the ears.

The flow of oxygen to the mask varies and can range 
from 6 to 15 L/minute. It is important to maintain a suffi-
cient flow of gas to the reservoir bag. During inspiration, 
the bag should not deflate to more than one-half of its 
capacity. Assess the child for several minutes to ensure 
that flow is adequate to prevent the bag from completely 
deflating or deflating to more than one-half of the device’s 
capacity during inspiration (Figure 23-8). It is also im-
portant to assess the patient’s oxygen requirement. This is 
often accomplished noninvasively by trending SpO2. Be-
cause the flow to this device cannot be weaned, it is often 
discontinued and the use of another delivery device, such 
as an air-entrainment mask or heated high-flow nasal 
cannula, is used when FiO2 titration is required.

Nonrebreathing Mask
A nonrebreathing mask has a circular flap or valve at 
the juncture where the reservoir bag attaches to the dis-
posable plastic mask. Oxygen is delivered to this device 

FIGURE 23-8 A partial rebreathing mask in place on a child.
© Jones & Bartlett Learning.
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through small-bore, smooth lumen tubing below the 
flap or valve at the junction between the mask and the 
reservoir bag. The flap or valve between the reservoir 
bag and the mask prevents exhaled gas from enter-
ing the reservoir bag and diluting the concentration of 
oxygen available for delivery to the child. Similar to a 
partial rebreathing mask, the nonrebreathing mask has 
exhalation ports on either side of the mask that allow 
exhaled gas to escape and to provide a mechanism for 
the patient to entrain air should the oxygen source fail. 
However, depending on the manufacturer, circular flaps 
are used to cover the exhalation ports and to minimize 
the amount of air entrained by the patient. These flaps 
allow the nonrebreathing mask to be capable of deliver-
ing higher (>60%) concentrations of oxygen.24

Indications, Contraindications, and Hazards
A nonrebreathing mask is used when a child requires 
the delivery of higher concentrations, >60%, of oxy-
gen.24 Similar to the other reservoir masks discussed 
in this chapter, this delivery device is commonly 
used for short-term therapy. FiO2 delivery is variable 
and dependent upon the child’s minute ventilation. 
Hypo- and/or hyperventilation can change oxygen 
concentration delivery, although alterations in oxygen 
concentrations are much less than that of a partial 
rebreathing mask because of the flaps or valves. The 
depth and rate of respirations should be observed, 
with strict attention to changes, because changes 
in minute ventilation will influence oxygen concen-
tration delivery. The mask may be connected to an 
oxygen blender to facilitate oxygen concentration ti-
tration. This type of mask may also be used to deliver 
helium and oxygen gas mixtures.24

As with the simple and partial rebreathing masks, the 
nonrebreathing mask limits the child’s ability to com-
municate, move, and feed. Also, because a snug fit is 
required for the mask to properly deliver oxygen, care 
should be taken to ensure that the mask fits properly and 
is not too tight. Skin integrity must also be maintained, 
and alternative methods of oxygen delivery should be used 
if there is any evidence of skin irritation or breakdown.

The flap(s) covering the exhalation ports increase 
the risk for CO2 accumulation in the event of a gas fail-
ure. The risk is minimized when only one flap is used 
to cover the exhalation port. For masks manufactured 
with two flaps, removing one of the flaps by gently pull-
ing the flap away from the mask and discarding it in an 
appropriate receptacle can also minimize this risk.

Device Application
Similar to the application of a partial rebreathing mask, 
the mask is held gently against the patient’s face and 
the adjustable elastic straps are secured around the pa-
tient’s head, just above the ears, to hold the mask snugly 
against the patient’s face. While adjusting the elastic 

band, take care to avoid folding or causing discomfort to 
the cartilage of the ears.

The flow of oxygen to the mask varies and can range 
from 6 to 15 L/minute and must be sufficient to keep 
the reservoir bag inflated to at least one-half of its 
capacity during inspiration. Because a child may be 
anxious when the mask is first applied, it is important 
to assess the child for several minutes to ensure that 
there is enough flow to prevent the bag from completely 
deflating or from deflating to more than one-half of the 
device’s capacity during inspiration (Figure 23-9).

Assessing the child’s oxygen requirement is often ac-
complished noninvasively by trending SpO2. Because 
the flow to this device cannot be weaned, it is often 
attached to a blender to adjust the concentration of oxy-
gen delivered to the child. Discontinuation of this device 
and initiation of a fixed performance device, such as an 
air-entrainment mask or heated high-flow nasal can-
nula, is also an option when FiO2 titration is required.

Fixed Performance Oxygen Delivery Devices
Fixed performance devices deliver a precise concentra-
tion of oxygen at a flow rate that meets or exceeds the 
patient’s inspiratory demands. Air-entrainment masks, 
air-entrainment nebulizers, and heated high-flow nasal 
cannulas are examples of fixed performance oxygen de-
livery devices.

Air-Entrainment Masks
An air-entrainment mask provides a range of low to 
moderate concentrations of oxygen through the use of 
jet port mixing of gas from the oxygen source and air 
entrained from the atmosphere. The total flow of gas 
delivered to the patient meets or exceeds the patient’s 

FIGURE 23-9 An example of a nonrebreathing mask properly 
positioned on a child.
© lisafx/iStock/Getty Images Plus.
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inspiratory demands, allowing for precise FiO2 delivery. 
An adaptor connects to the mask with a small segment 
of corrugated tubing. The adaptor has a jet port, which 
connects to the oxygen source by small-bore tubing. The 
flow of gas through the jet port and the size of the en-
trainment ports determine the amount of air entrained 
from the atmosphere. The ratio of oxygen delivered 
through the jet port and air entrained from the atmo-
sphere determines the FiO2 delivered through this device 
(Figure 23-10). The smaller the air-entrainment port, the 
less ambient air is entrained and a higher FiO2 delivery 
occurs. The adaptor will specify the flow of oxygen re-
quired from the oxygen source. Figure 23-11 illustrates 
two types of air-entrainment masks, one in which oxy-
gen concentration can be changed by physically chang-
ing the adaptor, and the other by rotating the adaptor, 
which changes the size of the air-entrainment port.

Indications, Contraindications, and Hazards
Air-entrainment masks are indicated for chil-
dren requiring precise delivery of low to moderate 

FIGURE 23-10 An illustration of the components of the adaptor 
used to provide precise oxygen concentrations for an air-entrainment 
mask.

Ambient air entrained from
the air-entrainment port

Air-entrainment port
Jet orifice

Total flow of gas
to the patient

Flow of 100% oxygen
from the oxygen source

50%
40%
35%

31%
28%
26%

FIGURE 23-11 An illustration of two types of air-entrainment masks. (A) Oxygen concentration can be changed by physically changing the 
adaptor that attaches to the small segment of corrugated tubing. (B) Oxygen concentration is adjusted by rotating the adaptor, which changes 
the size of the air-entrainment ports.
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concentrations of oxygen. Unlike the simple mask, the 
concentration of oxygen provided by an air-entrainment 
mask is known and can be varied, depending on the 
manufacturer, by either changing the FiO2 selection on 
the adaptor or changing the adaptor. An air- entrainment 
mask allows for oxygen titration without the need to 
change to a different type of oxygen delivery device.

Similar to the variable performance reservoir masks, 
this device can be confining, can muffle speech and 
often interferes with the child’s ability to communicate, 
and makes feeding difficult. The mask should be care-
fully secured snugly against the face. When it is difficult 
to obtain proper fit without compromising skin integrity, 
even for very short-term therapy, a different delivery 
device capable of providing fixed oxygen concentrations, 
such as a high-flow nasal cannula, should be considered.

Inadvertent occlusion of the air-entrainment ports 
can alter the oxygen concentration delivered to the 
child. Bed linens, such as blankets and sheets, can block 
the flow of ambient air through the air-entrainment 
ports. Depending on the patient’s inspiratory flow 
demands, a higher FiO2 will be delivered if the total 
flow delivered to the patient still meets or exceeds the 
patient’s inspiratory demands. There are instances 
when the air-entrainment ports are completely oc-
cluded by bed linens or other supplies used in the care 
of the patient (sterile drapes, dressings, etc.). In these 
cases, FiO2 delivery will be lower because the occluded 
air-entrainment ports prevent delivery of the expected 
total flow to the patient.

Device Application
Select the adaptor or the desired setting that matches the 
FiO2 specified in the provider order. Connect the small-
bore tubing from the adaptor to the oxygen source. It 
is important to set the flow of oxygen from the source 
to the amount specified on the adaptor. The flowmeter 
setting from the oxygen source will vary and, depending 
on the manufacturer, can be as low as 4 L/minute for an 
FiO2 of 0.24 to as high as 12 to 15 L/minute for an FiO2 
of 0.50. Once gas is flowing through the device, gently 
hold the mask against the patient’s face, place the adjust-
able elastic straps around the patient’s head, just above 
the ears, to hold the mask snugly against the patient’s 
face, and secure the mask in place by adjusting the elastic 
band on the periphery of the mask. While adjusting this 
elastic band, care should be taken to avoid folding or 
causing discomfort to the cartilage of the ears. The mask 
should fit snuggly against the face.

Noninvasive monitoring of the child’s oxygen require-
ment can be accomplished by assessing SpO2. Oxygen can 
be titrated by changing the FiO2 selection on the adaptor 
or by changing the adaptor, as shown in Figure 23-11.

Air-Entrainment Nebulizer
An air-entrainment nebulizer or large-volume  nebulizer 
provides a precise oxygen concentration, using the 

principle of air entrainment described for air-entrain-
ment masks, while delivering aerosol particulate to 
the child. The nebulizer directly connects to the oxy-
gen flowmeter, and gas from the oxygen source flows 
through a jet nozzle surrounded by an air-entrainment 
port. The concentration of oxygen delivered to the pa-
tient depends on the flow of gas set on the flowmeter 
and by rotating the adaptor, which adjusts the size of the 
entrainment port (Figure 23-12). The air-entrainment 
nebulizer’s reservoir is typically filled with sterile water.

Indications, Contraindications, and Hazards
Air-entrainment nebulizers are used with children 
requiring the delivery of high humidity or aerosol par-
ticulate. Postoperatively, an air-entrainment nebulizer 

FIGURE 23-12 (A) An illustration of the principles of operation for an 
air-entrainment nebulizer. (B) A photo of an air-entrainment nebulizer.
(A) Modified from Cohen N, Fink J. Humidity and aerosols. In: Eubanks DH, Bone RC, eds. 
Principles and Applications of Cardiorespiratory Care Equipment. St. Louis, MO: Mosby; 1994.; 
(B) Image courtesy of Teleflex Incorporated. ©2018 Teleflex Incorporated. All rights reserved.

Reservoir surface
acting as baffle

Variable
entrainment orifice

(A)

(B)
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may be used to deliver cool aerosol particulate to an 
irritated or swollen upper airway after extubation or fol-
lowing a surgical procedure, such as a tonsillectomy. An 
air-entrainment nebulizer may also be used to deliver 
humidified supplemental oxygen to children whose up-
per airway is bypassed because of the presence of an 
artificial airway, such as a tracheostomy tube.

When a face mask is used to provide oxygen therapy, 
the mask can be confining and may cause the child to be 
anxious and irritable. Infants and young children may 
pull and tug at the mask, making it difficult for the mask 
to remain snuggly in place.

Because this device produces aerosol particulate, the 
potential exists for microbial contamination. Excessive 
condensation in the large-bore corrugated tubing that 
connects the nebulizer to the mask causes resistance to 
the flow of gas through the tubing and can alter the FiO2 
delivered to the patient in much the same way that ob-
structing the entrainment ports on an air-entrainment 
mask alters FiO2 delivery. A water trap or water bag is 
helpful in capturing the condensate and in minimizing 
the potential for tubing occlusion. It is essential for the 
clinician to observe the water level in the nebulizer’s res-
ervoir and to ensure that the water does not fall below 
the minimum levels, as providing dry gas at high flows 
can dry airway secretions and cause mucosal irritation.

At FiO2s of 0.50 or greater, the use of two 
air-entrainment nebulizers connected in parallel may 
be considered if the total flow from one nebulizer is 
not sufficient to meet the inspiratory demands of the 
patient. This is typically of concern with older children 
with larger tidal volumes and higher minute ventilation.

Device Application
A variety of interfaces can be connected to an 
air-entrainment nebulizer, including a face mask, face 
tent, and tracheostomy mask (Table 23-5). Generally, 
large-bore corrugated tubing connects the interface to 
the nebulizer. A water trap or drainage bag may be used 
to collect condensate, which minimizes the propensity 
for inadvertent lavage when the tubing is repositioned 
and prevents alterations in FiO2 delivery. Care should be 
taken to secure the drainage bag or water trap to avoid 
tugging or tension on the interface, which can dislodge 
the device or cause pressure points on the face.

A heater can be used in conjunction with an 
air-entrainment nebulizer to provide warmed aerosol 
particulate for children with an artificial airway. When a 
heater is used in tandem with this device, the tempera-
ture of the delivered gas mixture must be monitored to 
minimize the chance for overheating the gas or provid-
ing humidified gas that is not sufficiently heated.

Heated High-Flow Nasal Cannula
A heated high-flow nasal cannula (HHFNC) provides 
a flow of heated, humidified gas through nasal prongs 
at flow rates that meet and/or exceed the patient’s 

inspiratory demand. Currently, there is no single def-
inition of what constitutes “high flow.” The literature 
is conflicting for infants, with some studies reporting 
high flow as gas flow rates of greater than or equal to 2 
L/minute24,25 and others reporting flow rates of greater 
than 2 L/kg/ minute.26 Flow rates greater than 6 L/min-
ute are generally considered high flow in children.25 The 
gas is heated to at or near body temperature (34–37°C), 
allowing gas to be delivered at 100% relative humidity. 
This reduces the sensation of nasal dryness, which may 
enhance comfort and improve adherence to therapy.

Several studies report the positive effects of HHFNC 
use. The use of a HHFNC is reported to reduce work 
of breathing,27,28 improve lung compliance,29 enhance 
mucociliary clearance,30 and increase functional re-
sidual capacity (FRC) by providing a continuous posi-
tive airway pressure (CPAP) effect.31 The CPAP effect 
is unpredictable and difficult to quantify because it is 
determined by a combination of factors, including the 
nare-to-prong ratio, flow delivered to the patient, and 
whether the mouth is open or closed.

Compared to low-flow oxygen devices and res-
ervoir masks, studies have demonstrated that the 
 HHFNC was more effective in removing end-expiratory 
oxygen-depleted gas from anatomic dead space and 
subsequently provided better oxygen delivery.32 In chil-
dren, the extrathoracic dead space is proportionally two 
to three times greater than that of adults.33 It is not until 
after age 6 years that this volume decreases to the vol-
ume seen in adults, or approximately 0.8 mL/kg.33

There are several commercially available HHFNC 
delivery systems. Figure 23-13 provides examples of 
systems approved for use in children. Compared to a 
standard nasal cannula, the reservoir area preceding 
the prongs and connector tubing are larger in diameter 
to minimize resistance to the higher flows delivered 
through the device. The cannulas are available in a var-
iety of sizes, and recommendations for nare-to-prong 
ratio mirror those for a standard nasal cannula.

Indications, Contraindications, and Hazards
An HHFNC can be used to treat hypoxemia and mild 
to moderate respiratory distress associated with a var-
iety of conditions, including neonatal respiratory distress 
syndrome,34 apnea of prematurity,35 congenital heart 
defects,36 obstructive sleep apnea,37 bronchiolitis,38 and 
asthma.39 Therapy can be initiated in a variety of settings, 
including the general care unit, during interhospital trans-
port, in the emergency department, and in intensive care 
settings. Commercially available systems are easy to use 
and require minimal technical skill to set up and apply.

Although there is a growing body of literature re-
porting the use of HHFNCs in the treatment of chil-
dren with respiratory distress and hypoxemia, a dearth 
of high-quality evidence, in terms of randomized con-
trolled trials, exists to support its use. The inability to 
directly measure and monitor distending pressures is a 

Oxygen Delivery Devices 391



Interface Illustration

Aerosol face mask

Aerosol face tent

Tracheostomy mask

TABLE 23-5
Interfaces Used to Deliver Oxygen Therapy by Air-Entrainment Nebulizer to Children

clinical concern because of the risk of trauma second-
ary to the delivery of excessive pressures to the infant’s 
or child’s airway. There are systems that incorporate 
a pressure relief valve to stop flow when a predeter-
mined pressure in the circuit is reached. However, the 
effect on oxygenation has not been well studied to de-
termine the clinical consequences when flow is limited 
or stopped when the pressure relief is activated. Addi-
tionally, most commercially available systems require 

electricity to power the device. Although batteries 
are available to operate the devices during inter- and/
or intrahospital transport, the batteries are heavy and 
may make the system cumbersome to navigate.

Device Application
The circuit and assembly required depend on the 
manufacturer or brand of device used. Regardless of 
the system used, the circuit and component parts are 
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 single-patient use and disposable. Cannulas are available 
in a variety of sizes, ranging from preterm to adult. As 
previously mentioned, the prong-to-nare ratio mirrors 
that for a standard nasal cannula and should not exceed 
50%.17 Figure 23-14 shows a properly applied HHFNC.

Enclosure Devices
Enclosure devices deliver oxygen therapy in a device 
that envelops all or a part of the patient’s body. En-
closure devices used to provide supplemental oxygen 
to neonates and infants include oxygen hoods and 
incubators.

Oxygen Hoods
Oxygen hoods are enclosure devices that encompass the 
infant’s head and neck, typically to the shoulder area 
(Figure 23-15). An oxygen blender is used to provide 
the ordered or specified FiO2, ranging from 0.21 to 1.0, 
which can be connected directly to the hood or to a cir-
cuit capable of providing heat and humidity. An oxygen 
analyzer is typically used to verify the oxygen concen-
tration delivered to the infant.

Indications, Contraindications, and Hazards
Oxygen hoods are indicated for the delivery of low to 
high concentrations of oxygen to preterm and term 
infants. This delivery device is typically well tolerated 
and allows for care of the torso and upper and lower 
extremities without interruption of therapy. There is no 
increased risk of airway obstruction or gastric disten-
tion with this method of oxygen delivery.40 The oxygen 
concentration contained within the device depends on 
the flow rate of oxygen to the hood and on the hood’s 
size, shape, and volume.41 For the smallest sizes, a min-
imum flow of 4 L/minute is required to clear the infant’s 
exhaled CO2 from the device and to provide a constant 
flow of fresh blended gas to fill the enclosure.41 To avoid 
excessive noise from the delivery of gas at high flows to 
a small enclosure and cooling of the baby, flows greater 
than 10 L/minute should not be used.40 There is a risk of 

FIGURE 23-13 Examples of commercially available systems 
designed to deliver medical gas therapy through a heated high-flow 
nasal cannula.

FIGURE 23-14 An HHFNC properly positioned on a child.
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CO2 retention and hypoxemia if the tubing connecting 
the hood to the heated humidifier and oxygen source is 
disconnected.42

Feeding; oral care; airway care (i.e., nasopharyn-
geal suctioning); and assessment of the head, face, and 
neck are difficult to accomplish without disrupting the 
therapy. In these instances, the oxygen hood is partially 
lifted, or removed, reducing the FiO2 delivered to the 
infant. Additionally, this oxygen delivery device does 
not allow the parents to provide kangaroo care and re-
quires the use of an alternate delivery device, such as a 
nasal cannula, to provide this care.

Device Application
These plastic enclosures are commercially available as 
disposable or nondisposable products in a variety of 
sizes. The flow used to deliver blended oxygen to the pa-
tient ranges from 4 to 10 L/minute. This form of oxygen 
delivery also provides heated humidification. An oxygen 
analyzer should be used to verify the delivered oxygen 
concentrations. The temperature in the hood should be 
monitored and maintained within the infant’s neutral 
thermal environment to minimize the propensity for ex-
posing the infant to overheating and/or cold stress.43

Incubator
An incubator is a Plexiglas enclosure device that en-
compasses the infant’s entire body and is capable of 
delivering a range of low concentrations of oxygen in 
a temperature- and humidity-controlled environment 
(Figure 23-16).44

Indications, Contraindications, and Hazards
Although an incubator is primarily used to provide a 
temperature- and humidity-controlled environment 

FIGURE 23-15 A schematic of an oxygen hood used to deliver 
oxygen therapy to an infant.

FIGURE 23-16 An incubator is used to provide low concentrations of 
oxygen in a temperature- and humidity-controlled environment.
© Drägerwerk AG & Co. KGaA, Lubeck. All rights reserved. No portion hereof may be 
reproduced, saved or stored in a data processing system, electronically or mechanically 
copied or otherwise recorded by any other means without our express prior written 
permission.

for preterm infants, it offers a viable method for de-
livering low (<35%) concentrations of oxygen.45 
The temperature within the isolette is regulated by a 
servo-controlled mechanism attached to a small sen-
sor affixed to the infant’s skin. Care can be provided 
through portholes, allowing the caregiver’s hands and 
arms to extend into the incubator to provide routine 
nursing care. Adjustable porthole covers are often used 
to reduce the size of the portholes to minimize varia-
tions in temperature and oxygen concentration. Spe-
cially designed shields can be attached to this enclosure 
to minimize transmission of noise levels from monitors 
and alarms common to the intensive care unit.46

Kangaroo care cannot be accomplished in an incuba-
tor and requires the use of an alternate delivery device, 
such as a nasal cannula, to provide this type of care. 
Variations in the concentration of oxygen, humidity 
level, and temperature can occur when the incubator 
door is opened, which increases the risk of cold stress 
and hypoxemia.44

Device Application
Supplemental oxygen therapy is provided by connect-
ing small-bore oxygen tubing to a flowmeter. Some 
manufacturers incorporate the use of solenoid valves to 
regulate the flow of oxygen. Because the flow of oxygen 
needed to deliver a specific FiO2 is manufacturer spe-
cific, clinicians should consult with and adhere to the 
manufacturer recommendations specific to the device 
in use. An oxygen analyzer can be used to verify and 
monitor the FiO2 contained within the incubator.
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Case Study 1
A previously healthy 7-month-old female presents to 
the emergency department with fever, congestion, 
and cough. She has had poor fluid intake for 48 hours. 
At daycare, a few children were absent due to a viral 
infection. Symptoms were getting worse, and over the 
past 8 hours she had no fluid intake. The past medical 
history showed nothing significant, and she had re-
ceived an influenza vaccine. A physical exam assessed 
as follows: heart rate 130 beats per minute, respiratory 
rate 60 breaths per minute, blood pressure 90/50 mm 
Hg, temperature 38.5°C, and an oxygen saturation of 
87% on room air. She had copious clear rhinorrhea and 
a loose cough. Lungs had mild wheezing. She had inter-
costal retractions and nasal flaring but no abdominal 
breathing. The remainder of her physical examination 
was normal. The diagnosis of likely respiratory syncy-
tial virus (RSV) and hypoxia was made. She was placed 
on oxygen at 2 L/minute by nasal cannula, and her 

saturations increased to 95%. She was admitted to the 
hospital for oxygen therapy and supportive care. The 
laboratory evaluation confirmed RSV. Over the next 
24 hours, her oxygen requirement and work of breath-
ing increased. Heated high-flow nasal cannula therapy 
was initiated at 10 L/minute at an FiO2 of 0.50 to 
maintain oxygen saturations >94%. Her condition sta-
blized, and within 48 hours the oxygen and flow were 
slow and oral rehydration commenced.

1. What important clinical indication for oxygen 
therapy was present in this scenario?

2. Initially, was the nasal cannula the most 
 appropriate choice of oxygen delivery device  
for this patient, or would you recommend a 
 different one?

3. What physiologic mechanism was causing 
 hypoxemia for this child?

Case Study 2
A 13-year-old previously healthy boy was hit in the 
chest while playing baseball with friends and de-
veloped acute chest pain and dyspnea. Shortly after 
the injury, he had a brief syncopal episode. He was 
driven to the emergency department by his parents 
and taken immediately to the trauma room. Oxygen 
by nonrebreathing mask was administered per their 
trauma protocol and a full assessment was com-
pleted. A physical exam shows the boy in respiratory 
distress with mild petechiae isolated to his chest. Vital 
signs were as follows: heart rate 136 beats per minute, 
respiratory rate 40 breaths per minute, blood pres-
sure 90/50 mm Hg, temperature 37.4°C, and oxygen 
saturation of 94% on nonrebreathing mask. The boy 
has been in good health and is physically active. He 
has a medical history of seasonal allergies and an 

acute episode of pharyngitis. There is no family hist-
ory of cardiac diseases. Cardiac examination revealed 
normal heart sounds and no murmur. He has normal 
radial pulses with delayed capillary refill. Breath 
sounds are coarse bilaterally. The remainder of the 
physical examination findings were normal. The boy 
is later admitted to the hospital for suspected cardiac 
contusion.

1. How would you evaluate the oxygenation status 
of this patient given the information presented 
in this case?

2. Could you recommend another oxygen delivery 
device given his presentation?

3. What are some hazards associated with the use 
of a nonrebreathing mask?
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OBJECTIVES
1. Describe mechanisms of lung deposition and the effects 

of aerosol and patient-related characteristics on lung 
deposition.

2. Compare and contrast the use of various aerosol devices 
with infants and children.

3. Differentiate between spacers and valved holding 
chambers.

4. Discuss the factors involved in selection of a device for 
aerosol delivery.

5. Explain the essential components included in patient and 
caregiver education for aerosol therapy.

6. Discuss the pertinent issues during aerosol delivery during 
noninvasive and invasive ventilation.

KEY TERMS
aerosol
breath-actuated nebulizers
breath-enhanced nebulizers
Brownian diffusion
continuous output 

jet nebulizers
dry powder inhalers (DPIs)
geometric standard 

deviation (GSD)
jet nebulizers
large-volume nebulizers
mass median aerodynamic 

diameter (MMAD)

nebulizers
pressurized metered dose 

inhalers (pMDIs)
residence time
residual volume (RV)
respirable fraction
smart nebulizers
soft mist inhalers
spacers
ultrasonic nebulizers
valved holding 

chamber (VHC)
vibrating mesh nebulizers
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Introduction
Aerosol therapy is administered to infants and children 
to treat a variety of respiratory conditions. The inhaled 
route is usually preferred to treat respiratory conditions 
because it allows for the delivery of high concentrations 
of medication topically to the affected area(s). This al-
lows inhaled medications to start working faster and 
requires lower drug doses to achieve the desired effect, 
decreasing the risk for side effects.1

Pediatric patients have unique anatomic, physiologic 
and behavioral characteristics that impact aerosol de-
livery efficiency. This chapter will focus on practical is-
sues related to the administration of inhaled therapy to 
infants and children.

Aerosol Medicine: A Review 
of Basic Concepts
An aerosol is defined as a suspension of liquid or solid 
particles in a carrier gas. Aerosols could be gener-
ated by a variety of devices, which include nebuliz-
ers, pressurized metered dose inhalers (pMDIs), 
soft mist inhalers, and dry powder inhalers (DPIs).2 
Aerosols are generally characterized by a central ten-
dency and a dispersion measurement as well as by the 
respirable fraction (proportion of particles <5 µm). The 
mass median aerodynamic diameter (MMAD) represents 
the particle diameter at which half of the mass of the 
particles in an aerosol are smaller than the MMAD and 
the other half of the particles are larger. The dispersion 
measurement is the geometric standard deviation (GSD), 
or a measure of how spread the size of the particles are 
around the MMAD.1 Although the respirable fraction is 
considered the fraction of the aerosol that this is highly 
likely to deposit in the lungs, it is not clear that this is 
true for pediatric patients. Some authors have suggested 
that the use of aerosols with smaller particle size will re-
sult in higher intrapulmonary deposition.3 It is not clear, 
however, what the ideal size is for aerosols delivered 
through artificial airways. Most medical aerosols are 
composed of particles of different sizes, with MMADs of 
3 to 6 µm, and are also heterodysperse (GSD <1.22).1

Factors Influencing Aerosol 
Deposition in Infants and Children
Factors affecting lung deposition can be divided 
into two categories: aerosol-related factors and 
patient-related factors, which are highlighted in 
Table 24-1.4

An understanding of the mechanisms of aerosol 
deposition will enable clinicians to select the most ap-
propriate delivery device and to optimize inhalation 
technique. There are three main mechanisms of aerosol 
deposition: inertial impaction, gravitational sedimenta-
tion, and Brownian diffusion.5

Aerosol Factors Patient Factors

Particle size Inspiratory flow rate

Velocity Age

Hygroscopic properties Breathing pattern (i.e., tidal 
volume, rate)

Drug viscosity and surface 
tension

Nasal vs. mouth breathing

Solution vs. suspension Upper airway anatomy

Disease severity

Physical and cognitive abilities

Adherence, contrivance

Data from Geller D, Berlinski A. Aerosol delivery of medication. In: Light MJ, 
Homnick DN, Schechter MS, Blaisdell CJ, Weinberger MM, eds. Pediatric 
Pulmonology. Elk Grove Village, IL: American Academy of Pediatrics; 2011.

TABLE 24-1
Factors Determining Aerosol Deposition

There are a variety of factors that influence how long 
aerosol particles remain suspended and include particle 
size, density, and forward velocity. Inertial impaction 
is the main mechanism responsible for deposition of 
aerosols, with an MMAD between 3 µm and 5 µm. This 
occurs mainly in the upper and large airways as a result 
of sudden changes in the direction of the flow of the 
aerosol. Inertial impaction is also responsible for deposi-
tion of smaller particles at branch points in the airway 
when high inspiratory flows are used. Inhalation tech-
nique is important to aerosol deposition. The technique 
depends on the type of device generating the medicated 
aerosol. When a respiratory therapist is administering a 
medicated aerosol to a child by a jet nebulizer or pMDI, 
a slower inhalation will enhance intrapulmonary deposi-
tion of the medicated aerosol that is administered to the 
patient. This inhalation technique does not apply when a 
DPI is used, as a slow inhalation would not be sufficient 
to de-aggregate the dry powder medication from the 
device. Higher inspiratory flows are required to trigger 
medication release when a medicated aerosol is delivered 
by a DPI.1 When reviewing an order for medicated aero-
sol therapy, it is important for the respiratory therapist to 
consider the child’s ability to cooperate and perform the 
breathing technique necessary to enhance drug delivery.

Particles with an MMAD between 0.5 µm and 3 µm 
are mainly deposited by gravitational sedimentation, or 
they are deposited because gravity causes the aerosol 
particles to settle out of suspension. Gravitational forces 
will cause very large particles to settle out of suspen-
sion much earlier than smaller particles. Sedimentation 
rate affects the quantity of particles that are delivered 
to the lungs. Breathing pattern also plays an important 
role, as it affects the residence time, or how long aerosol 
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particles remain in the lung, in particular the last six 
generations of the airways. A breath-holding maneuver 
increases the residence time. Therefore, a breath hold 
should be used when possible to increase intrapulmo-
nary deposition, especially when medication is adminis-
tered by pMDIs and DPIs.

Finally, particles smaller than 0.5 µm are deposited 
at the alveolar level by random motion, also known as 
Brownian diffusion. Very small aerosols, or those less 
than 0.1 µm, are likely to remain in suspension and 
are not deposited in the lungs. Rather, these aerosol 
particles are exhaled. Aerosols containing hygroscopic 
substances, such as sodium, experience growth as they 
travel through the airways.6

Age-Related Factors Affecting 
Aerosol Lung Dose
There are anatomic differences in infants and small 
children that affect aerosol delivery.7,8 Compared to 
adults, the larynx of infants is situated much higher, and 
the epiglottis is closer to the palate. The pharynx and 
supraglottic tissues are less rigid in infants and more 
prone to inspiratory collapse. In children, the tongue is 
relatively larger and occupies a greater proportion of the 
oral airway compared to adults. Additionally, infants are 
preferred nose breathers until the age of 18 months; the 
nose is an excellent filter, and it decreases aerosol lung 
deposition by 50% when compared to aerosol particles 
inhaled through the mouth.9

The depth and rate with which children breathe 
also differ from adults and affect aerosol deposition. 
Infants and children breathe at much faster rates and 
have lower inspiratory flows, shorter inspiratory times, 
and lower tidal volumes than adults.10 Infants and 
small children often cry during therapy, which causes 
a 4- to 10-fold reduction in intrapulmonary drug 
deposition.11,12

Device-Related Considerations
The type and fit of the interface used to deliver the 
medicated aerosol is another important factor to con-
sider. Because infants and small children are unable to 
properly use a mouthpiece, a face mask is typically the 
interface of choice. A face mask that does not snuggly 
fit on the child’s face results in a significant decrease 
in lung deposition.13 Mask selection is crucial because 
masks made of a harder plastic material will not easily 
conform to the infant’s or child’s face. This may impair 
aerosol deposition by allowing aerosol particles to es-
cape from the gaps or leaks between the face and mask. 
Masks made of harder plastic material also are uncom-
fortable to wear and may cause discomfort to the child 
during therapy.

The art of delivering aerosols to infants and young 
children is a learned skill that requires patience and 
family engagement. How a child breathes during 

aerosol therapy is also important. During administra-
tion of medicated aerosols by pMDI or nebulizer, slow 
inhalation maneuvers enhance pulmonary deposition 
of aerosols.14 However, in small children, it may be dif-
ficult to teach them how to properly breathe in order 
to enhance aerosol deposition. This will inherently 
impact the efficiency with which aerosol particles are 
delivered to the airways and result in lower intrapul-
monary deposition for particles with a larger MMAD.15 
Disease status also determines the amount and site of 
inhaled drug deposition because of the effects of the 
disease state on the airway.16 For example, children 
with an acute exacerbation of asthma have constricted, 
inflamed airways that may reduce the efficiency of 
aerosol particle deposition.

Other Considerations
Our knowledge of aerosol drug delivery has been 
gathered through human, animal, and in vitro stud-
ies. There are concerns for radiation exposure and the 
need for repeated blood extractions, which have limited 
the number of human studies that are available. As a 
result, a vast amount of knowledge has been generated 
using in vitro models. Initially, these models were very 
simple. Technologic advances, such as the development 
of three-dimensional printing, enabled the construc-
tion of anatomically correct models derived from CT/
MRI data.8 These models have greater in vivo/in vitro 
correlation than their simple predecessors and allow 
scientists to test different delivery devices and inter-
faces under normal pulmonary characteristics and dif-
ferent disease states. This body of research provides 
practitioners with important information regarding 
aerosol delivery efficiency for specific devices, which 
determines the absolute amount of drug that reaches 
the desired place in the lung. Cost is also a factor that 
is often considered when selecting the medication and 
delivery device used. The costs of the drug delivered 
to the airway, as well as the cost of the aerosol delivery 
device and  respiratory therapist’s time to administer 
the medication, are the key factors used to define cost 
effectiveness.

Aerosol Devices
There are many different types of delivery devices 
available to nebulize medications for delivery to the 
respiratory track. Devices have different operational 
characteristics, and it is important for the respiratory 
therapist to understand how these devices work to best 
match the delivery device to the patient in need of med-
icated aerosol therapy.

Nebulizers
Nebulizers are devices that convert a solution/suspension 
in an inhalable mist. There are three main types of nebu-
lizers: jet, ultrasonic, and vibrating mesh nebulizers.
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Jet Nebulizers
Jet nebulizers use a gas source to convert a solution/
suspension in a mist. The gas is forced through a very 
small orifice, resulting in a decrease in pressure at the 
sides of the high-velocity jet stream (Bernoulli effect). 
Solutions/suspensions present in the nebulizer cup are 
drawn up the capillaries and aerosolized. The mist im-
pacts one or more baffles, resulting in further reduction 
of the particle size. Some of the drug impacts the walls 
of the nebulizer cup, and so tapping the nebulizer cup 
helps recirculate and re-aerosolize the liquid. Table 24-2 
outlines the advantages and disadvantages of the use of 
nebulizers with infants and children.4

There are different types of gas sources that can 
be used to power a nebulizer: room air, oxygen, and 
 helium–oxygen gas mixtures also known as heliox. In 
settings outside of an acute care hospital, such as home 
care, long-term care, physician offices, and clinics, an air 
compressor is often used to power a nebulizer. Air com-
pressors generate a wet gas while medical gases generate 
a dry gas. The pressure and flow delivered by an air com-
pressor differs from that delivered by high-pressure gas 
systems (i.e., piped gas or high-pressure tanks). 

Piped in gas, or central air and oxygen, are pressurized 
at 50 pounds per square inch (psi); a flowmeter reduces 
that working gas pressure and allows the clinician to ad-
just the flow of gas powering the nebulizer. Typically, gas 
flows of 6 to 10 L/minute are used to power a jet nebu-
lizer, depending on brand/model specifications. It is im-
portant for the respiratory therapist to follow the specific 
manufacturer recommendations for use.17 Conversely, 
in general, compressors generate gas at lower pressures 
(15–30 psi) and lower flows (3–9 L/min).18,19 When the 
patient’s inspiratory flow exceeds the driving flow of the 
nebulizer, the aerosol gets diluted with entrained air.20 

Flow and pressure generated by the compressors decay 
over time, especially if the device is used to deliver inhaled 
medications several times per day.19 As compressors age 
and begin to fail, the time it takes to nebulize medication 
increases. It is important for clinicians to ask patients and 
families about the duration of their nebulized therapy 
because an increase in nebulization time may represent a 
compressor failure. Higher gas flows result in faster nebu-
lization times and smaller particle size.21

The use of heliox as a gas source to power the nebu-
lizer results in smaller particle size and lower drug deliv-
ery than the use of oxygen at similar flows.22 An increase 
in the heliox gas flow improves drug delivery.23 Practi-
tioners need to remember that if they use an oxygen- 
calibrated flowmeter to deliver heliox, the flow delivered 
to the patient will differ. When an oxygen-calibrated 
flowmeter is used to deliver oxygen–helium gas mix-
tures, conversion factors of 1.6 and 1.8 need to be ap-
plied for the 70:30 and 80:20 admixtures, respectively. 
Total flow calculations are found in Table 24-3.

Jet nebulizers are the most commonly used nebuliz-
ers. There are three main types of jet nebulizers: con-
tinuous output, breath-enhanced, and breath-actuated 
jet nebulizers.

Continuous output jet nebulizers have constant 
output of aerosol irrespective of the timing of the re-
spiratory cycle.24 Figure 24-1 provides an example of 
a commercially available jet nebulizer used to deliver 
medicated aerosol therapy to a child. The design of 
nebulizers that continuously nebulize and deliver 
medication leads to significant waste of the aerosolized 
medication. The use of a mouthpiece and the addition 
of a 15-cm extension tube distal to the patient acts as a 
reservoir for aerosol particles and enhances drug deliv-
ery when a continuous nebulizer is used.25 The length of 
therapy varies, but jet nebulizers are generally run until 
sputtering occurs, which is the point in which drug out-
put drastically decreases.

Breath-enhanced nebulizers incorporate a one-way 
valve into their design that allows an increase of the  
airflow in the chamber during inspiration, leading to  
an increase in aerosol output.24 Aerosol output still  

Advantages Disadvantages

Easy technique (tidal breathing) Bulky, less-portable than pMDIs 
or DPIs

Can use at any age Longer treatment times

Can use with any disease 
severity

Require cleaning and 
disinfection

Can use with artificial airways Noisy (may disturb infants)

Can use with mechanical 
ventilation

Require power source

High doses possible (e.g., 
antibiotics)

High variability between brands

Data from Geller D, Berlinski A. Aerosol delivery of medication. In: Light MJ, 
Homnick DN, Schechter MS, Blaisdell CJ, Weinberger MM, eds. Pediatric 
Pulmonology. Elk Grove Village, IL: American Academy of Pediatrics; 2011.

TABLE 24-2
Advantages and Disadvantages of Nebulizers

Gas Mixture
Conversion 
Factor Formula

70:30
(70% helium: 
30% oxygen)

1.6 1.6 × gas flow set on the 
oxygen-calibrated flowmeter

80:20
(80% helium: 
20% oxygen)

1.8 1.8 × gas flow set on the 
oxygen-calibrated flowmeter

TABLE 24-3
Calculating Total Flow to the Patient When 
Delivering Helium-Oxygen Gas Mixtures with an 
Oxygen-Calibrated Flowmeter 
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Figure 24-1 An example of a commercially available jet nebulizer 
used to deliver medicated aerosol therapy to a child.
© Piotr Adamowicz/Shutterstock.

occurs during expiration, and so some models have 
incorporated an expiratory valve into the mouthpiece 
while others offer a Y-shaped connector that allows the 
 addition of an exhalation filter (Figure 24-2).

Finally, breath-actuated nebulizers use a one-way 
valve to deliver aerosol only during inspiration.25 There 
are two different designs to this type of nebulizer. One 
design modifies a continuous output jet nebulizer by 
adding a one-way valve proximal to the patient and a 
reservoir bag distal to the patient that is filled with aero-
sol during exhalation.26 The other design incorporates a 
spring-loaded valve that allows aerosol production only 
during inhalation.26 Both of the designs result in zero 
waste to the environment. Figure 24-3 provides an ex-
ample of a breath-actuated nebulizer. It is important for 
providers who prescribe this type of device and for re-
spiratory therapists who administer medication through 
this type of device to verify that the patient is able to 
generate an inspiratory flow of 15 L/minute, which is 

Figure 24-2 A breath-enhanced nebulizer, the PARI LC Sprint. The 
nebulizer may be used with a mouthpiece or a specially designed mask.
PARI LC® Sprint and Bubbles The Fish™ are trademarks of PARI GmbH and its affiliates. 
Used with permission.

Figure 24-3 A breath-actuated nebulizer, the Monaghan 
AeroEclipse II.
Courtesy of Monaghan Medical Corporation.

needed to trigger the valve. Because the inspiratory flow 
of children is reduced during an exacerbation of their 
pulmonary condition, it is important for clinicians to 
evaluate a child’s ability to trigger the valve both when 
their disease state is stable and during an exacerba-
tion. The trade-offs associated with the use of breath-
enhanced nebulizers are an increase in the nebulization 
time and the need to either adjust the dose or the nebu-
lization time to avoid overdosing the patient.

residual volume (rV) is the amount of drug left 
in the nebulizer cup after the nebulization process is 
complete.21 The residual volume can vary from 0.5 to 
2.2 mL. Prescribing a decrease in the loading volume, 
or the volume of drug that is instilled in the nebulizer 
cup, could result in significantly underdosing the pa-
tient because the residual volume remains constant.27 In 
the absence of a lower-dose preparation, prescribing a 
shorter nebulization time while maintaining the loading 
dose could deliver a lower amount of medication to the 
infant or child. Another option includes reducing the 
amount of active solution/suspension but maintaining 
the same total volume by adding normal saline. This is 
especially important when using nebulizers with large 
residual volume, as increasing the fill volume also in-
creases nebulization time.21

Ultrasonic Nebulizers
ultrasonic nebulizers use a piezoelectric crystal that 
creates acoustic vibrations that cause the liquid or  
medication immediately above the transducer to disrupt 
air–liquid interface and form droplets.24 The higher  
the vibration frequency, the smaller the particle size 
generated by the nebulizer. The nebulization process  
is generally noiseless and produces an aerosol particle  
size larger than those produced by jet nebulizers.  
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Also, the suspension/aerosol solution heats up over time 
and could lead to the denaturalization of proteins. These 
factors limit the type of medication that can be delivered 
by this device—for example, this technology is inef-
ficient and should not be used to deliver budesonide.28 
The limitations of this device, as well as the development 
of less expensive vibrating mesh devices, make the ultra-
sonic nebulizer a less attractive  option for drug delivery.

Vibrating Mesh Nebulizer
Vibrating mesh nebulizers are the newest addition 
to the nebulizer family. The liquid is forced through 
a membrane with laser-drilled holes. A piezoelectric 
crystal vibrates either a plate (active mesh), generating 
an upward/downward movement of the plate, or a horn 
(passive mesh), which generates an upward/downward 
movement of the liquid.6,29 The diameter and shape of 
the holes, as well the characteristics of the medication 
(viscosity and surface tension), determine the aerosol 
particle size. These devices are quiet, efficient, and have 
a low residual volume. They are, however, relatively 
expensive. Although there are some devices that can be 
used with a variety of medications, also known as open 
source devices, many have been customized to match 
the characteristics of a specific medication.  Devices 
customized to match the characteristics of a certain 
medication have been approved as a drug– device 
combination, such as Cayston® (Gilead, Foster City, 
CA). Cayston is an aerosolized antibiotic, commonly 
used in the treatment of patients with cystic fibrosis. 
Figure 24-4 provides an illustration of the vibrating 
mesh device used to deliver Cayston®.

Adequate care of the mesh is essential for proper func-
tion. A poorly cleaned device will cause the orifices to 
clog, which decreases efficiency and increases nebuliza-
tion time. Touching the mesh during cleaning will dam-
age the unit. Patients should be asked about the length 
of therapy of their treatments during their clinic visits. 
Practitioners need to be aware of the high efficiency of 
these devices and adjust the dose of any drug that has 
dose-related side effects or a narrow therapeutic index.

Smart Nebulizers
Smart nebulizers incorporate technology to allow con-
trol of drug delivery, and they also allow recording of 
adherence to therapy. This type of nebulizer is more 
precise because it interacts with the patient’s breathing 
pattern. Smart nebulizers are ideal for the delivery of 
expensive drugs with low therapeutic index. The Akita 
Jet (Vectura Group PLC, Chippenham, UK) is an ex-
ample of a nebulizer that uses either a breath-enhanced 
or a vibrating mesh nebulizer coupled to a system that 
releases aerosol at a controlled flow (12 L/min) dur-
ing inspiration.30 The system also allows a distal and a 
proximal airway delivery mode by releasing the aerosol 
at the beginning or the middle of the inspiratory cycle. 
Although more accurate and more efficient than other 
nebulizers, it is bulky and expensive. A portable version 
has been recently approved (Breelib, Vectura Group 
PLC, Chippenham, UK) and is commercialized in 
 Europe to deliver inhaled iloprost, which is used in the 
treatment of pulmonary artery hypertension. The I-Neb 
AAD system is a portable, battery-operated passive 
vibrating mesh nebulizer that interacts with the patient 
and can be used for inhaling in either a tidal breathing 
mode or a targeted inhalation mode.31 The targeted in-
halation mode involves the use of a flow restrictor and 
tactile feedback to coach the patient to inhale slowly 
and deeply. This process changes the patient’s inspira-
tion–expiration ratio and results in significantly higher 
lung deposition compared to when the tidal breathing 
mode is used. The device continuously monitors inspi-
ratory time during three consecutive breaths and then 
delivers the drug during the first half of the predicted 
duration of inhalation. The I-Neb AAD system is com-
mercialized in the United States for the delivery of in-
haled iloprost.

Large-Volume Nebulizers
Large-volume nebulizers are continuous output nebu-
lizers typically used for continuous aerosol delivery of 
bronchodilators. Commonly, this type of nebulizer is 
used for the treatment of status asthmaticus. Research 
has suggested a favorable cost–benefit ratio when large-
volume, rather than small-volume, nebulizers are used.32 
In the emergency department, the use of this type of 
nebulizer decreases the respiratory therapist’s contact 
time with the patient, therefore increasing productivity.

In general, the reservoir can hold 200 to 240 mL 
of solution and could run for 8 hours.33 The nebulizer 
is connected to the central oxygen supply through a 
Christmas tree or nipple adapter. The solution output 
varies and is dependent upon the make and model used. 
Drug output is determined by the amount of albuterol 
placed in the reservoir and the airflow used to aerosol-
ize the solution. Some models allow the concomitant 

Figure 24-4 The proprietary vibrating membrane nebulizer used 
to deliver Cayston, or aerosolized aztreonam, an antibiotic used in 
the treatment of cystic fibrosis. Refer to the product’s full prescribing 
information for details.
Altera® Nebulizer System is a trademark of PARI GmbH and its affiliates. Used with permission.
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use of heliox. In vitro studies demonstrated that solu-
tion and drug output are not reliable after 5 hours 
of operation, suggesting that the solution needs to 
be changed if longer operation times are required.33 
Frequent determination of the volume remaining in 
the nebulizer is recommended during continuous 
nebulization.

Patient Interfaces
Drug delivery through mouthpieces or face masks has 
been shown to be clinically equivalent.34,35 A mask is 
preferred for patients who, due to their age or cognitive 
impairment, are unable to properly use a mouthpiece. 
To use a mouthpiece correctly, the patient should be 
able to place it behind their teeth and seal their lips 
around it.

When a face mask is used, the seal around the face is 
important and plays a key role in optimizing drug deliv-
ery. Facemask seal is influenced or affected by the mate-
rial used to build the mask: Rigid masks are less likely 
to achieve a good seal and are more likely to upset the 
child. The space between the face and mask, also known 
as dead space, does not seem to affect drug delivery dur-
ing nebulization.36 Face masks have holes that allow air 
entrainment when the inspiratory flow exceeds the nebu-
lizer flow. The occlusion of these holes does not improve 
drug delivery and has the potential to result in CO2 
rebreathing.36 When a mask does not fit properly, espe-
cially along the bridge of the nose, leak of aerosols results 
in facial and ocular deposition.37–40 Mask design plays a 
role not only in ocular exposure but also in the delivery 
efficiency, especially whether the aerosol stream reaches 
the oronasal area as a straight stream from the nebulizer 
(front-loaded) or if a bottom-loaded mask is used. Mov-
ing a bottom-loaded mask away from the face results in 
a larger decrease in the amount of drug available for in-
halation compared to a front-loaded one. Some authors 
reported the use of a hood to deliver aerosol therapy.41 
Although drug deposition is similar to traditional masks, 
this interface exposes the skin and eyes to the drug be-
ing nebulized. Newer interfaces have a hole to thread a 
pacifier and a funnel placed at the top to allow alignment 
with the nostrils (Figure 24-5).42,43 The aerosol is inhaled 
through the nares, and the mask is kept in place by the 
suckling of the pacifier. Some children do not cooperate 
well with their prescribed aerosol therapy. As a result, 
rather than using a mouthpiece or face mask, some clini-
cians choose to use a blow-by technique. 

The blow-by technique consists of directing the aerosol 
stream to the patient’s face by either using a front-loaded 
mask placed away from the face or by capping the t-piece 
connector on one end and placing a 15-cm extension tube 
on the other. This technique is not recommended because 
it results in decreased intrapulmonary deposition and in-
creased ocular and facial drug deposition.

FIGURE 24-5 An interface used to deliver medicated aerosol to 
toddlers. This interface has a hole to thread a pacifier, which allows 
delivery of the mask to be held in place as the child sucks on the 
pacifier.
Courtesy of InspiRx.

Technique for Aerosol Delivery by Nebulizer
When a nebulizer is used to deliver medicated aerosol 
therapy, lower inspiratory flows (<12 L/min) are asso-
ciated with increased lung delivery.44 Because there are 
a variety of different types of nebulizers available for 
use, the clinician needs to be aware of how the different 
types of nebulizers operate and to ensure that the child 
can use the delivery device. For example, if a breath-
actuated device is prescribed for a child, the therapist 
should verify that the child can develop enough flow 
to open the inspiratory valve. Similarly, a patient will 
not benefit from the increased drug if they are not able 
to open the inspiratory valve on a breath-enhanced 
nebulizer. Aerosol therapy should be administered with 
the child in a high Fowler position if in bed or in a sit-
ting position when possible (Figure 24-6). The use of a 
sitting or high Fowler position leads to higher intrapul-
monary deposition compared to aerosol delivery when 
a child is supine.

FIGURE 24-6 Proper technique for aerosol therapy. The child is 
sitting upright on the edge of the bed. The mask fits snuggly on the 
face, covering the nose and mouth but not the eyes. The respiratory 
therapist provides support and coaching to the patient as therapy is 
administered.
© ChooChin/Shutterstock.
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The clinician also needs to be aware of the acute side 
effects of the inhaled medication(s) that are administered. 
Cough and bronchoconstriction are common side effects 
associated with the administration of hyperosmolar solu-
tions and antibiotics while tachycardia and tremor may 
occur with the administration of beta 2 agonists.

Cleaning, Disinfecting, and Assembling 
the Nebulizer
Cleaning and disinfecting nebulizers is crucial to avoid 
device malfunction and microbial contamination. The 
Cystic Fibrosis Foundation published rigorous infection 
control guidelines that specifically address the different 
disinfection techniques that have proven to be effective 
to kill Pseudomonas aeruginosa and are recommended 
for the respiratory care equipment.45 The use of vinegar 
solutions is no longer recommended for nebulizer dis-
infection due to its poor killing power, especially with 
regard to P. aeruginosa. It is important to follow manu-
facturer recommendations for cleaning devices, espe-
cially those with nondisposable components.

Patient and family education is a very important part 
of patient care. For effective use of aerosol devices at 
home, patients and families need comprehensive train-
ing. Education should include the following: (1) how 
to assemble and operate the device, (2) which device 
is used or paired with a particular nebulizer, (3) the 
position to sit in and breathing technique used dur-
ing aerosol administration, (4) recognizing side effects, 
(5) how to clean and disinfect the device, and (6) when 
to suspect malfunctioning. Teach-back is often used 
to validate the patient’s and/or caregivers’ retention of 
the education and training they receive. Teach-back 
provides the patient and/or caregiver with the ability 
to demonstrate their skills to the clinical team. Educa-
tion on each of the previously mentioned points, as well 
as teach-back, can be incorporated into daily practice. 
Each time a respiratory therapist administers a medi-
cated aerosol therapy, they provide a teachable moment 
for the patient and the caregivers. Prior to discharge, the 
patient and/or caregivers should be able to verbalize an 
understanding of how and when to use the medication 
and to recognize side effects. The patient and/or care-
givers should also demonstrate proper assembly, use, 
and cleaning and disinfection of the prescribed device.

Metered Dose Inhalers
Metered dose inhalers deliver a precise dose of medica-
tion stores under pressure. These devices can be pres-
surized and contain propellants, or mechanical energy, 
to generate the aerosol and deliver the medication. 
Depending on the design, coordination between device 
actuation and the child’s breathing pattern is required.

Pressurized metered dose inhalers (pMDIs) are in-
halation devices that consist of a canister, containing a 
drug, propellants, and excipients stored under pressure, 

and a plastic actuator.6,24 The metering valve is a key 
component of this device, and its precise matching to 
the actuator is responsible for the consistency of drug 
delivery with each actuation. The dose loaded in the me-
tering chamber gets replenished after the release of the 
previous dose. The aerosol is released from the pMDI 
at a high speed, but if a distance is applied between the 
pMDI and the patient’s mouth, the aerosol slows down 
and decreases in size due to evaporation. Chlorofluoro-
carbons (CFCs) were once widely used as propellants in 
pMDIs. Because of their detrimental effect on the ozone 
layer, CFCs have been replaced in pMDI propellants by 
hydrofluoroalkane (HFA).46 Older inhalers (using CFCs) 
were colder than HFA inhalers and were responsible for 
the Freon effect, which interrupted the patient’s inspira-
tory maneuver because the temperature of the aerosol 
was so low.47 Commonly used medications administered 
to infants and children by pMDI include short-acting 
bronchodilators, anticholinergics, corticosteroids, and 
corticosteroid/long-acting bronchodilator combinations. 
The dose of these drugs, delivered by the pMDI, is in the 
µg range. The drugs are formulated as either solutions 
or suspensions. Therefore, before use, it is important to 
shake the canister to mix the medication and propellant. 
When the canister is not adequately shaken or there is 
a delay between shaking and actuation, the amount of 
drug delivered with the actuation will differ from the 
prescribed formulation of the suspension.48,49 A delay 
between actuation and inhalation when using a pMDI 
with a valved holding chamber results in a decrease in 
delivered drug for both suspensions and solutions.50,51 
Shaking the canister has a more profound effect than 
the time intervals between canister actuations. Aerosol 
characteristics of albuterol delivered by pMDI remained 
unchanged when the interval between puffs, or canister 
actuations, changed from 60 seconds to either 30 or 15 
seconds, provided the inhaler was shaken right before 
each actuation.50 Corticosteroids formulated as solutions 
have a smaller MMAD (1.2 µm) than those formulated 
as suspensions, which results in low  oropharyngeal and 
high intrapulmonary deposition.51 A breath-hold ma-
neuver after a full inhalation of medication administered 
by a pMDI increases intrapulmonary deposition of the 
aerosol.51

Many inhalers contain alcohol as their excipient 
and can transiently increase the breath alcohol exhala-
tion test.52 Studies done with inhalers containing CFC 
as a propellant demonstrated multiple actuations of 
the pMDI without re-shaking in between, and delays 
between actuation and inhalation impaired drug deliv-
ery.53 It is crucial that the pMDI is operated in an up-
right position and is shaken right before actuation.

Although most of the new formulations have an 
incorporated dose counter, there are some that still do 
not. It is challenging for patients and caregivers to keep 
track of the doses administered and to recognize when 
the inhaler is empty. For inhalers containing 120 doses 
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of a scheduled medication, used for 4 or 2 puffs per 
day, patients and families can be taught to discard the 
canister after 30 or 60 days, respectively. However, this 
cannot be done with medications that are taken on an 
as-needed basis, such as short-acting bronchodilators. 
In this case, the respiratory therapist should provide 
a chart to allow the patient to document their use of 
the pMDI. The practice of submerging the canister 
in water to know whether it was empty or not should 
not be used. This technique is not only inaccurate but 
also causes the metering valve to become blocked.54 
Whether a dose counter is used or not, the respiratory 
therapist has to advise the patient to discard the inhaler 
once the calculated or measured remaining doses reach 
zero.

HFA pMDIs have to be primed after opening and 
after certain circumstances. Care of the inhalers is re-
quired to avoid obstruction of the nozzle of the actua-
tor. Unfortunately, each pMDI has different priming 
and care specifications. Respiratory therapists should be 
aware of manufacturer-specific instructions for priming 
and include priming in the education provided to pa-
tients and caregivers on pMDI use. Table 24-4 outlines 
the advantages and disadvantages of the use of pMDIs 
with infants and children.4

Soft Mist Inhalers
More recently, soft mist inhalers have been developed 
(Respimat, Boeringher Ingelheim, Ridgefield, CT). This 
device is propellant-free and uses the mechanical energy 
generated by a tensioned spring to generate the aerosol.55 
This aerosol delivery to the patient is slower and the mist 
lasts longer than the one generated by a pMDI HFA; 

Advantages Disadvantages

Compact, portable Difficult technique to learn/teach

Rapid delivery Coordination for actuation and 
inhalation

Multidose convenience High oropharyngeal dose (not with 
valved holding chamber)

Easy to clean Dissatisfaction with 
hydrofluoroalkane propellant

Acceptable for any age 
(when used with a valved 
holding chamber)

Intolerance of tight face mask 
(young children)

Dose counters are now 
more common

Limited number of drugs available

Data from Geller D, Berlinski A. Aerosol delivery of medication. In: Light MJ, 
Homnick DN, Schechter MS, Blaisdell CJ, Weinberger MM, eds. Pediatric 
Pulmonology. Elk Grove Village, IL: American Academy of Pediatrics; 2011.

TABLE 24-4
Advantages and Disadvantages of Metered Dose 
Inhalers

therefore, it is recommended to be used without a spacer 
or valved holding chamber.56 Compared to a pMDI, 
the soft mist inhaler has lower upper airway deposition 
because the medication is delivered at a slower veloc-
ity.57 The aerosol produced by this type of device lasts 
1.5 seconds. When the dose release button is pressed, 
medication contained within the device’s  cartridge is 
released. After pressing the dose release button, the 
child should be instructed to seal their lips around the 
mouthpiece and to inhale slowly to total lung capacity. 
The mouthpiece has two lateral openings that need to 
remain patent during the inhalation maneuver. Inhala-
tion technique is important because a shorter inhalation 
maneuver will result in decreased intrapulmonary depo-
sition. A drawback of these devices is that they have to be 
discarded after 90 days of using the first dose. This device 
is commercially available in the United States to deliver 
different medications, including tiotropium bromide, 
ipratropium bromide/albuterol, tiotropium bromide/
olodaterol, and olodaterol. Tiotropium bromide has been 
recently approved for maintenance asthma therapy for 
patients 12 years or older and is also indicated for adults 
with chronic obstructive pulmonary disease. The latter 
three formulations are indicated for chronic obstructive 
pulmonary disease and do not have a pediatric indica-
tion. The respiratory therapist should instruct the patient 
on how to assemble the device and when priming is 
required. Similar to nebulizers, when a mask is used to 
deliver medication with a soft mist inhaler, mask dead 
space does not affect aerosol drug delivery.

Valved Holding Chambers and Spacers
The two most common errors seen during inhalation 
therapy are lack of coordination between actuating the 
device and inhaling the medication and inhaling too fast. 
Improper technique results in poor disease control.58 
Manufacturers have addressed actuation-inhalation co-
ordination in two different ways. Breath-actuated pMDI 
devices minimize coordination problems. This type of 
pMDI was very popular among adolescents and young 
adults. Unfortunately, breath- actuated pMDI devices 
are no longer made in the United States. Their use in the 
pediatric population had some limitations; the two most 
common problems were that patients needed to gener-
ate enough flow to trigger the valve and the stopping 
of the inhalation maneuver after getting startled by the 
noise produced by the device.

The use of an add-on device, specifically a 
valved holding chamber (VHC), can minimize coordina-
tion problems between actuation and inhalation and 
facilitate medication delivery in children.59 A VHC is a 
tubelike structure that incorporates low-resistance inspi-
ratory and expiratory valves. The inspiratory valve helps 
to improve the coordination between actuation and 
inhalation while the expiratory valve allows the expira-
tory flow to be diverted out of the system without having 
to break the seal between the interface and the patient 
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and without mixing with aerosol present in the chamber. 
The chamber also provides distance between the pMDI 
and the patient’s mouth. Spacers are valveless tubes that 
provide distance between the pMDI and the patient’s 
mouth. Currently, there is a pMDI with a corticosteroid 
solution that has a spacer incorporated into the design. 
Both VHCs and spacers allow deceleration of the aerosol 
and impaction of the large particles against their walls. 
This results in a decrease in oropharyngeal deposition, 
thus minimizing side effects, such as thrush when a cor-
ticosteroid is administered, or tremor with the adminis-
tration of a beta 2 agonist.60 Homemade spacers are used 
in developing countries with good success.61

VHCs are manufactured in a variety of different 
shapes and volumes. The most commonly used in the 
United States are of cylindrical shape and are small 
in volume, approximately 150 mL. Also, some VHCs 
require the pMDI canister to be removed from the 
plastic actuator, as the VHC has an actuator that the 
pMDI canister will seat against. The pMDIs with a dose 
counter placed around the stem valve require special 
adapters when used with a VHC. Other brands of VHCs 
require the canister and plastic actuator to be inserted 
in the distal portion of the VHC. The use of VHCs that 
do not require removal of the canister are preferred be-
cause an imperfect match of the stem and the actuator 
could affect drug output.62

The material used to build the spacer/VHC can sig-
nificantly affect drug delivery. Most devices are made of 
plastic, and some of them can accumulate electrostatic 
charge in their internal walls.63 This results in attraction 
of the aerosol particles to the walls, thus decreasing drug 
delivery. Different strategies have been used to overcome 
this problem. The electrostatic effect has been mitigated 
by coating the inner walls with an ionic detergent before 
its first use and periodically thereafter.63 This can be eas-
ily achieved by washing the spacer/VHC with water and 
an ionic detergent and letting the VHC air dry. Some 
manufacturers have changed the material from plastic to 
metal, such as the Vortex (PARI Inc Midlothian, VA).64 
Although efficient, they have the disadvantage that the 
patient/caregiver cannot see the interior of the device 
and the aerosol going through it. More recently, many 
manufacturers have changed the plastic material to one 
that is nonelectrostatic.65 Spacers and VHCs need to be 
cleaned weekly to minimize the risk of infection.66

Many VHCs incorporate a whistle that blows when the 
inspiratory flow exceeds 30 L/minute. Although the inten-
tion of the whistle is to coach the patient to take a slower 
inspiration, some children are amused that they can gen-
erate the whistle and continue to perform the technique 
incorrectly, thus defeating the intent to provide feedback.

Patient Interfaces for pMDIs
Similar to what occurs with nebulizers, pMDIs with 
spacers or VHCs could be used with either a mask 

or a mouthpiece. A mask is used when the infant or 
child cannot seal their lips around the mouthpiece 
(Figure 24-7). Unlike nebulizers and soft mist inhal-
ers, the mask’s dead space volume does matter and 
inversely affects drug delivery (i.e., larger mask, less 
drug delivery).67 Some commercially available masks 
have a dead space that is larger than the tidal volume of 
a 6- to 12-month-old infant.68 Moreover, some masks 
are rigid, making them unfit for pediatric use. More 
recently, a mask with a low dead space that allows a 
pacifier to be threaded through it and provides nasal 
delivery was introduced to the market.69 This design 
takes advantage of the fact that infants and young 
children are obligate nose breathers; therefore, its ef-
fectiveness in older populations remains to be proven. 
The mask should fit snuggly against the infant’s or 
child’s face. Mask fit is also crucial because leaks pro-
duce a decrease in inhalation flow that impairs the pa-
tient’s ability to open the inspiratory valve. Minor leaks 
have been associated with a decrease in drug delivery.70 
The use of the mask also could result in unwanted fa-
cial and ocular deposition.

Inhalation Technique for pMDIs
Many healthcare professionals have not mastered the 
technique for operating aerosol delivery devices.71 
 Although the literature reports that respiratory thera-
pists perform these techniques better than other profes-
sions, when administering medicated aerosols, there 
is always the opportunity to continue to improve.72 
 Improper inhaler technique has been linked to poor 
clinical outcomes.56

Lack of patient cooperation makes aerosol delivery 
with pMDI and a VHC more challenging when admin-
istering medication to infants and children. Infants 
often cry when the mask is applied and may continue 
crying during medication administration. The litera-
ture reports a 10-fold decrease in lung deposition 

FIGURE 24-7 A VHC with a mask can be used to administer a pMDI 
to a small child.
© Laboko/Shutterstock.
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when radiolabeled albuterol was administered by 
pMDI to crying infants.73 Administration of a pMDI 
with a VHC to sleeping toddlers resulted in their awak-
ening and increased respiratory distress in most of the 
participants.74 This resulted in a lower inhaled dose 
and a higher dose variability.74 However, the use of a 
soft mist inhaler with a VHC with sleeping children 
did not awaken them or cause undue distress and  
resulted in acceptable lung deposition of the radiola-
beled aerosol.75

Similar to the technique used for aerosol administra-
tion by nebulizer, the patient should be sitting upright, 
either in a chair, on the edge of the bed, or supported in 
a high Fowler position (Figure 24-6).

There are two different techniques that can be used 
when administering a pMDI to an infant or child. The 
first uses tidal breathing and the other uses a single 
slow inhalation. A breath-hold maneuver should be at-
tempted when using a single slow inhalation technique. 
Spacers should be used only if the child can coordinate 
actuation with the start of inhalation and use a single 
breath inhalation technique. One study reported that 
80% of 5-year-old children were able to perform the 
single inhalation maneuver.76 The tidal breathing ma-
neuver can be used with either a mask or a mouthpiece. 
This technique is often used to help children transi-
tion from a mask with tidal breathing technique to a 
mouthpiece with a single breath inhalation. Patients 
should be switched from face mask (Figure 24-8) to 
mouthpiece once they are able to seal their lips around 
the  mouthpiece. This would improve aerosol delivery 
and minimize side effects.35,67 The number of breaths 
that the patient needs to inhale during tidal breathing 
depends on their tidal volume and the chamber’s vol-
ume. Fewer breaths than previously thought might be 
required to empty the VHC.76,77 Patients are required as 
able to swish and spit after the administration of inhaled 
corticosteroids to minimize local side effects.

Respiratory therapists need to provide comprehen-
sive education to patients and caregivers that includes 
the following: (1) how to assemble the device, (2) how 
and when to prime, (3) proper inhalation technique, 
(4) how and when to clean and disinfect the device, 
and (5) how to track or determine the number of doses 
remaining in the device. Ideally, those skills should 
be reviewed prior to discharge from the hospital or 
 emergency department and at every physician visit.

Dry Powder Inhalers
Dry powder inhalers (DPIs) allow drug delivery to the 
lungs without the need of a suspending medium,2 which 
results in the delivery of larger drug amounts compared 
to pMDIs. Although the initial devices included a sin-
gle-dose capsule, newer devices incorporate multidose 
functionality either in individually packed blister strips 
and disks or in a common reservoir.6,78 Dose counters 
are incorporated into the design of the DPI. Some, such 
as the Diskus and Twisthaler, change with every dose, 
and others change every 10 doses. These devices are 
mainly used in pediatrics for the treatment of asthma 
to administer corticosteroids and  corticosteroid/long-
acting bronchodilator combinations and in cystic fi-
brosis to administer tobramycin. The drug is generally 
blended with an excipient carrier (lactose) or prepared 
as a macro-aggregate.79 Newer technology (spray dry-
ing) has allowed the development of DPI formulations 
that do not require a carrier. The energy required to dis-
aggregate the powder is directly related to the patient’s 
inspiratory flow and the internal resistance of the de-
vice. For a given device, a higher inhalation flow results 
in smaller particle size. Devices with high resistance 
typically deliver more intrapulmonary dose.78,79 All cur-
rently available devices are passive and require the pa-
tient to actuate the device by inhalation. It is important 
to note that a threshold inspiratory flow has to be met 
to actuate the device. Most devices show a positive rela-
tionship between inspiratory flow and lung deposition.80 
Newer drug formulations, such as tobramycin (TOBI 
Podhaler), do not benefit from inhaling at flow higher 
than the threshold.81 Some pediatric patients might 
not be able to achieve the minimum required flow for a 
specific device.82 Most DPI devices require a minimum 
peak inspiratory flow of 30 to 40 L/minute to actuate 
the device and to receive a dose of the prescribed medi-
cation. The child’s lips must remain tightly sealed during 
inspiration, and they must be taught to achieve the peak 
inspiratory flow closer to the beginning of inhalation.

Patients must also load the dose of the DPI before in-
halation.78 This process involves piercing of the capsule 
or blister, twisting the base of the device (Flexhaler), or 
pressing a lever (Diskus). The Twisthaler loads the dose 
when the cap is untwisted, and the cap locks when all 
doses have been delivered. Several critical mistakes can 
occur during drug delivery with DPIs. Such errors as 

FIGURE 24-8 Administration of a pMDI to a child requires the child 
to be awake and sitting upright.
© LSOphoto/iStock/Getty Images.
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tilting the device once loaded, not loading the device in 
an upright position, blowing inside the device before in-
halation, and not generating enough inspiratory flow all 
reduce drug delivery to the patient. Increased humidity 
results in formation of large aggregates, so DPIs need to 
be kept in dry and cool places, and patients should be 
taught not to exhale into the device before sealing their 
lips around the mouthpiece and inhaling the medica-
tion.83 Table 24-5 outlines the advantages and disadvan-
tages of the use of DPIs with infants and children.4

The respiratory therapist needs to be familiar with 
each individual DPI that they plan to use with their 
patients. A step-by-step demonstration is necessary 
and the use of teach-back recommended when validat-
ing the caregivers’ and/or patient’s ability to properly 
administer the medication. The use of objective mea-
surement of peak inspiratory flow is recommended to 
ensure that the patient can generate adequate inspira-
tory flow for any given device.84

How to Choose the Right Device 
for My Patient
Several factors should be considered when choosing an 
aerosol delivery device for an infant or child.1,6 Factors 
include drug availability, cognitive ability of the patient, 
patient preference and cultural beliefs, provider prefer-
ence and knowledge, the medications covered by the 
patient’s insurance plan, cost, and reimbursement. The 
patient and/or caregiver should be able to demonstrate 
proficiency in the use and care of the device. When pos-
sible, a single type of device should be prescribed to avoid 
confusion.

Many drugs have been approved as a drug–device 
combination. The package insert of the medication 

provides a list of all approved devices. Some examples 
include Bethkis (Tobramycin)/Pari LC Plus + Pari Vios 
compressor; Cayston/Altera; and Pulmozyme/six differ-
ent nebulizer-compressor combinations and the eRapid. 
Every effort should be made to use the recommended 
device with the medication. If an alternative is needed, 
practitioners need to look for devices of similar perfor-
mance and should monitor the clinical course of the pa-
tient because a change in device could potentially result 
in under- or overdosing.

Role of the Respiratory Therapist 
in the Outpatient Clinic
Respiratory therapists are uniquely skilled to educate 
patients and caregivers about the proper use and clean-
ing of devices and add-on devices, and they play an 
important role in the outpatient clinic. The respiratory 
therapist should observe the patient and/or caregiver 
perform a hands-on demonstration of device assem-
bly and administration of medicated aerosol therapy. 
Repeated reinforcement of proper technique with the 
patient and caregivers at each visit helps the child and 
caregivers remain competent with their skills. Use 
of printed and/or electronic information provides 
patients and caregivers with a valuable resource in 
between clinic or office visits. Younger children might 
need to be desensitized to a mask. Practice and demon-
stration with a doll might increase their acceptance.

Aerosol Administration in Patients 
Receiving Respiratory Support
Pediatric patients receiving inhaled therapy under spe-
cial circumstances include children receiving support 
with high-flow nasal cannula, noninvasive ventilation 
(NIV), tracheostomies, and invasive mechanical ven-
tilation. Most current data are based on in vitro stud-
ies, thus removing physiologic response and biologic 
variability from the equation. Also, the actual amount 
of drug needed at the target site is usually unknown, 
 making the interpretation of a two- or threefold 
 difference in output between devices difficult. Classic 
descriptions of aerosol characteristics do not necessarily 
apply to aerosols delivered through tracheostomies and 
endotracheal tubes (ETT) because the upper airway is 
bypassed. Another important consideration is that the 
internal diameters (IDs) of ETTs, tracheostomies, and 
circuits are smaller than the adult ones.

Aerosol Administration with a High-Flow 
Nasal Cannula
High-flow nasal cannula systems are increasingly being 
used in patients in respiratory distress.85 Many of these 
patients also have a concomitant need for aerosol ther-
apy. The available literature on efficacy is limited. An in 

Advantages Disadvantages

Compact, portable Need strong inspiratory effort

Rapid delivery time High oropharyngeal impaction

Breath actuated Vulnerable to humidity

Dose counters in multidose 
devices

Limited to children >5 years

Easier to learn than 
pressurized metered dose 
inhalers

Multiple dry powder inhaler 
device types

No need for a valved holding 
chamber or spacer

Technique confusion with other 
devices

Data from Geller D, Berlinski A. Aerosol delivery of medication. In: Light MJ, 
Homnick DN, Schechter MS, Blaisdell CJ, Weinberger MM, eds. Pediatric 
Pulmonology. Elk Grove Village, IL: American Academy of Pediatrics; 2011.

TABLE 24-5
Advantages and Disadvantages of Dry Powder 
Inhalers
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vitro study reported that with a vibrating mesh nebu-
lizer placed on the dry part of the humidifier, deposi-
tion was 2% of the nominal dose when the cannula flow 
was 6 L/minute O2 and 5.4% of the nominal dose when 
a 80:20 heliox mixture was used.86 Another study, using 
similar device placement, reported a 0.5% deposition 
for vibrating mesh and jet nebulizers when the cannula 
flow was 8 L/minute.87 Deposition increased to 3.3% 
for the vibrating mesh nebulizer when the flow was 
decreased to 4 L/minute. The same study included full-
term macaques (neonatal model) and showed a 0.49% 
and 0.85% lung deposition for the vibrating mesh nebu-
lizer operated at 4 L/minute and 2 L/minute, respec-
tively.87 Placing the vibrating mesh nebulizer before the 
cannula showed inspired doses of 0.6% and 0.6% to 12% 
for the neonatal and pediatric models, respectively.88 
All the aforementioned studies highlight the low lung 
deposition when an aerosol device is used in conjunc-
tion with a high-flow nasal cannula. This low lung de-
position is consistent with previous studies evaluating 
transnasal aerosol delivery using anatomically correct 
models.89 They highlight the importance of recognizing 
that the nose efficiently filters out aerosol particles. Ad-
ditionally, aerosol particles exiting the cannulas had an 
MMAD lower than 1.43 µm.87,88

FIGURE 24-9 A schematic illustrating proper placement of an aerosol device when a dual-limb circuit is used to deliver NIV.
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FIGURE 24-10 A schematic illustrating proper placement of an aerosol device when a single-limb circuit is used to deliver NIV.
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Limited clinical data are available, and the in vitro 
data suggest that, at the flows patients in respiratory 
distress are expected to receive, lung deposition is 
very low (0.5–1%). Although the use of high-flow nasal 
cannulas is increasing, it is not clear how they should 
be implemented. Future studies are necessary to help 
 answer this question.

Aerosol Administration during Noninvasive 
Mechanical Ventilation
The use of NIV in the pediatric population has in-
creased.90 Patients might receive NIV as chronic ventila-
tor support, before intubation, or after extubation. New 
ventilators can deliver NIV without needing to change 
the existing ventilator circuit. Patients should be dis-
connected from the interface to receive aerosol therapy 
if possible.91 A schematic of aerosol delivery NIV can be 
seen in Figure 24-9 and Figure 24-10.17,91 Figure 24-9 
shows possible placement of the aerosol device when a 
dual-limb circuit is used while Figure 24-10 shows pos-
sible placement of the aerosol device when a single-limb 
circuit is used.

The use of pressure support increased lung de-
position from 11.5% to 15.3% without changing 
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deposition pattern.90 These data have not been repli-
cated. Conversely, in a study with adult patients, con-
comitant use of bilevel ventilation and aerosol therapy 
did not increase intrapulmonary deposition.92

Compared to a standard jet nebulizer, the literature 
reports that the use of vibrating mesh nebulizers in-
creases intrapulmonary deposition. An in vitro study 
evaluated delivery efficiency using an anatomically 
correct pediatric model with a dual-limb circuit con-
nected to the mask with an elbow without leak.93 The 
authors reported that the vibrating mesh nebulizer 
achieved delivery efficiency of 18%, 17.6%, and 13.3% 
when placed before the mask, before the Y-piece, and at 
the ventilator, respectively.93 The delivery efficiency of 
another vibrating mesh nebulizer inserted in the mask 
had a 10.7% delivery efficiency.93 Delivery efficiency for 
the jet nebulizer was 3.8% and 3.5% when placed before 
the Y-piece and at the ventilator, respectively. Increasing 
the bilevel settings from 15/5 to 20/5 cm H2O did not 
improve delivery efficiency.93 Using a single-limb circuit, 
a pediatric in vitro study reported delivery efficiency of 
4%, 5%, and 11% when a vibrating mesh nebulizer was 
placed on the dry side of the humidifier, right before the 
mask and the leak, and integrated into the mask after 
the leak,  respectively.94 Another study, also using a sin-
gle-limb circuit, reported 16.6%, 4.7%, and 10% delivery 
efficiency when a vibrating mesh nebulizer was placed 
before the mask, at the ventilator, and incorporated 
into the mask, respectively.95 Delivery efficiency for the 
jet nebulizer was 5.5% and 2.1% when placed before 
the mask (after the circuit leak) and at the ventilator, 
respectively.

In summary, during NIV with single- or double-
limb circuits, the best placement for the nebulizer is 
before the mask. The use of a double-limb circuit im-
proved aerosol delivery while increasing bilevel pres-
sures did not improve delivery efficiency. The vibrating 
mesh was 3.5- to 5-fold more efficient than the jet 
nebulizer. Careful monitoring of the patient’s response 
to therapy is necessary.

Aerosol Administration through 
Tracheostomy Tubes
Improvements in neonatal and pediatric critical services 
are responsible in part for the increase in the number 
of patients who undergo tracheostomy.96 Infants and 
children with tracheostomies often require medicated 
aerosol and airway clearance therapy as a routine part 
of their ongoing care.97 A survey regarding aerosol 
therapies in spontaneously breathing children with 
tracheostomies revealed that a majority, or 68%, used 
assisted technique with pMDI to administer aerosol-
ized medications to the children, and 32% used it with a 
nebulizer.97 The assisted technique requires the use of a 
resuscitation bag to provide a manually assisted breath 
during aerosol administration. Figure 24-11 provides an 

FIGURE 24-11 Example of a nebulizer setup used to provide 
medicated aerosol delivered by assisted technique through 
tracheostomies.

illustration of how a nebulizer connected to an exten-
sion tube and a bag-valve resuscitator are used to pro-
vide this technique.

Our current understanding of aerosol delivery 
through tracheostomies is mostly derived from in vi-
tro studies.97–105 A study including tracheostomized 
children compared different routes of administering 
gentamicin to the airway. Compared to aerosol delivery, 
instilling gentamicin directly into the airway resulted in 
a 24-fold higher concentration of gentamicin in the spu-
tum and a 28-fold higher blood level of this drug.98

In vitro studies evaluated the effect of ID of the 
tracheostomy tube, breathing pattern, use of different 
aerosol generators, use of add-on devices, type of inter-
face, type of formulation, and use of assisted technique 
on delivery through pediatric-size tracheostomies.99–103 
The size of the tracheostomy tube may affect aerosol 
drug delivery. A decrease in drug delivery by pMDI oc-
curred when a tracheostomy tube was downsized, or 
reduced from 4.5 to 3.5 mm ID, but no change in drug 
delivery occurred when the ID of the tracheostomy tube 
changed from 5.5 to 4.5 mm.99,100

Nonelectrostatic VHCs are the best add-on devices 
to deliver pMDIs through tracheostomies.99–101 The use 
of assisted technique with pMDIs and a VHC decreased 
drug delivery.99,100,102 Soft mist inhalers with VHC de-
livered more drug than pMDIs with VHC.101 In general, 
larger tidal volumes delivered more drug, but the effect 
decreased with tidal volumes equal to or larger than the 
VHC’s volume.100–102

The use of assisted technique with aerosol therapy 
delivered by a nebulizer had either a neutral or a posi-
tive effect on distal drug delivery.100,102,103 When a dual-
compartment model consisting of proximal and distal 
parts was used, greater tracheal deposition was noted.103 
This study demonstrates that assisted techniques with 
aerosol therapy by nebulizer could be used to target 
the large airways during the treatment of bacterial tra-
cheitis. A bacterial filter should be placed before the 
resuscitation bag to avoid retrograde escape of aerosol 
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that could damage the bag. Bias flow decreased drug de-
livery in adult models and is expected to have the same 
consequences in pediatric ones.105

Practical aspects to enhance aerosol delivery through 
tracheostomies include cleaning the tracheostomy tube 
before the treatment, encouraging the child to take 
larger and slower breaths when possible, disconnect-
ing the heated trach collar before aerosol administra-
tion, and avoiding the assisted techniques for pMDIs 
but considering the use of this technique for antibiotic 
treatment of intratracheal infections.104

Aerosol Administration during Invasive 
Mechanical Ventilation
Similar to patients receiving noninvasive ventilation, 
many intubated and mechanically ventilated pediatric 
patients receive inhaled medications. Administration of 
aerosol therapy inline with the ventilator circuit is pre-
ferred because it does not require the patient to be dis-
connected from the ventilator circuit, which decreases 
the risk for ventilator-associated pneumonia and also 
minimizes derecruitment.106

The position of the aerosol delivery device has been 
widely studied. In a study of intubated children re-
ceiving aerosol therapy, a pMDI with a spacer placed 
between the Y-piece and the ETT yielded equivalent 
results to a jet nebulizer placed on the inspiratory limb 
(10–20 cm before the Y-piece).107 Animal models have 
been used to evaluate the use of ultrasonic and vibrating 
mesh nebulizers during invasive ventilation. Ceftazi-
dime delivery in mechanically ventilated pigs showed 
no difference in aerosol deposition when an ultrasonic 
and a vibrating mesh nebulizer were used.108 In another 
animal study, vibrating mesh and ultrasonic nebulizers 
placed at the ventilator inlet delivered significantly more 
drug than a pMDI via spacer or adapter placed before 
the Y-piece.109 Our current understanding of aerosol 
delivery during mechanical ventilation is mostly derived 
from in vitro studies.110–126

Practitioners need to be aware that nebulization 
can affect ventilator function, and setting adjustments 
might be required.110 The use of jet nebulizers adds 
flow and can increase tidal volume delivery. This can 
contribute to volutrauma in infants and small children. 
Therefore, it is important for the respiratory therapist 
to monitor tidal volume delivery during aerosol delivery 
with a jet nebulizer and to adjust the set tidal volume to 
deliver the prescribed amount during the treatment. It 
is equally important to readjust or to increase the tidal 
volume after completing the aerosol therapy to mini-
mize the propensity for hypoventilation. Filters should 
be used at the ventilator to prevent aerosolized particles 
from entering into the ventilator’s internal components. 
Some mechanical ventilators have a connection port to 
power the nebulizer. Nebulizers powered by ventilators 
can perform differently depending on the design of the 
respective ventilator.111

Several variables affect drug delivery and need to be 
considered when selecting a device: type of circuit, type 
of ventilator, type and amount of drug required, and 
bias flow.110–126 Although many studies reveal several-
fold differences in drug output among different aerosol 
generators, it is not clear if this is clinically relevant. 
Sometimes increasing either the loading dose or the 
volume might overcome the poor efficiency of the de-
vice.112 Caution should be taken when increasing the 
loading dose or volume because, if done with a very ef-
ficient device, there is the potential for drug toxicity.

The use of heated-wired circuits limits the poten-
tial places where an aerosol generator could be placed. 
Figure 24-12 provides a schematic of the different 
positions an aerosol delivery device can be positioned 
to deliver medicated aerosol therapy to an intubated 
infant or child.17,91 During conventional mechanical 
ventilation, placing the nebulizer on the dry side of the 
humidifier enhances aerosol delivery if an adult-size 
ventilator circuit is used (Figure 24-12).112–114 However, 
placement before the Y-piece optimizes drug delivery if a 
neonatal circuit is used (Figure 24-12).115,116 Studies have 

FIGURE 24-12 A schematic illustrating proper placement of an aerosol device when a dual-limb circuit is used to deliver mechanical ventilation 
to an intubated infant or child.
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demonstrated no value in increasing the tidal volume 
during aerosol administration, as increasing tidal  
volume does not increase drug delivery during nebuliza-
tion.114 Additionally, the increase in tidal volume can 
contribute to alveolar overdistention and volutrauma.

The bias flow, often used when ventilating infants 
and small children, can reduce drug delivery to the 
airways.113 Although studies using adult models re-
ported a negative effect of humidity on drug delivery, a 
recent clinical study showed no difference in albuterol 
delivery when pMDI and nebulizers were used with 
dry and humid circuits.117 Similar to what occurs with 
tracheostomy tubes, the size of the ETT affects drug 
delivery.116–118 However, this does not hold true for sub-
micronic aerosols.118

Vibrating mesh nebulizers are more efficient and 
more expensive than jet nebulizers.112–114 The best tim-
ing (inspiration, expiration, or continuous) for aerosol 
delivery has not yet been defined, and results are con-
flicting.119–120 During high-frequency oscillatory ven-
tilation (HFOV), placing the nebulizer before the ETT 
enhanced drug delivery while placement in the dry side 
of the humidifier resulted in negligible drug delivery.121

Spacers, VHCs, and adapters are used to deliver  
pMDIs during mechanical ventilation. Adapters are very 
inefficient and their use is discouraged.109,122 The pMDI 
should be actuated at the beginning of  inhalation.123 
The add-on devices, specifically a spacer or VHS, can be 
placed between either the ETT and the Y-piece or the 
inspiratory limb and the Y-piece. Placing the spacer or 
VHC between the ETT and the Y-piece adds dead space 
to the system, is cumbersome, and can potentially con-
tribute to ETT dislodgement during its manipulation. 
Some spacers can be collapsed when not in use, which 
reduces rainout in the spacer chamber. Similar to what 
occurs with nebulizers, the use of a pMDI with a smaller 
ETT size decreases drug delivery.124 Specialty gas ad-
ministration with mechanical ventilation and aerosol 
delivery has also been studied. The administration of 

oxygen–helium gas mixtures through a ventilator cir-
cuit increased drug delivery with pMDIs.125 The use of 
pMDI aerosols with smaller MMAD also resulted in 
higher drug delivery.126

Aerosol Delivery Considerations 
with Neonatal Patients
Bronchodilators and inhaled corticosteroids are used 
in preterm newborns. Drug delivery is hindered in this 
population due to smaller airway and ETT size, lower 
tidal volumes, and smaller diameter of the ventilator 
circuit. Aerosols are delivered both to patients on re-
spiratory support and to those who are not. Spontane-
ously breathing neonates might not be able to open the 
inspiratory valve of some VHCs; therefore, it is impor-
tant for the respiratory therapist to verify that the valve 
is opening during therapy.127 Studies have demon-
strated aerosol deposition is less than 1% for ventilated 
and nonventilated neonates.128,129 A nonvalved spacer 
with pMDI was more effective in reducing respiratory 
resistance compared to a jet nebulizer in spontaneously 
breathing nonventilated neonates.130,131 In ventilated 
preterm newborns, an ultrasonic nebulizer was more 
effective in decreasing respiratory resistance than 
either a pMDI or a jet nebulizer.132 The efficiency of 
a vibrating mesh nebulizer was demonstrated in ani-
mal models, which showed a 25-fold increase in drug 
delivery compared to a jet nebulizer (0.5% of loading 
dose).133 A 10-fold reduction in aerosol deposition of 
beclomethasone HFA occurred when piglets either 
suffered lung injury or were ventilated at high settings 
compared to controls.134 Drug delivery during high-
flow nasal cannula, bubble continuous positive airway 
pressure (CPAP), and SiPAP (Carefusion, San Diego, 
CA) ranged from 0.7% to 1.3% and was best when the 
vibrating mesh nebulizer was placed on the dry side of 
the humidifier.135 However, the opposite was found in a 
variable-flow CPAP system.136

Case Study 1
A 3-year-old male presents to his pediatrician with a 
complaint of coughing at night for 2 weeks. His par-
ents have been using a decongestant/antihistamine 
syrup. Initially the cough improved, but it worsened 
over the last 3 days. He is noted to have morning 
sneezing and nasal congestion. He has had similar epi-
sodes in the past, but this episode is worse. His past 
history is notable for eczema and dry skin since in-
fancy. He is otherwise healthy. His father and brother 
have a history of asthma; there are no smokers or 

pets in the home. At this time his vital signs are as fol-
lows: heart rate 98 beats per minute, respiratory rate 
26 breaths per minute, blood pressure 84/65 mm Hg, 
temperature 38.1°C, and oxygen saturation 99% on 
room air. He is alert, cooperative, chest excursion is 
symmetrical, and no retractions are noted. His chest 
has an increased AP diameter and it is hyperresonant 
to percussion. Rhonchi and occasional wheezes are 
heard on auscultation. His skin is dry, with no evi-
dence of eczema. The initial impression was an acute 
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Case Study 2
A 2-year-old female with spinal muscular atrophy 
type 1 presented to the emergency department in 
moderate respiratory distress. Physical exam showed 
a bell-shaped configuration of thorax and ribs, and 
moderate intercostal and substernal retractions. The 
patient was receiving bilevel positive airway pressure 
(BiPAP) at home with the following settings: sponta-
neous mode, pressure 18/10 cm H2O, room air, with 
4-hour sprints twice a day. BiPAP was initiated on the 
following settings: spontaneous/timed mode rate of 
22, pressure 20/10 cm H2O, and FiO2 0.40. Albuterol 
and hypertonic saline were administered by jet nebu-
lizer and an aggressive secretion clearance regimen 
was ordered. Chest radiograph revealed diffuse left 
lung opacification consistent with left lower lobe 
pneumonia, clear visualization of the diaphragm, 
and left upper lobe atelectasis. The right lung was 
clear. The patient was transferred to the pediatric 
intensive care unit (PICU). Due to increased work 

of breathing, the patient settings were increased 
to BiPAP 24/12 x 28 60% FiO2 around the clock for 
impending respiratory failure. Albuterol treatments 
were increased to Q2 hours followed by chest per-
cussion, postural drainage, and cough assist.

The patient’s respiratory status continues to dete-
riorate. She was intubated and mechanical ventila-
tion initiated. A vibrating mesh nebulizer was used 
to  deliver medicated aerosol therapy inline with the 
ventilator circuit. 

1. What is different about the vibrating mesh neb-
ulizer versus a jet nebulizer?

2. Why was the vibrating mesh nebulizer selected 
when the patient was intubated and switched 
from a noninvasive ventilator to an ICU ventilator?

3. Would a metered dose inhaler be an appropriate 
medication delivery choice for the patient during 
noninvasive ventilation?
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OBJECTIVES
1. List the indications, contraindications, complications, and 

age-specific considerations for incentive spirometry, chest 
physiotherapy, oscillatory positive expiratory pressure 
therapy, autogenic drainage, high-frequency chest wall 
compression and oscillation, intrapulmonary percussive 
ventilation, and cough assistance therapy.

2. Describe the proper administration technique for 
incentive spirometry, chest physiotherapy, oscillatory 
positive expiratory pressure therapy, autogenic drainage, 
high-frequency chest wall compression and oscillation, 
intrapulmonary percussive ventilation, and cough 
assistance therapy.

3. Explain how chest physiotherapy, oscillatory positive 
expiratory pressure therapy, autogenic drainage, 
high-frequency chest wall compression and oscillation, 
intrapulmonary percussive ventilation, and cough 
assistance therapy achieve airway clearance.

4. Discuss the challenges to providing airway clearance and 
lung expansion therapy to infants and children.

KEY TERMS
airway clearance 

therapy (ACT)
autogenic drainage (AD)
chest physiotherapy (CPT)
cough assistance therapy
high-frequency chest wall 

compression (HFCWC)
high-frequency chest wall 

oscillation (HFCWO)
huff coughing
incentive spirometry

insufflation-exsufflation
intrapulmonary percussive 

ventilation (IPV)
mucociliary escalator
mucus hypersecretion
oscillatory positive 

expiratory pressure 
(OPEP) therapy

percussion
postural drainage
vibration

Airway Clearance and Lung 
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Introduction
Airway clearance therapy (ACT) is a general term that 
refers to several modalities having one goal: to clear 
retained pulmonary secretions from the airways. Re-
tention of airway secretions is a common occurrence 
in many acute and chronic respiratory diseases of in-
fants and children. This is most often due to dysfunc-
tion of the mucociliary escalator, hypersecretion of 
mucus, or an ineffective or absent cough. When the 
mucociliary escalator is functioning well, mucus and 
the debris trapped in the airways are propelled up the 
respiratory tract, where the secretions can be expec-
torated. When mucus is more viscous, as occurs with 
cystic fibrosis, dehydration, or infection, it becomes 
more difficult for the cilia to move mucus up the esca-
lator. The thickness and depth of this mucus layer can 
slow, and even stop, the cilia from functioning properly. 
Mucus hypersecretion in a child is most often associ-
ated with asthma, cystic fibrosis, and bronchiectasis. 
This, in combination with a child’s smaller airways, can 
lead to difficulty clearing secretions. An effective cough 
is the key to moving mucus in airways that are affected 
by an impaired mucociliary escalator or mucus hyper-
secretion. However, an ineffective or absent cough, as is 
found in neuromuscular diseases, high spinal cord inju-
ries, and children with an artificial airway, can further 
impair the ability to clear pulmonary secretions.

The goals of ACT are listed in Table 25-1. It is impor-
tant to note that the effectiveness of any lung expan-
sion or ACT is dependent upon proper technique. This 
is particularly important in the pediatric population 
where the choice of ACT should be dependent upon 
the child’s age, developmental/maturity level, ability 
to cooperate, and psychological adjustment to their 
condition.1

Incentive Spirometry
Lung expansion is essential to providing an effective 
cough. Incentive spirometry, also referred to as sus-
tained maximal inspiration, uses a visual aid to encour-
age children to take a deep breath. With each breath, 
the spirometer provides feedback on the child’s inspi-
ratory volume. In 2011, the American Association for 
Respiratory Care published a clinical practice guideline 
recommending that incentive spirometry not be used 

alone in the treatment and prevention of postoperative 
complications. Instead, the guideline recommends com-
bining it with proper pain control, early ambulation, 
coughing, and deep breathing.2

Indications and Contraindications
Incentive spirometry is indicated for the prevention 
and treatment of atelectasis and is most often provided 
to children who have undergone thoracic or abdomi-
nal surgery. It is also therapeutic in children who are 
predisposed to shallow breathing, whether as a result 
of their disease process, pain, immobility, or use of a 
thoracic or abdominal binder. Because cooperation and 
understanding are required for effective therapy, incen-
tive spirometry is contraindicated in those who are un-
able to perform the maneuver. This includes very young 
children as well as those who are heavily sedated, have 
cognitive delays, or present with inspiratory volumes 
less than 33% of predicted values.

Administration
Box 25-1 provides instruction in administering incen-
tive spirometry to a child. Children should be instructed 
to take their time with repeated maneuvers, as they may 
hyperventilate and become dizzy if done too quickly. 
Coughing is performed at any time necessary and is 
encouraged again at the end of the treatment to as-
sure any loose secretions are expelled from the airway. 
It should be noted that a slow inspiration is best with 
this procedure. A fast inspiration will preferentially fill 

BOX 25-1 Administration of Incentive 
Spirometry
1. Explain the procedure to the child and family.
2. Assist the child into a sitting or semi-Fowler 

position.
3. Establish the volume goal.
4. Hold the incentive spirometer or place it on a 

flat surface in an upright position in front of the 
child.

5. Place the mouthpiece in the child’s mouth and 
ask them to close their lips tightly around it.

6. Instruct the child to exhale normally and then 
to inhale slowly through the mouthpiece to a 
maximal inspiration, with a breath hold for 3 to 
5 seconds. 

7. Instruct the child to remove the mouthpiece and 
to then exhale normally.

8. After allowing the child to breathe normally for 
several breaths, repeat the maneuvers.

Clear greater volumes of excess secretions from the lungs

Improve cough

Improve mucociliary escalator function

Reduce air trapping and improve ventilation of the lungs

TABLE 25-1
Goals of Airway Clearance Therapy
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alveoli that are already open while a slow breath will 
more likely reinflate atelectatic alveoli. Some children 
may need nose clips to adequately perform the maneu-
vers. Incentive spirometry can be difficult for younger 
or developmentally delayed children. Patients with re-
cent chest or abdominal surgery or trauma may experi-
ence pain. With these patients, it often proves beneficial 
to provide pain medication prior to therapy.

Chest Physiotherapy
Chest physiotherapy (CPT) uses percussion or vibra-
tion on the chest wall to mobilize secretions along with 
postural drainage to allow gravity to aid in draining 
those secretions to the large airways, where they can be 
coughed out and expectorated. There are various meth-
ods and devices that can be used to perform CPT. It is 
important to note that all forms of CPT should be fol-
lowed by coughing to clear any secretions that have been 
mobilized. Tracheal suctioning or some form of assisted 
cough may be indicated when secretions are palpated or 
auscultated and the child is unable to effectively cough 
spontaneously or on command. Vibratory and percus-
sive devices are available for all sizes of patients, ranging 
from the smallest premature infant to the teenager. It is 
important to adhere to manufacturer specifications  
regarding the appropriate use of all devices.

Indications and Contraindications
CPT may be indicated in any patient who has retained 
pulmonary secretions and is having difficulty clearing 
on their own. It should be used judiciously in extremely 
premature infants, as there may be increased risk for 
intraventricular hemorrhage. A review of the literature 
finds that CPT is not routinely recommended for the 
treatment of pneumonia in adults.3 However, this is not 
well defined in children. It has also been noted that CPT 
may not be beneficial in the treatment of bronchiolitis.4 
Contraindications to CPT are listed in Table 25-2.

Postural Drainage
Postural drainage is used to assist gravity in moving 
secretions from the lung. The child is placed in various 
positions to target drainage of specific lung segments. 
Some positions may be contraindicated in certain 
situations; for example, it may be contraindicated to 
use the Trendelenburg position in children who have 
incre ased intracranial pressure or gastroesophageal 
reflux disease.5 Figure 25-1 and Figure 25-2 illustrate 
the positions used for postural drainage in infants 
and children.

Percussion and Vibration
With the purpose of loosening secretions from the 
bronchial walls, percussion or vibration is provided 
while the infant or child is in various degrees of  postural 
drainage. The clinician may percuss on the chest  using 
their cupped hand or a device made for percussion, 
 focusing on the various segments of the lungs. Per-
cussion should not be performed over the spine or 
sternum; below the rib cage; or over zippers, snaps, or 
buttons. Care should be taken when percussing around 
chest tubes, drains, catheters, and sutured areas.

In neonatal and pediatric care, vibration is most often 
performed using a vibratory device. This is especially 
true with premature neonates. Because their chest 
walls are very compliant, percussion on the chests may 
result in decreased lung volumes during therapy. Use 
of a vibratory device may also be an appropriate option 
for children who cannot tolerate percussion, as seen in 
Figure 25-3, Figure 25-4, and Figure 25-5. There are 
several devices marketed to use for percussion or vibra-
tion. Some of these devices are electrically or pneumati-
cally powered.

Administration
To reduce the risk of vomiting and aspiration, food 
should be withheld and tube feedings stopped for 30 to 
60 minutes prior to CPT or treatment delayed for  
1 to 2 hours after eating. Drainage of the lung segments, 
along with percussion or vibration, can be performed 
in any order. Length of time spent in each segment or 
position is usually 30 seconds to 1 minute for neonates, 
infants, and young children and up to 5 minutes for the 
older child. The time required is dependent upon the 
patient’s condition and tolerance and varies according to 
each institution’s policies. Be aware that it may be diffi-
cult to keep toddlers and young children in one position 
for the allotted time, as they are not always cooperative.

Percussion can be frightening for infants and chil-
dren as well as for their families. It is important to 
explain to the child and caregiver how the procedure is 
performed and the reason it is needed. Demonstrating 
the procedure by percussing on your own chest or us-
ing a doll or one of the child’s stuffed animals can help 

Elevated intracranial pressure (>20 mm Hg)

Nonstabilized head or neck injury

Active hemorrhage with hemodynamic instability

Recent spinal injury

Empyema

Distended abdomen

Uncontrolled hypertension

Large pleural effusion

TABLE 25-2
Contraindications to Chest Physiotherapy

Chest Physiotherapy 421



Tip bed 12"

Upper Lobes – Anterior Segments

Left Lingula

Left Lower Lobe

Tip bed 20"

Tip bed 12"

Upper Lobes – Apical Segments

Right Middle Lobe

Right Lower Lobe

Tip bed 20"

FIGURE 25-2 Positions for postural drainage in children.

(A) (B)

FIGURE 25-1 Positions for postural drainage of an infant.
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Complications
CPT generally has few complications when tech-
niques are appropriate for the child’s condition. Most 
of the complications are dependent upon the child’s 
health. Table 25-3 lists complications associated 
with CPT.

Oscillatory Positive Expiratory 
Pressure Therapy
Positive expiratory pressure (PEP) therapy uses a  device 
that provides back pressure during exhalation, hence 
the term positive expiratory pressure. This pressure 
helps distend the airways and gets air behind secretions 
that can then be moved to the large airways, where 
they are expectorated with a cough or huff maneuver. 
Oscillatory positive expiratory pressure (OPEP) therapy, 
also known as vibratory PEP, uses the resistance dur-
ing exhalation while creating  vibrations or oscillations 
at the airway opening. These vibrations shear mucus 
from the surface of the airways. After blowing through 
the device several times, huff coughing is performed to 
clear the mucus from the lungs. OPEP devices are com-
monly known by their brand names, including Flutter, 
Acapella, Aerobika, and Cornet.

FIGURE 25-3 Child receiving percussion to anterior segment of the 
right upper lobe with a pneumatic percussor.

FIGURE 25-4 Child receiving percussion to posterior segment of 
the right upper lobe with a pneumatic percussor.

FIGURE 25-5 Child receiving percussion and postural drainage to 
the lateral basal segment of the left lower lobe using a pneumatic 
percussor.

Position-related hypoxia

Excessive accumulation of secretions in the airway

Elevated intracranial pressure (>20 mm Hg)

Aspiration of secretions into other areas of the lung

Hypertension

Hypotension

Pulmonary hemorrhage 

Pain or injury to the ribs, muscles, or spine 

Nausea 

Vomiting 

Gastric reflux

Aspiration of secretions

Heart arrhythmias

Headache

Dizziness 

TABLE 25-3
Complications Associated with Chest 
Physiotherapy

alleviate fears. Distraction techniques may be helpful 
as well, such as listening to music, watching a movie, or 
singing a song during therapy.
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Indications and Contraindications
OPEP therapy is indicated for use in children with 
 disorders in which retained secretions are unable to be 
cleared effectively with coughing alone. Typical condi-
tions include cystic fibrosis, bronchiectasis, and pneu-
monia. It may also be helpful in conditions in which 
there is air trapping secondary to mucus plugs, such as 
chronic lung disease and asthma.6 Because OPEP ther-
apy requires the child’s cooperation and therapy effec-
tiveness is dependent on technique, it is contraindicated 
in younger children and in children who are unable to 
follow directions due to developmental delay or dimin-
ished levels of consciousness. Other contraindications 
are listed in Table 25-4.

Administration
Box 25-2 provides directions on administering OPEP 
therapy to a child. There are many devices that offer 
various visual aids or audible sounds that may help a 
child perform the technique and hold their attention. 
Making the therapy into a game is helpful when work-
ing with the younger child. Although a mask may be 
necessary to use in some conditions, it is preferable to 
have children perform therapy with a mouthpiece, as 
shown in Figure 25-6 and Figure 25-7.

Autogenic Drainage
Autogenic drainage (AD) is a form of ACT that uses 
a cycle of controlled breathing exercises at varying 
depths to loosen secretions in different areas of the 
lungs. The exercises consist of three phases, with 
the depth of inspiration increasing with each phase.7 
Expiration is slow and prolonged to mobilize secre-
tions with less coughing and energy expenditure. Huff 
coughing is performed, which is gentler and less tiring. 

BOX 25-2 Administration of Oscillatory 
Positive Expiratory Pressure (OPEP) 
Therapy
1. Explain the procedure to the child and family.
2. Assist the child into a sitting or semi-Fowler 

position.
3. Adjust the expiratory resistor dial to the appro-

priate setting.
4. If a mask is used, attach it to the device and hold 

it firmly over the child’s face. If a mouthpiece is 
used, instruct the child to place the mouthpiece 
between the teeth, keeping their lips tightly 
around the mouthpiece.

5. Instruct the child to breathe in slowly and 
deeply, taking a slightly larger than normal 
breath through their nose, and to hold the 
breath for 2 to 3 seconds.

6. Instruct the child to blow out through their 
mouth into the device, exhaling actively but not 
forcefully. Explain that blowing out “should not 
be as hard as you can blow but just hard enough 
to make a fluttering sound, like a kitten purring.” 
Remind the child to keep their cheeks stiff while 
blowing out. Encourage exhalation to be three 
times longer than inhalation. 

7. Repeat these breaths for a total of 10 to 20 
breaths, followed with huff coughing to clear 
any secretions. This counts as one set or cycle. 

8. Repeat each set or cycle four to six (or the 
amount indicated per institutional policy) times 
with huff coughing after each cycle.

FIGURE 25-6 A child performing positive expiratory pressure (PEP) 
therapy.

Untreated or unresolved pneumothorax

Active hemoptysis

Lung lobectomy or transplantation

Undrained empyema or lung abscess

Hemodynamic instability

Sinusitis 

Middle ear infection

Acute increased work of breathing 

TABLE 25-4
Contraindications to Oscillatory Positive Expiratory 
Pressure Therapy
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FIGURE 25-7 A child performing oscillatory positive expiratory 
pressure therapy using an Acapella device.

BOX 25-3 Administration of Autogenic Drainage
1. Explain the procedure to the child and family.
2. Assist the child in sitting upright or reclining with 

the head and neck slightly extended to keep the  
upper airway open.

3. Ask the child to blow their nose and to clear any 
upper airway secretions by huff coughing.

4. Phase 1 (“unsticking” mucus from the airway walls): 
Instruct the child to breathe in slowly through the 
nose and to take a normal-size breath, actively us-
ing the diaphragm if possible. Encourage the child 
to pause, holding the breath for 3 seconds to allow 
air to evenly distribute in the lungs and get behind 
secretions. Instruct the child to breathe out through 
the mouth as long as possible with a sigh-like breath, 
maintaining a slow and prolonged exhalation. Repeat 
this maneuver for 2 to 3 minutes or until crackles are 
heard at the beginning of exhalation. When repeating 
the breaths, remind the child to inhale slowly without 
pulling secretions back into the lungs. 

5. Phase 2 (collecting mucus in the middle airways): 
Instruct the child to maintain the same position as 

in Phase 1 but to breathe in with a slightly larger 
breath, pause again for about 3 seconds, and then 
breathe out a little faster this time but not to full 
exhalation. Repeat this for 2 to 3 minutes. Encour-
age the child to exhale faster during this phase but 
not so fast that cough or wheezing occurs. 

6. Phase 3 (clearing mucus from the large airways): 
Instruct the child to maintain the same position 
and to breathe in a slow, deep breath through the 
nose, pause to hold the breath for 3 seconds, and 
then breathe out forcefully through an open glot-
tis and do two to three huff coughs to move the 
secretions to the mouth where they can be expec-
torated. Repeat this maneuver for 2 to 3 minutes 
until secretions are cleared.5,6 This is the end of one 
cycle. After resting for a few minutes, repeat cycles 
for 20 to 30 minutes.

7. Each phase should last about 2 to 3 minutes. 
 Remind the child to try not to cough during phases 
1 and 2 but to wait until phase 3, or when mucus is 
felt in the large airways, and to use huff coughing. 

Once a child is properly trained, the technique can 
be used anytime and anywhere without assistance or 
equipment.

Indications and Contraindications
AD is indicated for the removal of thick or sticky 
 retained secretions in children with cystic fibrosis or 
bronchiectasis. There are no absolute contraindications 
to AD; however, it is not indicated in children who are 
unable to follow complex instructions, who are not 
spontaneously breathing, or who do not have sufficient 
airflow to perform the maneuvers.

Administration
In comparison to other forms of ACT, AD is a slightly 
complex, time-consuming technique to learn and re-
quires more training to effectively perform. Younger 
children may have difficulty understanding and per-
forming it correctly; however, by the time they are 8 to 
12 years of age, most children can effectively perform 
the therapy. It often takes more than one training session 
before therapy is fully mastered. There are many videos 
available online that may help in teaching children and 
their families. AD is performed in three phases:

■■ Phase 1 – Unsticking mucus in the small airways
■■ Phase 2 – Collecting mucus in the middle airways
■■ Phase 3 – Clearing mucus from the large airways

Box 25-3 provides directions on administering auto-
genic drainage. Dizziness secondary to hyperventilation 
may occur, especially when first learning to perform 
the therapy. Coughing spells, as well as wheezing, may 
 present when exhaling forcefully.

High-Frequency Chest Wall 
Compression and Oscillation
High-frequency chest wall compression (HFCWC) uses 
an air-pulse generator that is attached by way of hoses to 
an inflatable garment (vest, jacket, or wrap) that wraps 
around the child’s chest. The generator rapidly delivers 
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small bursts of air into and out of the garment, inflating 
and then deflating the garment against the chest wall at 
selected frequencies and pressures. During inflation, as 
the chest wall is compressed, short bursts of expiratory 
flow are generated, which loosen mucus so that it can 
be moved to the large airways and expectorated.8 There 
are no specific positions or breathing techniques re-
quired during therapy, which makes it ideal for children 
with neurologic impairment or those unable to perform 
such techniques because of weakness.9 In similar fash-
ion, high-frequency chest wall oscillation (HFCWO) is a 
form of ACT in which the child wears a garment or vest 
that delivers compression pulses to the chest wall. The 

FIGURE 25-8 Child receiving high-frequency chest wall compression 
(HFCWC) wearing a wrap garment from The Vest by Hill-Rom.

FIGURE 25-9 Child receiving high-frequency chest wall compression 
(HFCWC) wearing a vest garment from The Vest by Hill-Rom.

Device The Vest SmartVest inCourage AffloVest

Available chest 
circumference

16–75 inches 16–52 inches 16–60 inches 18–65 inches

Waveform Sine Sine Triangle N/A

System •	 Inflatable vest 
•	 Two hoses
•	 Air pulse generator

•	 Inflatable vest
•	 One hose
•	 Air pulse generator

•	 Inflatable vest
•	 Two hoses
•	 Pulsating therapy unit

•	 Vest containing eight 
oscillating motors

•	 Battery

Hose system Dual locking Single hose Dual locking None

Weight (based off 
vest fitting a 52-inch 
chest)

2.4 lbs 2.2 lbs 1.8 lbs 10.3 lbs

Features Garment available as a 
jacket (vest) or a wrap.

Has Bluetooth technology 
that gives feedback 
about therapy through a 
health portal.

Has built-in wireless 
technology to track 
therapy.

Provides color selection 
for both vests and 
generators.

Enables deep breaths 
during therapy.

Provides selection of 
patterns for vests and 
custom decorative decals 
for the therapy unit. 

Vest contains eight 
separate motors for 
vibration, percussion, 
or drainage.

Powered by AC or 
battery.

Patient can be entirely 
mobile when taking 
therapy.

TABLE 25-5
High-Frequency Chest Wall Compression and Oscillation Devices 

alternating pulses quickly compress and release the  
chest wall, helping to loosen and thin mucus so that it is 
more easily removed from the lungs. Figure 25-8 and  
Figure 25-9 are examples of garments available with The 
Vest by Hill-Rom.

Table 25-5 provides information on four commer-
cially available devices.

Indications and Contraindications
This therapy is indicated in the treatment of disorders 
in which secretions are difficult to move and result 
in airway obstruction. It is used most often to treat 
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Absolute Contraindications
Active hemoptysis or pulmonary hemorrhage
Unstable head or neck injury

Relative Contraindications
Pulmonary embolism
Subcutaneous emphysema
Bronchopulmonary fistula
Esophageal surgery
Uncontrolled hypertension
Hemodynamic instability
Rib fractures
Empyema or large pleural effusion
Suspected tuberculosis
Burns, open wounds, or recent skin grafts on the thorax
Lung contusion
Recent spinal anesthesia or spinal surgery

TABLE 25-6
Contraindications to High-Frequency Chest Wall 
Compression or Oscillation

children with cystic fibrosis and bronchiectasis. It is also 
effective in treating other disorders that present with 
excessive secretions, especially those with neurodisabil-
ites. Table 25-6 lists contraindications to HFCWC and 
HFCWO therapy. Therapy may be provided in the con-
ditions listed as relative contraindications if the benefits 
of the therapy outweigh the dangers.

Administration
Box 25-4 provides directions on administering  
HFCWC and HFCWO therapy. For therapy to be  
effective, it is imperative that the garment is appro-
priately sized. Figure 25-10 illustrates a child who has 
outgrown his vest garment. As the child grows, the 
garment must be replaced.

Many institutions have specific recommendations 
for settings used during therapy. At this time there is no 
consensus on settings. Most institutions use a range of 
frequencies in order to target the various-size airways. 
Therapy tends to be better tolerated when starting 
with lower frequencies and working up to the ordered 
settings.

Therapy is more easily accepted when the child is 
provided a demonstration of what it looks and sounds 
like. This can be done by placing the garment around a 
pillow or stuffed animal. Younger children often find it 
fun to hear themselves talk or sing during therapy. Play-
ing board games, video games, or watching television 
can provide a distraction for the child.

Complications
Should any complication occur during HFCWC or  
HFCWO therapy, then therapy should be terminated 
and followed with reevaluation or the decision to dis-
continue it. Table 25-7 lists complications that may  
result from providing this therapy.

BOX 25-4 Administration of High-
Frequency Chest Wall Compression or 
Oscillation Therapy
1. Explain the procedure to the child and family.
2. Assist the child into a sitting or semi-Fowler 

position.
3. Place an appropriate-size garment (vest or wrap) 

on the child.

 y Position the vest to rest on the child’s  
shoulders and extend to the waist, above 
the hips.

 y Position the wrap to lie just beneath the 
 armpits and extend to the waist, above 
the hips.

 y A correctly fitted garment is one that, when 
deflated, does not restrict breathing and is 
loose enough to fit a closed fist beneath the 
back of the garment.

 y Foam or folded washcloths/towels may be 
placed around gastrostomy tubes, ports, and 
incisions for added comfort.

4. Assure that settings are correct, and with the 
garment in place, turn the generator on.

5. After 10 minutes of therapy (or per institutional 
policy), stop therapy and encourage the child to 
clear loosened secretions by performing three 
to five huff or active coughs. Suctioning may be 
necessary in some cases. 

6. Restart therapy, using a higher speed or fre-
quency, and again stop therapy after 10 minutes 
(or per institutional policy) and encourage the 
child to cough. Repeat this step one more time.

FIGURE 25-10 During a hospitalization, it was determined that this 
child’s vest garment was too short for him.
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Hypoxia

Vomiting with or without aspiration

Acute hypotension or hypertension during therapy

Bronchospasm

Cardiac arrhythmias

Chest, spinal, or abdominal pain

Bronchospasm

Arrhythmias

TABLE 25-7
Complications Associated with High-Frequency 
Chest Wall Compression and Oscillation

Intrapulmonary Percussive 
Ventilation
Intrapulmonary percussive ventilation (IPV) is an ACT 
that delivers small, rapid, high-flow bursts of air directly 
into the airway. These bursts of air oscillate, causing 
a wedge pressure to get behind secretions, loosening 
them so that they can then move to the large airways 
where they are expectorated or removed through 
suctioning. This provides airway clearance as well as 
hyperinflation. The IPV circuit includes a high-output 
nebulizer that provides a means to deliver inhaled 
medications, including bronchodilators and hypertonic 
saline, and hydrate secretions. Studies, however, debate 
the efficacy of medication deposition.10–12 Therapy can 
be given by mouthpiece or mask, although this may be 
difficult and ineffective with younger children who can-
not maintain a mouth seal or when unable to achieve 
a tight seal around the mask. It can also be delivered 
through an endotracheal or tracheostomy tube with or 
without mechanical ventilation.

Indications and Contraindications
IPV is indicated for use in infants and children who 
require mobilization of secretions and in whom other 
forms of ACT have been ineffective. Disorders that 
often benefit from therapy include neurodisabilities 
with pulmonary symptoms, cystic fibrosis, pneumo-
nia, chronic lung disease, and mechanically ventilated 
infants and children with atelectasis or retained secre-
tions. Although the only absolute contraindication to 
IPV is an untreated pneumothorax, other relative con-
traindications are listed in Table 25-8.

Administration
Regardless of age, IPV tends to be well tolerated when 
used with an artificial airway. Perhaps this better 

Elevated intracranial pressure (>20 mm Hg)

Hemodynamic instability

Tracheoesophageal fistula

Recent esophageal fistula

Active hemoptysis

Recent pulmonary hemorrhage

Active or untreated tuberculosis

Pulmonary blebs 

Bullous emphysema

Untreated pneumothorax 

TABLE 25-8
Contraindications to Intrapulmonary Percussive 
Ventilation

tolerance is because these children do not need to focus 
on opening and closing their glottis. Therapy with a 
mouthpiece requires more instruction and is best toler-
ated by children who are at least 8 years of age. Mask 
treatments are usually reserved for those who are cog-
nitively impaired or too young to correctly perform a 
mouthpiece treatment. Some children, however, prefer 
the mask over a mouthpiece, as seen in Figure 25-11. 
In this author’s experience, mask treatments with IPV 
are not well tolerated because both infants and children 
tend to “fight” the treatment, which may prevent pres-
sure from being delivered to the lower airways. Therapy 
can be somewhat uncomfortable in cognitively intact 
children; therefore, it is important to prepare them for 
what to expect.

A nebulized aerosol is always provided. This is typi-
cally normal saline, but hypertonic saline and bron-
chodilators may also be nebulized. A treatment usually 
lasts 10 to 15 minutes and often consists of stopping 
the treatment intermittently to allow coughing or 
 suctioning. Treatment may consist of a gradual increase 
in pressure and frequency while others may maintain 
a high setting throughout the treatment. To reduce the 
risk of aspiration, tube feedings or meals should be held 
for one hour prior to therapy and the head of the bed 
should be at a minimum of 45 degrees.

Complications
Complications of IPV are often due to improper appli-
cation. They include pneumothorax, hyperventilation, 
gastric insufflation, hemodynamic compromise, air 
trapping, and alveolar overdistention. The rapid posi-
tive pressure breaths may lead to a markedly reduced 
PaCO2, which in turn may cause dizziness or may blunt 
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the respiratory drive. The child should be observed for 
several minutes post therapy to assure that the respira-
tory drive is intact.

MetaNeb System
The MetaNeb System has three therapies in one: volume 
expansion, secretion clearance, and nebulized aerosol 
therapy. Using engineering similar to IPV, it provides 
continuous positive expiratory pressure (CPEP) to 
improve lung expansion and then immediately follows 
with continuous high-frequency oscillation (CHFO) to 
promote airway clearance. The system is powered us-
ing 50-pounds per square inch compressed gas and will 
provide supplemental oxygen if run off of compressed 
oxygen. Treatments usually consist of a 10-minute 
session with 4 alternating cycles of CPEP and CHFO. 
The nebulizer produces an aerosol throughout the 
treatment.

The MetaNeb System is indicated for use with 
children who have excessive secretion production, an 
inability to clear secretions, and inadequate lung expan-
sion or clinically significant atelectasis. It can be used 
in spontaneously breathing patients as well as in those 
requiring mechanical ventilation.13

Cough Assistance Therapy
The goal of ACT is to mobilize secretions, which, to 
be effective, requires a strong cough. Cough assistance  
therapy, also referred to as mechanical insufflation- 
exsufflation, is beneficial for infants and children 
who have an ineffective or absent cough. This therapy 
consists of mechanical devices that simulate a cough. 
These devices provide positive pressure to inflate the 
lungs and at the end of inspiration quickly follow with 
a negative pressure. Therapies are given using a face 
mask or mouthpiece or the device is attached directly 
to an endotracheal or tracheostomy tube. The rapid 
switch from positive pressure to negative pressure 

produces an expiratory flow that shears secretions 
from the airway walls and moves them to where they 
can be expectorated or suctioned. The fast, expiratory 
flow rate from the lungs simulates a natural cough.

Two commercial devices are currently available: the 
Hill-Rom VitalCough System and the Philips Respiron-
ics CoughAssist T70. They both function in about the 
same manner, having manual and automatic modes 
with positive and negative pressure controls. The Vi-
talCough has the “PAP on Pause” feature that enables 
the clinician to dial in a CPAP of 1 to 15 cm H2O that is 
active between machine breaths. This may be beneficial 
for patients who are positive end-expiratory pressure 
sensitive. The CoughAssist T70, which is known as the 
E70 outside the United States, includes the Cough-Trak 
feature that synchronizes with the patient’s respiratory 
effort. This can be especially beneficial when using a 
mask interface. Both the E70 and the T70 may be used 
in an acute care or home care setting and have an exter-
nal battery that is compatible with the company’s Tril-
ogy ventilator.

Indications and Contraindications
Children who will benefit most from cough assistance 
therapy are those with an ineffective cough or absent 
cough. This is often seen in neurodisabilities, such as 
muscular dystrophy, myasthenia gravis, and disorders 
with paralysis of the respiratory muscles as well as those 
with an artificial airway in place.14 It is also indicated for 
the treatment of children in whom secretion removal is 
ineffective. This includes such conditions as broncho-
pulmonary dysplasia, cystic fibrosis, and bronchiectasis. 
Contraindications to cough assistance therapy are listed 
in Table 25-9.

Administration
In cough assistance therapy, a cough cycle is composed 
of an inspiratory phase, pause phase, and expiratory 
phase. Together, four to six cough cycles compose a  
sequence. Resting for 30 to 60 seconds between 
 sequences allows time to expectorate secretions and to 
avoid hyperventilation. A total of four to six sequences 
with the resting periods are considered as one treat-
ment. Treatments can be scheduled multiple times daily 
as well as on a PRN basis. Box 25-5 provides informa-
tion on administering therapy to an infant or child.

There are no established guidelines for setting the in-
spiratory and expiratory pressures; instead, they are set 
according to the child’s condition, level of comfort, and 
therapeutic goals. It is recommended to begin the treat-
ment with low positive and negative pressures, typically 
10 to 15 cm H2O for 1 to 2 seconds. As the child be-
comes more familiar with the therapy, the pressures can 
be gradually increased by 5 to 10 cm H2O during each 
sequence. Pressures are adjusted to obtain good chest 
rise and secretion clearance. When an artificial airway 

FIGURE 25-11 Child receiving intrapulmonary percussive 
ventilation (IPV).
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As with other forms of ACT, it is recommended that 
tube feedings and meals be held for 1 to 2 hours prior 
to therapy or to wait 1 hour following feedings before 
administering therapy. This will minimize the risk of 
vomiting and aspiration. Gastrostomy tubes may need 
to be vented before, during, or after a treatment.

Having negative pressure applied to the airway, 
along with a mask held tightly on a child’s face, can be 
a frightening experience. Explaining therapy and dem-
onstrating how the air feels can help alleviate some of 
the apprehension. It may help some children to know 
that the device will “push air into your chest” for a cer-
tain amount of time and then it will “pull it out of your 
chest” for a certain amount of time. Counting along 
with the in-and-out breaths helps some children better 
tolerate the treatment. The child in Figure 25-12 is  
receiving cough assistance therapy with a mask.

Complications
Complications occurring with cough assistance therapy 
include barotrauma, tympanic membrane rupture, 
gastric insufflation with possible aspiration of gastric 
contents (especially with mask therapy), central airway 
collapse due to high exsufflation pressures, and loss 
of functional residual capacity following prolonged 
 exsufflation times. Because this therapy delivers several 
repeated hyperinflation breaths, patients are at risk of 
hyperventilation or decreasing the respiratory drive.

Summary
ACT consists of various techniques, all with the purpose 
of removing secretions from the airways. The correct 
choice of therapy may be one that is cost effective and 
clinically relevant. Ultimately, however, the choice may 
come down to patient and/or family preference, which so 
often affects adherence and compliance at home. It is also 
important to note that the effectiveness of any lung ex-
pansion or airway clearance modality is dependent upon 
proper technique, especially in the pediatric population.

Elevated intracranial pressure (>20 mm Hg)

Untreated or recent pneumothorax

Untreated or recent pneumomediastinum

Hemodynamic instability

Recent maxillofacial or skull surgery

Active hemoptysis

Bullous emphysema

Recent lobectomy

Known or suspected tympanic membrane rupture

TABLE 25-9
Contraindications to Cough Assistance Therapy

BOX 25-5 Administration of Cough 
Assistance Therapy
1. Explain the procedure to the child and family.
2. Assist the child into a sitting or semi-Fowler 

position.
3. Determine the interface needed—mask, mouth-

piece, or connection to an artificial airway.
4. Adjust the settings: inspiratory and expiratory 

pressures, inhale and exhale times, and pause 
time. 

5. Administer four to six breaths in a row. This is 
considered to be one cycle. 

6. Remove the cough assistance device to allow 
time to pause and expectorate secretions. En-
courage the child to cough. Provide suctioning if 
needed.

7. Allow a pause or rest period of at least 30 sec-
onds to 1 minute for the child to recover.

8. Complete four to six more cycles (steps 5 
through 7). 

9. The treatment is complete when

 y 5 to 10 cycles have been completed;

 y secretions have been removed; or

 y the child is unable to tolerate further 
treatment.

with a cuff is in place, pressure may be better delivered 
if the cuff is inflated during the treatment. Higher pres-
sures may be required when a mask is used. It is not 
uncommon to require pressures of 35 to 45 cm H2O to 
be effective.

FIGURE 25-12 Child receiving cough assistance therapy with the 
Philips Respironics CA3200 CoughAssist device.
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Case Study 1
A 22-month-old male with spinal muscular atrophy 
(SMA) type 1 presented to the pulmonary clinic in 
moderate to severe respiratory distress. His par-
ent stated that he typically uses bilevel noninvasive 
ventilation (NIV) at night and during naps only. 
However, for the past 2 days he had “needed his 
BiPAP 24/7 and is unable to come off of it” due to 
respiratory distress. He was also receiving albuterol 
via small volume nebulizer and CPT every 4 hours. 
The child was admitted directly to the pediatric 
intensive care unit. Upon admission, a chest radio-
graph was ordered that revealed right upper lobe 
atelectasis and a right middle lobe opacification. 
The left lung was clear. It also showed a bell-shaped 
configuration of the thorax and ribs, which is typical 
for SMA 1. The inspiratory and expiratory pressures 
and breath rate for the NIV were increased. IPV was 
started with albuterol and hypertonic saline every 
4 hours in addition to cough assist every 2 hours for 

airway secretion clearance. After 3 days, the  child’s 
X-ray showed mild improvement, but he still had 
atelectasis on the right. He continued to receive al-
buterol and cough assist treatments every 2 hours 
while alternating IPV and CPT every 4 hours. After 3 
more days, the chest X-ray showed improvement in 
the atelectasis; he was able to be weaned from the 
increased NIV settings, and twice a day sprints were 
started. When he tolerated NIV settings close to his 
home regimen, albuterol and cough assist treat-
ments were reduced to every 4 hours, and IPV and 
hypertonic saline were discontinued. On day 12 the 
 patient was discharged home.

1. Why is IPV indicated for this child?

2. Why were the NIV settings increased?

3. Why do most children with SMA need cough 
assistance therapy as part of their daily airway 
clearance regimen? 

Case Study 2
This patient is a 13-year-old, Caucasian, 8th-grade  
female with cystic fibrosis (CF). She was diagnosed 
with CF at 2 months of age, after newborn screening 
and genetic testing results confirmed the mutation. 
She has mild to moderate severity of disease, with a 
forced expiratory volume in 1 second (FEV1) at 85% 
of predicted. She has been hospitalized 5 times in 
the last 10 years for pulmonary infections with Pseu-
domonas aeruginosa. She has not tested positive for 
methicillin-resistant Staphylococcus aureus or Bur-
kholderia  cepacia. She has missed approximately 6 
school days this year due to CF. Her daily routine on 
school days includes waking up at 6 a.m., first taking 
her nebulized medications, which include a broncho-
dilator and a mucolytic agent. This is followed by her 
vest therapy, which takes approximately 45 minutes 
to adequately percuss every lung segment. This is 
usually interrupted by some coughing episodes, 
which may be prolonged, and she ends with a huff 
maneuver. The morning routine continues with eat-
ing breakfast and taking multiple medications that 

include a prophylactic antibiotic, nonsteroidal anti-
inflammatory drug (NSAID), antihistamine agent, 
pancreatic enzymes, and vitamins. After school, her 
mother performs manual CPT with postural drain-
age. This therapy takes 45 minutes to 1 hour, during 
which time she may have several coughing episodes 
as well. She then relaxes and spends time with her 
family and friends. Before eating dinner she takes 
more medications, including NSAID, antibiotic, and  
pancreatic enzymes. Before bedtime she takes 
another nebulized bronchodilator treatment and 
follows that with the vest therapy for another 
45 minutes while watching television. 

1. What is vest therapy?

2. Is there an alternative airway clearance  
device that could be used when the vest is not 
available?

3. What does postural drainage achieve for  
patients with cystic fibrosis?
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OBJECTIVES
1. Describe the indications for noninvasive ventilation (NIV) 

and invasive ventilation.
2. List the contraindications for the use of NIV.
3. Describe the challenges to delivery of NIV.
4. Explain the importance of inspiratory positive airway 

pressure (IPAP), mandatory rate, expiratory positive airway 
pressure (EPAP), and inspiratory time in managing NIV.

5. Compare and contrast weaning strategies for continuous 
positive airway pressure (CPAP) and NIV.

6. Discuss the benefits of heated high-flow nasal cannula use.
7. Describe the strategies used to minimize complications 

associated with noninvasive and invasive mechanical 
ventilation.

8. List the factors that play a role in the development of 
ventilator-induced lung injury.

9. Differentiate among continuous mandatory ventilation 
(CMV), intermittent mandatory ventilation (IMV), and 
continuous spontaneous ventilation (CSV).

10. Describe the principles of operation for pressure support 
ventilation and neutrally adjusted ventilatory assist 
ventilation (NAVA).

11. Differentiate among pressure control, volume control, and 
volume targeted ventilation.

12. Explain the strategies used to minimize asynchrony.
13. Describe the operating principles for high-frequency 

oscillatory ventilation (HFOV) and high-frequency jet 
ventilation (HFJV).

14. Discuss the ventilator management strategies for HFOV 
and HFJV.

15. Describe the goals for mechanically ventilating infants with 
ductal dependent cardiac lesions.
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Introduction
Mechanical ventilation of the neonate can be extremely 
complicated. Differences in chest wall compliance, air-
way resistance, and pulmonary and circulatory patho-
physiology affect the neonatal lung and present unique 
challenges in the overall approach to ventilatory sup-
port. It is important to understand the effects of posi-
tive pressure ventilation on pulmonary, systemic, and 
cerebral perfusion to maximize ventilation and mini-
mize complications.

Medical advances and improved functionality of 
mechanical ventilators have contributed to improved 
neonatal outcomes over the past three decades, but 
much work remains. This chapter outlines the indi-
cations and goals for invasive and noninvasive mech-
anical ventilation of the neonate, including neonatal 
assessments, monitoring, and blood gas management. 
It will also review conventional modes of mechanical 
ventilation as well as nonconventional modes, such 
as high-frequency oscillatory ventilation and high-
frequency jet ventilation. Complications specifically 
related to mechanical ventilation of the neonate are 
also included.

Noninvasive Ventilation
Noninvasive ventilation is used to treat acute and 
chronic conditions in neonates with impaired lung in-
flation and gas exchange. Noninvasive ventilation (NIV) 
refers to the delivery of intermittent or continuous as-
sisted ventilation or to providing continuous positive 
pressure during spontaneous breathing to enhance lung 

expansion by restoring or improving functional residual 
capacity (FRC) and/or improving minute ventilation 
without the use of an artificial airway. Noninvasive 
ventilation is most commonly provided in the form 
of continuous positive airway pressure (CPAP). CPAP 
does not provide assisted ventilation. This is a sponta-
neous mode of ventilation that enhances oxygenation 
and preserves lung inflation by improving the FRC. 
Biphasic positive pressure is also commonly used in ne-
onates. Biphasic positive pressure, also known simply as 
NIV, improves ventilation and provides ventilatory sup-
port to the infant by delivering positive pressure during 
inspiration and positive end-expiratory pressure (PEEP) 
to improve minute ventilation.

CPAP
CPAP was first used in the early 1970s to treat respira-
tory distress syndrome (RDS) associated with prematu-
rity. CPAP is administered by nasal prongs or nasal mask 
that provides  an adequate distending pressure, which 
subsequently results in expansion and stabilization of 
collapsed alveoli secondary to surfactant deficiency.1

Infants with respiratory distress have heterogeneous 
lung disease. Lack of surfactant causes repeated col-
lapse and reexpansion of the ventilating lung units, 
also known as atelectotrauma. Administering CPAP 
restores FRC by applying continuous positive pressure 
to the lung units during spontaneous breathing.2 CPAP 
reduces the work of breathing by decreasing the amount 
of energy required to overcome alveolar opening pres-
sure. Because CPAP does not provide ventilatory sup-
port, infants receiving CPAP must have an adequate 
neurologic drive to breathe.

Assisting Ventilation with the Use of NIV
NIV provides positive pressure, above the distend-
ing pressure, during inspiration to further reduce the 
work of breathing and to augment ventilation. NIV is 
indicated in neonates with respiratory insufficiency as 
evidenced by CO2 retention. The interfaces required 
for NIV mirror those used for CPAP. Because NIV 
provides ventilatory support, the devices used to de-
liver NIV often differ from those used to deliver CPAP. 
NIV provides assisted ventilation, and so any uneven 
distribution of ventilation can potentially lead to re-
gional overdistention of the lungs, or volutrauma, which 
must be avoided in all modalities of positive pressure 
ventilation.3

Indications and Goals
Table 26-1 outlines the common indications for the 
use of CPAP and NIV. The goals of therapy for preterm 
infants with surfactant deficiency are to increase FRC, 
decrease the work of breathing, improve pulmonary 
compliance, and improve the ventilation-to-perfusion 
ratio to enhance gas exchange.

KEY TERMS
atelectotrauma
biphasic positive pressure
bronchopulmonary 

dysplasia (BPD)
continuous mandatory 

ventilation (CMV)
continuous positive airway 

pressure (CPAP)
continuous spontaneous 

ventilation (CSV)
cycle time
demand flow
expiratory positive airway 

pressure (EPAP)
flow cycling
flow-triggered breath
heated high-flow nasal 

cannula (HHFNC)
high-frequency jet 

ventilation (HFJV)
high-frequency oscillatory 

ventilation (HFOV)
inspiratory positive airway 

pressure (IPAP)
intermittent mandatory 

ventilation (IMV)

machine-triggered
neutrally adjusted 

ventilatory assist 
ventilation (NAVA)

noninvasive ventilation (NIV)
patient-triggered
positive end-expiratory 

pressure (PEEP)
pressure control 

ventilation (PCV)
pressure support 

ventilation (PSV)
pressure-triggered breath
rise time
synchronized intermittent 

mandatory ventilation  
(SIMV)

trigger sensitivity
volume control 

ventilation (VCV)
volume targeted 

ventilation (VTV)
volutrauma
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Indications Modality

Delivery room management associated 
with alveolar recruitment

CPAP* or NIV** 

Respiratory distress syndrome 
(prematurity)

CPAP* or NIV** 

Apnea of prematurity CPAP* or NIV**

Postextubation CPAP*or NIV**

Hypotonia with respiratory depression 
and insufficiency 

CPAP* or NIV**

Conditions associated with loss of lung 
volume, such as transient tachypnea of 
the neonate (TTN)

CPAP *or NIV **

Obstructive airway diseases CPAP*

*Must have adequate respiratory drive to sustain adequate gas exchange
**Indicated when respiratory drive is insufficient to provide adequate gas 
exchange

Data from Mahmoud RA, Roehr CC, Schmalisch G. Current methods 
of non-invasive ventilatory support for neonates. Paediatr Respir Rev. 
2011;12(3):196-205; and Fedor KL. Noninvasive respiratory support in 
infants and children. Respir Care. 2017;62(6):699-717.

TABLE 26-1
Indications for Neonatal CPAP and NIV

Contraindications
Contraindications for the use of NIV in the neonatal pa-
tient include the following medical conditions or treat-
ment failures associated with respiratory failure:4

■■ CPAP or NIV failure
■● PaCO2 >65 mm Hg
■● pH <7.25
■● Frequent and severe apneas

■■ Congenital diaphragmatic hernia (CDH), 
unrepaired

■● Gastric insufflation
■■ Tracheoesophageal fistula (TE fistula)
■■ Cranial facial abnormalities

■● Prevents interface application
■■ Neuromuscular disorders associated with severe 

respiratory depression
■■ Untreated pneumothorax

Interfaces
Limitations associated with successful application and 
use of CPAP or NIV can be attributed to the patient 
interfaces, delivery devices, and available technology. 
Interfaces include nasal prongs, nasal masks, extended 
nasal prongs, or nasal pharyngeal tubes. The primary 
patient interfaces most often used in neonates are nasal 
prongs and nasal masks. Both nasal prongs and nasal 
masks are associated with system leaks, which may 
necessitate the use of a chin strap to maximize positive 
pressure delivery. The recent popularity of the RAM 

cannula poses an added delivery challenge. This is a 
nonocclusive nasal cannula interface, and when used 
to deliver CPAP, may limit the pressure delivered to the 
infant.5 Additionally, its performance will not be signifi-
cantly impacted by the use of a chin strap because the 
chin strap minimizes a leak only at the mouth. Because 
this device is noninclusive, it is difficult to control  
for the leaks around the nares. The presence of leaks 
with this or any interface will negatively affect the 
triggering capabilities, which are exaggerated by the 
neonate’s inability to generate measurable inspiratory 
flow through the delivery system. Table 26-2 provides 
a small sample of common neonatal interfaces used to 
deliver CPAP or NIV.

Delivery Devices
There are several stand-alone devices capable of  
delivering CPAP to neonatal patients. These neonatal  
devices are generally limited for use in patients weigh-
ing less than 5 kg. NIV may be delivered through a sin-
gle stand-alone device or through the various intensive 
care unit (ICU) ventilators currently on the market.

Challenges
The biggest logistic clinical limitation related to the 
 application of NIV in neonates is the ability to syn-
chronize breath delivery to the patient. The combina-
tion of the device and interface used impacts the ability 
to  synchronize the mechanical breath with an infant’s 
 inspiratory effort. Leaks in the system, often due to the 
type of interface used, reduce the ability of the device 
to detect inspiratory efforts. The device used to deliver 
NIV can contribute to triggering inefficiencies as well. 
If the device senses inspiratory effort at the patient wye 
(through the use of a flow sensor), synchronization is 
more likely to occur because the device can sense the 
small inspiratory efforts (or changes in pressure that occur 
during inspiration). The device is less likely to synchronize 
mechanical breaths with the patient’s spontaneous efforts 
when the trigger mechanism is located within the device.

Flow delivery is a challenge during CPAP and NIV. 
Flow can be either continuous or demand. Continuous 
flow delivery provides an operator-set amount of flow 
during inspiration and expiration. Setting continuous 
flow can be challenging. If the flow is set too high, the 
patient will breathe against the resistance of the set flow 
provided by the ventilator or CPAP device, and work  
of breathing would increase.6 When continuous flow is 
set too low, there is an insufficient flow of gas to the  
patient, which impairs CO2 removal.

Demand flow is a feature that allows the patient to ac-
cess additional flow of gas during inspiration. Triggering 
demand flow can also be problematic for the neonatal 
patient during CPAP and NIV delivery. Difficulty with 
triggering demand flow is a combination of several 
 factors, including physiologic (infants have very small  
tidal volumes and weak respiratory muscle strength)  
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Manufacturer Interface Use Illustration

Inca Neonatal infant prongs CPAP, NIV

Hudson RCI Neonatal infant prongs CPAP, NIV

Neotech RAM cannulas CPAP, NIV—Dual-limb 
circuits (mechanical 
ventilators)

Fisher and 
Paykel

Neonatal infant prongs 
or mask

CPAP, NIV

TABLE 26-2
A Small Sample of Common Neonatal Interfaces Used to Deliver CPAP or NIV
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and equipment-related (variable leaks in the patient/ 
ventilator circuit related to the fit of the interface) 
issues. Triggering capabilities improve as leaks are 
minimized. Adjuncts, such as chin straps and nasal 
prong–occluding devices, may help to reduce leaks and 
improve triggering performance. Some CPAP devices 
offer flow-variable, pressure-constant features to ac-
commodate for variable system leaks, which will help 
to maintain a constant distending pressure and to meet 
patient flow demands. The ability or inability to trigger 
will influence how NIV is managed and must be evalu-
ated on an individual basis.

There are patient safety factors to consider dur-
ing the administration of NIV. Interfaces, including 
patient headgear, have the potential to cause skin 
ulcerations. Skin barriers help to protect the fragile 
skin of preterm and newborn infants. Use of a variety 
of interfaces, such as switching at regular intervals 
between prongs and masks, helps distribute the pres-
sure of the interface to different points on the infant’s 
face. It is important to evaluate the integrity of the 
skin when performing a patient ventilator assess-
ment or check. Any redness or breakdown should be 
 immediately evaluated by a clinician skilled in stag-
ing skin wounds. Because positive pressure is not 
 applied to the lungs through an artificial airway, there 
is the risk of gastric insufflation, and because the air-
way is not protected during NIV, there is the risk of 
aspiration.

During NIV the delivered tidal volume will 
be influenced by the difference between the 
inspiratory positive airway pressure (IPAP) and the 
expiratory positive airway pressure (EPAP) settings, 
so clinical indicators should be used to evaluate the 
effectiveness of breath delivery. Clinical indicators of 
adequate tidal volume include assessment of chest rise, 
breath sounds, noninvasive assessment of oxygenation 
(pulse oximetry) and carbon dioxide (end-tidal or trans-
cutaneous CO2), and the level of consciousness. Ulti-
mately, adequate evaluation of ventilation may require 
blood gas analysis.

Management of the Patient
It is important to keep the goals of therapy in mind 
when determining and implementing the respiratory 
plan of care. The goal of CPAP is to restore or improve 
FRC and to correct or prevent alveolar collapse. CPAP 
will effectively reduce the work of breathing as it un-
loads inspiratory muscles and provides an inflation 
pressure in excess of the opening pressure of the lungs.7 
Generally, CPAP levels of 5 to 8 cm H2O will accom-
plish these goals. Because CPAP does not provide venti-
latory assistance, it should only be used on patients with 
an adequate respiratory drive. CPAP pressures should 
be incrementally increased to achieve the targeted oxy-
gen saturation goal (set by the provider, using criteria to 

minimize retinopathy of prematurity) at a FiO2 of less 
than 0.50 to 0.60.

The characteristics of CPAP devices often influence 
patient management. CPAP devices are pressure con-
stant, flow variable, flow constant, or pressure variable. 
Pressure-constant delivery devices are preferred to  
sustain lung recruitment by preventing intermittent 
alveolar collapse. When adequate CPAP levels are 
achieved, the work of breathing should improve as evi-
denced by a decreased respiratory rate, fewer sternal 
or intercostal retractions, and improved oxygen satura-
tions with the ability to wean the FiO2.

When NIV is indicated, the clinician must determine 
the appropriate mode of ventilation to use. Traditional 
neonatal NIV devices are time cycled and pressure 
limited. These devices deliver a preset pressure at a 
preset rate with the ability to trigger additional breaths 
as needed, provided that patient triggering can be de-
tected. This mode can lead to asynchrony when patient 
breathing efforts are undetectable, causing the delivery 
of a mandatory breath after the initiation of spontane-
ous effort (i.e., at mid-inspiration or during exhalation).

It takes time and patience to initiate NIV. It is very 
important to select the patient interface that minimizes 
the propensity for large leaks, which will maximize the 
infant’s ability to trigger demand flow and a mechan-
ical breath. It is equally important to ensure that the 
interface and headgear do not fit so snugly that skin 
breakdown can occur. The mandatory or operator-set 
respiratory rate will depend on patient need and is 
guided by noninvasive CO2 monitoring and/or blood 
gases to determine the level of support needed to 
achieve and maintain adequate ventilation. The EPAP 
setting provides a resting distending pressure level that 
prevents alveolar collapse and should be increased if 
evidence of lung volume loss is present. The EPAP set-
ting has a direct relationship with oxygenation and 
should be titrated based on oxygen saturation. When 
the FiO2 has been minimized (0.40), EPAP settings 
should not exceed 7 to 8 cm H2O.

IPAP is the positive airway pressure delivered to the 
lungs during inspiration. IPAP is applied above EPAP 
and directly controls volume delivery to the patient. 
There is a linear relationship between pressure and vol-
ume: the higher the IPAP setting, the larger the volume 
delivery. The IPAP setting should be titrated to achieve 
adequate chest expansion and CO2 removal.

Inspiratory time determines the length of time in-
spiration occurs, or the time that inspiratory pressure is 
delivered to the lungs. Inspiratory time should be suf-
ficient for breath delivery (typically 0.3–0.6 seconds). 
Excessively long inspiratory times will be uncomfortable 
for patients and may increase the work of breathing if 
patients are forced to exhale against inspiratory flow.

There are other parameters available on the ICU 
ventilators, specifically trigger sensitivity, rise time, 
and cycle time, that enable the respiratory therapist to 
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improve breath synchrony. The trigger sensitivity should 
be set so that the patient can easily trigger a spontan-
eous or assisted breath. Variable leaks, which inherently 
occur during NIV, make it difficult to set the sensitivity. 
Sensitivity should be evaluated when the patient is repo-
sitioned or when adjusting or changing to a different in-
terface. The aforementioned changes impact the amount 
of leak that occurs around the interface, which affects 
the ease with which the patient can trigger a mechanical 
breath or access additional or demand flow. A sensitiv-
ity level that is set too low will cause auto-triggering to 
occur, which places the patient at risk for hyperventila-
tion. A trigger sensitivity that is not set high enough will 
prevent the device from sensing a patient’s inspiratory 
efforts, contributing to patient ventilatory asynchrony 
and the risk for barotrauma. This will also reduce the 
patient’s ability to trigger the demand flow.

The rise time reflects how aggressive inspiratory 
flow is delivered. Rise time should be set to meet the 
patient’s inspiratory demands and to maximize comfort. 
The cycle time setting determines the transition period 
from inhalation to exhalation and may be flow or time 
based. In the presence of large system leaks, the cycle 
setting alters the threshold for transition to exhalation, 
which can enhance breath synchrony.

Safety Considerations
Alarms or patient safety features are incorporated into 
devices that deliver NIV. It is essential to set ventilator 
alarms appropriately. High tidal volume and high res-
piratory rate alarms should be set 20% to 30% above 
the respective ventilator setting. High-pressure alarms 
should be set at 5 to 10 cm H2O above IPAP levels. The 
low-pressure alarm should be set above the EPAP set-
ting but below the IPAP setting. Apnea times should be 
set at approximately 10 seconds for neonates but may 
be lower if patients have periodic apneas resulting in 
desaturation. Backup ventilation settings (if available) 
should mirror full ventilatory support.

Weaning and Liberation from CPAP and NIV
Weaning CPAP support should commence when 
there is resolution of the disease process requiring the 
use of CPAP. Initially, the FiO2 should be weaned to 
0.40. Once at a minimal level, the CPAP levels can be 
weaned. When CPAP is indicated to treat acute lung 
disease, FiO2 and CPAP levels should be weaned as tol-
erated to maintain a predetermined oxygenation goal. 
Clinical (oxygenation, ventilation, vital signs, breath 
sounds, and work of breathing) and diagnostic (chest 
radiograph) indicators should be evaluated to deter-
mine the resolution of disease process and readiness for 
weaning. CPAP can be discontinued when the patient 
has been stable on a level of 5 cm H2O with an FiO2 of 
less than or equal to 40%.

Weaning a patient from noninvasive ventilatory sup-
port is a more complicated process. System leaks have a 

bigger impact on the weaning strategy and must be con-
sidered when developing the individualized plan of care. 
When patients can trigger a breath, the approach is sim-
ilar to that used for weaning from invasive ventilation. 
However, when significant or large leaks are present and 
patients are unable to trigger spontaneous or assisted 
breaths, their spontaneous breaths are not supported. 
In this case, a traditional weaning strategy of incremen-
tally reducing the mandatory respiratory rate is used. 
Weaning the mandatory rate shifts more work to the 
patient because it increases the number of breaths that 
are not supported by the set inspiratory pressure. The 
clinician must assess the patient frequently and monitor 
the infant’s response as the mandatory rate is reduced. 
Weaning the mandatory rate can dramatically increase 
the work of breathing for patients with limited reserves, 
who may not tolerate this strategy.

When gradually reducing the mandatory rate is not 
tolerated, an alternate approach would be to set the 
mandatory rate at a physiologic level (normal respira-
tory rate for the infant or neonate according to adjusted 
gestational age) and gradually wean the IPAP setting 
until the IPAP and EPAP settings are nearly equal. This 
approach offers a more gradual shift of the respiratory 
muscle work.

Weaning is still very much an art. There is a need for 
more research before evidence-based recommendations 
can be made. Clinicians should always evaluate the effi-
ciency of the current strategies and adjust as needed.

Heated High-Flow Nasal Cannula
Recent popularity and widespread use of the heated  
high-flow nasal cannula (HHFNC) have led to inclusion 
of this modality in the NIV discussion. The definition  
of high flow is not universally accepted, but flow  
rates of greater than 1 L/minute are generally consid-
ered high flow in the neonatal patient.8 The assumed 
benefits of HHFNCs are realized from maximum 
mucociliary clearance, reduced inflammatory reac-
tions, inhibition of bronchoconstrictor reflex, reduced 
airway resistance, and washout of the nasopharyngeal 
dead space.9 The evidence for positive pressure deliv-
ery with HHFNCs is mixed and highly variable. The 
literature reports the limited utility of an HHFNC as 
efficacious and safe to use as nasal CPAP when applied 
immediately postextubation or early as initial nonin-
vasive support for respiratory dysfunction.10 However, 
in a systematic review evaluating the quality of avail-
able published evidence, there is a lack of convincing 
evidence suggesting that HHFNC is superior or infer-
ior to usual care, especially when compared to nasal 
CPAP.11 There is also uncertainty regarding whether 
HHFNC can be considered cost effective.11 There are 
a few different delivery devices that can be used, all 
of which allow the FiO2 to be easily adjusted between 
0.21 and 1.0 in order to achieve patient-specific oxy-
genation goals.
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Monitoring during NIV
Monitoring of patients on CPAP and NIV should include 
pulse oximetry with saturation targets that are patient 
specific and reflect the acuity of the disease process. 
Pulse oximetry is a good indicator of oxygenation status; 
however, it is of little value in evaluating the patient’s 
ventilation status. Assessing the adequacy of ventilation 
must include a periodic evaluation of CO2 measurement. 
Carbon dioxide measurements can be obtained nonin-
vasively with transcutaneous monitoring or invasively by 
arterial, venous, or capillary blood gas analysis. Carbon 
dioxide targets will be disease specific, with a goal to 
normalize or achieve a compensated acid–base status. 
Evaluating the infant’s work of breathing and the level of 
consciousness can also provide valuable clinical infor-
mation on the overall effectiveness of NIV. It is helpful 
to have a clear picture of the patient’s baseline clinical 
status when evaluating the effectiveness of treatment.

Chest radiographs can provide useful diagnostic in-
formation if clinical symptoms are present, will be a 
useful tool in evaluating the adequacy of lung inflation, 
and may also provide useful information regarding dis-
ease progression.

Invasive Mechanical Ventilation
The use of an artificial airway (i.e., endotracheal tube, 
tracheostomy tube) is required to provide continuous or 
intermittent invasive mechanical ventilatory support.

Indications and Goals
There are many physiologic and clinical indications for 
mechanical ventilation of the neonate. Primary indica-
tions include the presence of respiratory failure but can 
also be related to a number of clinical indications, which 
are outlined in Box 26-1.

The goals of mechanical ventilation will be patient 
specific and include the ability to maintain or maximize 
FRC by applying PEEP and to achieve and maintain 
adequate oxygenation and ventilation. The patient’s di-
agnosis, disease state, and response to therapeutic inter-
vention are considered when developing a ventilation 
management strategy. The strategy used should also 
minimize harm by aiming to reduce ventilator-induced 
lung injury (VILI) and ventilator-associated events 
(VAEs).

Neonatal conditions often change rapidly; therefore, 
frequent assessments are required. The mechanical 
ventilation plan of care should be reviewed frequently 
as well, allowing the patient’s condition and response 
to ventilator parameter changes to influence decisions 
to modify the plan of care. Modification to the plan 
of care may include more frequent assessment of the 
patency of the artificial airway, change in the position 
of the artificial airway, change in patient positioning to 
enhance oxygenation, administration of surfactant due 
to changes in pulmonary compliance, or initiation of a 
different mode of ventilation because of the develop-
ment of air leaks.

BOX 26-1 Indications for Mechanical Ventilation of the Neonate
Restrictive Disorders
 � RDS associated with prematurity and surfactant 

deficiency 

 � Pulmonary hypoplasia

 � Congenital pneumonia

 � Pleural effusions (e.g., chylothorax, hydrops)

 � Congenital diaphragmatic hernia

 � Congenital pulmonary cysts (CPAM)

 � Rib cage anomalies (achondroplasia) 

Obstructive Disorders 
 � MAS (meconium aspiration syndrome)

 � Pulmonary sequestration 

 � BPD (bronchopulmonary dysplasia)

Neurologic 
 � Hypotonia syndromes (central hypoventilation syn-

drome, mitochondrial disorders, congenital neuro-
muscular disorders)

 � Apnea associated with intraventricular hemor-
rhages or intracranial hemorrhages

 � Hypoxic ischemic encephalitis

 � Neonatal seizure disorders

Airway Disorders
 � Congenital tracheomalacia

 � Choanal atresia 

 � Pierre Robin syndrome 

 � Congenital subglottic stenosis 

 � Nasopharyngeal tumors

Surgical 
 � Abdominal wall defects (omphalocele, 

gastroschesis)

 � Neuro-tube defects (spina bifida, myelomeningo-
cele, etc.)

Cardiovascular 
 � Congenital cardiomyopathy

 � Congenital cardiac defects associated with 
 intracardiac shunting requiring balanced  
circulation 

 � Apnea secondary to prostoglanin E (PGE) 
administration 

 � Sepsis resulting in cardiovascular compromise 

 � Primary pulmonary hypertension of the newborn
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Classification

Days on 
Supplemental 
Oxygen

Oxygen Requirement 
at 36 Weeks Corrected 
Gestational Age

Mild Required 28 days 
of supplemental 
oxygen

No oxygen requirement 
at 36 weeks’ corrected 
gestational age or at 
discharge 

Moderate Required 28 days 
of supplemental 
oxygen

Oxygen requirement of 
≤0.30 at 36 weeks’ 
corrected gestational age 
or at discharge

Severe Required 28 days 
of supplemental 
oxygen

Oxygen requirement of 
≥0.30 at 36 weeks’ 
corrected gestational age 
or at discharge

TABLE 26-3
Classification of BPD

Strategies for Preventing Lung Injury
The unique characteristics of the preterm neonatal 
lung and the routine resuscitation of extremely low 
birthweight (ELBW) neonates have resulted in many 
randomized controlled studies designed to address 
strategies targeted at reducing VILI. Most of these strat-
egies have explored the effects of different strategies of 
ventilation on long-term outcomes.

Ventilator strategies used to prevent lung injury in 
neonatal patients involve measures that reduce the 
need for positive pressure ventilation and supplemental 
oxygen delivery. This includes surfactant replacement, 
application of lung-protective ventilation strategies, 
and other pharmacologic and nonpharmacologic 
interventions.12

The strongest evidence for the prevention or reduc-
tion of lung injury is centered on surfactant administra-
tion with early and adequate lung recruitment, adequate 
oxygenation (SpO2 of 90–95%), permissive hypercapnia 
(PaCO2 of 45–55 mm Hg, pH >7.2), and gentle venti-
lation.12 Studies have demonstrated that prophylactic 
surfactant replacement has been shown to reduce the 
rate of BPD by reducing the need for and duration of in-
tubation and mechanical ventilation, especially in ELBW 
infants.13 Approaches using surfactant administration, 
early extubation, and initiation of NIV show promising 
results in reducing the incidence of acute lung injury and 
development of BPD. Specifically, the incidence of BPD 
and air leak syndromes was lower with the INtubation 
SURfactant Extubation (INSURE) approach.14 Expanded 
studies comparing synchronized intermittent mandatory 
ventilation and early extubation to nasal CPAP or NIV 
compared to the INSURE approach indicate that the IN-
SURE approach lowered the incidence of BPD.14

In animal studies, the most important risk factors  
for VILI are the use of high tidal volumes, which  
result in overdistension of the alveoli (volutrauma), and 
inadequate PEEP, which causes atelectasis.15 The use 
of inadequate PEEP results in atelectasis because gas 
flow is diverted to the open regions of the lung, which 
leads to regional overdistension and heterogeneous lung 
disease because of repetitive opening and collapse of 
unstable lung units (atelectictrauma).15 The literature 
recommends limiting the delivered tidal volume (VT) to 
4 to 7 mL/kg, but limiting the VT can still result in over-
distension if significant atelectasis persists and gas flow 
enters more compliant lung regions; therefore, optimal 
PEEP levels should be continually evaluated.15

Physiologic Challenges Influencing Mechanical 
Ventilation of the Preterm Infant
Respiratory distress syndrome (RDS) affects 60% to 80% 
of infants born at less than 28 weeks’ gestation. In 1959, 
Avery and Mead established that the primary etiology 
of RDS was the lack of pulmonary surfactant.16 The 
lack of pulmonary surfactant leads to a decreased FRC 

with widespread atelectasis and decreased pulmonary 
compliance, both of which contribute to  ventilation/
perfusion mismatch. These physiologic changes contrib-
ute to progressive hypoxia, hypercarbia, and acidosis. 
The interventions required to overcome the physi-
ologic effects of RDS often lead to the development 
of bronchopulmonary dysplasia (BPD), a chronic lung 
condition that is quantified as mild, moderate, or severe. 
Table 26-3 outlines the classification criteria for BPD. 17

In the preterm infant, a highly compliant state of the 
chest wall and the presence of low pulmonary compli-
ance contribute significantly to the susceptibility of 
VILI and VAE. The high compliance of the chest wall 
is attributable to the cartilaginous structure of the rib 
cage. Poor pulmonary compliance is related to the lack 
of surfactant in the lung. Together these factors com-
prise the respiratory system compliance.18 Additionally, 
immature alveolarization, dynamic elastic recoil, high 
airway resistance, and poor collateral ventilation are 
contributing factors that play a role in the development 
of VILI in the vulnerable neonatal lung.18

The prevention of premature birth is the best defense 
against RDS, but it is not always possible to avoid a pre-
term delivery. When preterm delivery is anticipated and 
cannot be avoided, antenatal steroids should be admin-
istered when the mother presents in labor between 24 
and 34 weeks’ gestation.19 Treatment with betametha-
sone or dexamethasone should be administered 24 to 
48 hours prior to delivery whenever possible, although 
treatment at less than 24 hours prior to delivery has also 
been shown to be beneficial.19

Management of the Patient
Permissive hypercapnia is a strategy that allows PaCO2 
levels to rise between 45 and 55 mm Hg while maintain-
ing a pH of .7.20. It is widely believed that a higher 
CO2 tolerance will lead to a decreased need for positive 
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pressure ventilation and therefore lower the rates of 
BPD and VILI.20 The concept of permissive hyper-
capnia can be applied to a variety of ventilator modes 
and breath delivery modalities. It must be noted that 
permissive hypercapnia may not be indicated for pa-
tients with primary pulmonary hypertension and that 
excessive hypercapnia can increase the incidence of 
neurodevelopmental impairment.20 Adequate oxygen-
ation is important for neurodevelopment and end-organ 
perfusion; however, excessive levels of oxygen have been 
associated with the development of retinopathy of pre-
maturity (ROP)21 and systemic inflammatory responses 
resulting in pulmonary complications.

Modes of Ventilation
A challenge to describing modes of ventilation is that no 
industry-standard naming convention exists. As a con-
sequence, manufacturers give unique names to modes 
that may be identical and similar or nearly identical 
names to modes that function very differently. A mech-
anical ventilator assists breathing by controlling the 
breath sequence and the pressure or volume waveform.

Breath Sequence
Breath sequence describes the mechanism for breath 
delivery. There are two categories of breath: mandatory, 
or breaths that are delivered at a preset frequency by the 
ventilator, and spontaneous, or breaths that are not con-
trolled by the ventilator. Spontaneous breaths are initi-
ated (the patient’s own breathing effort) and controlled 
(tidal volume and frequency) by the patient. Breath 
delivery can be terminated by time, pressure, volume, 
or flow. All modes of breath delivery have primary and 
secondary termination criteria.

Continuous Mandatory Ventilation (CMV)
Continuous mandatory ventilation (CMV), commonly re-
ferred to as assist control (AC), provides a fully supported 
or mandatory breath. The breath can be patient-triggered 
(the patient has an inspiratory effort that starts or initi-
ates a mandatory breath) or machine-triggered (a breath 
initiates after a preset time elapses). All patient-triggered 
or machine-triggered breaths are delivered at preset 
parameters. This mode of ventilation may reduce the 
imposed work of breathing for the patient because each 
breath is maximally supported.

Synchronized Intermittent Mandatory  
Ventilation (SIMV)
Synchronized intermittent mandatory ventilation (SIMV) 
provides a preset number of mandatory breaths and al-
lows the patient to take a spontaneous breath between 
the mandatory breaths. Spontaneous breaths can be 
unsupported or augmented with the addition of pres-
sure support. Similar to CMV (or AC), the manda tory 

breaths can be machine- or patient-triggered. SIMV 
may allow patients to have better overall control of 
ventilation by allowing the patient to bear a portion of 
the work of breathing.

Variable leaks, inherent when uncuffed endotra-
cheal tubes are used, may interfere with the ventila-
tor’s ability to sense patient triggering. When this 
happens, breath synchronization may not occur and 
intermittent mandatory ventilation (IMV) is delivered. 
IMV is SIMV without the synchronization. The com-
mon variations of SIMV or IMV are as follows: man-
datory breaths are always delivered at an operator-set 
frequency, and mandatory breaths are only delivered 
when the patient’s spontaneous respiratory rate falls 
below an operator-set threshold (i.e., the patient’s res-
piratory rate is less than 30 breaths per minute). Most 
clinicians are very comfortable with this mode of venti-
lation and the ability to successfully wean ventilatory 
support by reducing the mandatory breath rate, set in-
spiratory pressure, or tidal volume.

Continuous Spontaneous Ventilation
The ability to spontaneously ventilate promotes dia-
phragmatic activity and lessens the propensity for dia-
phragm atrophy. Continuous spontaneous ventilation  
(CSV) modes used for neonatal patients include  
pressure support ventilation and neutrally adjusted  
ventilatory assist ventilation (NAVA). Pressure support  
ventilation (PSV) is a spontaneous mode of ventilation 
in which breaths are supported by an operator-set pres-
sure target. The breath can be initiated by pressure or 
flow triggering. A flow-triggered breath occurs when 
the patient generates enough inspiratory effort (above 
a threshold or sensitivity setting) to start a flow of gas 
to the patient. Once a breath is triggered, gas flow and 
pressure are delivered to the patient until a preset pres-
sure target is reached. Typically, the breath ends when 
flow decays to a predetermined setting, also known as 
flow cycling.

NAVA
Neutrally adjusted ventilatory assist ventilation (NAVA) 
is the name of a spontaneous mode of ventilation that 
is available on the Servo-I and Servo-U ventilators 
(Maquet, Rastatt, Germany). Similar to pressure sup-
port, the patient’s own respiratory drive controls the 
rate of ventilation. This spontaneous mode of ventila-
tion uses an orogastric catheter embedded with special 
sensors that detect electronic signals from the phrenic 
nerve to the diaphragm, sensing diaphragmatic contrac-
tion. These signals are used to synchronize the delivery 
of flow and preset pressure to the patient. The breath 
ends when the sensors embedded in the orogastric 
catheter sense diaphragmatic relaxation. These signals 
are transmitted to, and interface with, the ventilator  
to control flow delivery during the inspiratory phase  
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of ventilation. When the diaphragm relaxes, flow ceases 
and the patient is permitted to exhale. Responsiveness 
of the ventilator is more effective because it is based 
on diaphragm contractility as opposed to flow require-
ments detected at the ventilator. Diaphragm activity is 
controlled by impulses sent to the phrenic nerve and is 
a true reflection of patient demand based on native neu-
rologic responses. The NAVA level controls the amount 
of ventilator assist that is provided to the patient. The 
performance of the ventilator and delivery of flow while 
the patient is in NAVA is unaffected by leaks associated 
with endotracheal tubes. NAVA has been shown to im-
prove patient synchrony, which may minimize patient 
work of breathing. Figure 26-1 outlines the patient–
ventilator interactions when using this proprietary 
spontaneous mode of ventilation.

NAVA can be used invasively or noninvasively. Dur-
ing invasive NAVA, there are safety backup ventilation 
features that ensure that the infant receives mechanical 
ventilatory support if the diaphragm catheter signal is 
lost or if the patient becomes apneic. If the diaphragm 
signal is lost, the patient receives pressure support 
ventilation. Should the patient become apneic or the 
ventilator unable to detect sufficient spontaneous ef-
fort to trigger a pressure-supported breath, a mechan-
ism for backup ventilation is provided. Both pressure 
support and backup ventilation are determined by and 
have parameters set by the clinician. Pressure support 
and backup ventilation are available in invasive and 
noninvasive NAVA. Backup ventilation allows for full 
ventilatory support if all patient breathing efforts were 

to cease. Terminology used for this proprietary mode of 
ventilation can be found in Table 26-4.

There are several steps required to prepare for the 
initiation of NAVA. The procedure for initiating this 
mode of ventilation is found in Table 26-5. Because a 
special orogastric catheter is needed to detect diaphrag-
matic signals, selecting the appropriate-size catheter 
is important. Catheter size is dependent on the pa-
tient’s height and weight; a sizing chart can be found 
in Table 26-6. Once the clinician selects the correct 
catheter size, depth of insertion must be calculated to 
place the catheter in the location to detect a strong sig-
nal. Table 26-7 provides guidelines for determining the 
catheter insertion depth. Once the catheter is inserted 
to the premeasured depth, ventilator graphics are used 
to adjust the catheter position. The graphics used to 
adjust the catheter position can be accessed through the 
NAVA menu, after which there is a selection softkey for 
Edi catheter positioning (Figure 26-2).

When initiating NAVA, the NAVA level can be deter-
mined by accessing the NAVA preview screen, which  

FIGURE 26-1 Patient–ventilator interaction during mechanical 
ventilation with NAVA.

The patient sends a
signal from the brain via

the phrenic nerve to
contract the diaphragm.
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breathing
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Flow begins from
the ventilator based
on the contraction
of the diaphragm.

When the lungs are
full, the brain sends

a signal to the
diaphragm to relax.

When the diaphragm
relaxes, flow from the
ventilator stops and

the patient can
exhale Edimin.

NAVA level The NAVA level is the overall level of support 
provided to the patient (higher levels indicate more 
ventilator assist).

Edi peak This is an indication of the inspiratory work of 
breathing and indicates the contractility or energy 
expenditure of the diaphragm.

Edi min This is an indication of the expiratory work of 
breathing and indicates the effectiveness of PEEP 
and the relaxation state of the diaphragm.

Trigger Edi This is indicative of the amount of diaphragm exertion 
required to initiate a response from the ventilator.

TABLE 26-4
NAVA Terminology

1. Place the NAVA module with cable into the designated slot on 
the side of the Servo I.

2. Select the appropriate Edi catheter (based on the size of the 
patient—6 Fr, 8 Fr, 12 Fr, and 16 Fr sizes are available—as 
outlined in Table 26-6).

3. Dip the end of the catheter into some sterile water or pour 
sterile water into the catheter tray prior to insertion (careful 
not to wet the cable connectors); do not use lubricant on the 
catheter. Wetting the catheter helps to activate the sensors 
within the catheter. 

4. Insert the catheter to the premeasured depth (see NEX, 
Table 26-7) and plug into the NAVA cable.

5. Access the NAVA menu by depressing the NAVA softkey, 
then select Edi catheter positioning to determine catheter 
placement (Figure 26-5).

TABLE 26-5
Procedure for the Initiation of NAVA
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Edi Catheter 
Size 

Inner Electrode 
Distance

Patient 
Weight 

Patient 
Height 

16 Fr: 125 cm 16 mm --- >140 cm

12 Fr: 125 cm 12 mm --- 75–160 cm

 8 Fr: 125 cm 16 mm --- >140 cm

 8 Fr: 100 cm  8 mm --- 45–85 cm

 6 Fr: 50 cm  6 mm 1.0–2.0 kg <55 cm

 6 Fr: 49 cm  6 mm 0.5–1.5 kg <55 cm

TABLE 26-6
NAVA Catheter Size

Size Fr/cm Calculation 

16 Fr NEX (cm) 3 0.9 1 18 = Y (at the nose)

12 Fr NEX (cm) 3 0.9 1 15 = Y (at the nose)

 8 Fr: 125 cm NEX (cm) 3 0.9 1 18 = Y (at the nose)

 8 Fr: 100 cm NEX (cm) 3 0.9 1 8 = Y (at the nose)

 6 Fr: 50 cm NEX (cm) 3 0.9 1 3.5 = Y (at the nose)

 6 Fr: 49 cm NEX (cm) 3 0.9 1 2.5 = Y (at the nose)

NEX (cm) = nose/earlobe/xyphoid
Y = insertion distance from tip to the nose

TABLE 26-7
Calculations Used to Estimate Nasal Catheter 
Insertion Distance 

FIGURE26-2 Graphics provide the necessary information used to adjust the NAVA catheter position.
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FIGURE 26-3 An illustration of how to use the NAVA preview screen 
to evaluate mandatory breath synchronization and to adjust the NAVA 
level to match the pressure delivered during a mandatory pressure 
control breath.
Courtesy of Getinge.

allows the clinician to preview the level of support 
and compare it to the ventilator waveform in the cur-
rent mode of ventilation. Figure 26-3 shows the NAVA 
waveform superimposed on a pressure control breath. 
Note that the catheter detects diaphragm activity, al-
lowing the ventilator to deliver a synchronized manda-
tory breath. Figure 26-3 also displays the NAVA level, 
which is adjusted in this illustration to match the pres-
sure delivered during a mandatory pressure control 
breath. There are some basic NAVA signal observations 
that can be made during the initiation of this spontan-
eous mode of ventilation. These observations include 
the following:

■■ The Edi catheter signal should display from larger 
to smaller; if the signal goes from smaller to larger 
in size, the catheter may have looped around  
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and the catheter should be pulled back and  
reinserted.

■■ If the blue signals are in the top two rows, the 
catheter is advanced too far and should be pulled 
back.

■■ If the blue signals are in the bottom two rows, the 
catheter should be advanced.

Alternatively, the clinician may choose to place the 
patient in NAVA ventilation and titrate the NAVA level 
to achieve a pre-NAVA peak inspiratory pressure (PIP), 
a predetermined VT, or an Edimax that is <20 mV and a 
delivered VT that is within the prescribed target range. 
After the NAVA level is set, the PEEP can then be ad-
justed to produce an Edimin of <2 mV.

There are other parameters the clinician must  
set, which include the trigger Edi, pressure sup-
port, and backup ventilation. The trigger Edi should 
be set so that flow from the ventilator begins as the 
diaphragm contracts; this is seen graphically as a 
lavender spike at the onset of the diaphragm wave-
form (Figure 26-4).

The settings for pressure support and backup venti-
lation will be patient specific and should be determined 
based on diagnosis and pulmonary condition. Other 
available settings can be seen in Figure 26-5. There is a 
dearth of information regarding ventilator management 
with this proprietary mode of ventilation. However, 
commonly used ventilator management guidelines are 
found in Table 26-8.

FIGURE 26-5 An illustration of how the pressure support and 
backup ventilation parameters are set.
Courtesy of Getinge.

FIGURE 26-4 An example of using NAVA graphics to set  
the NAVA level. The lavender spike originates from the  
beginning of diaphragmatic contraction, indicating that the  
Edi trigger is appropriately set. A lavender spike that appears  
higher on the diaphragm signal means that trigger is set too high 
and the activity is not picked up until the diaphragm is partially 
contracted. A signal displayed on the down slope of the signal 
means that trigger is set too low and the ventilator is detecting 
diaphragmatic activity during the relaxation phase. When there is no 
detection of a diaphramatic signal with a flow-triggered response 
the ventilator will deliver a pressure-supported breath.
Courtesy of Getinge.

Parameter Increase Decrease Notes

Oxygenation 
(O2)

Increase FiO2 

Increase 
PEEP

Decrease 
FiO2 

Decrease 
PEEP

Before changing 
PEEP levels, 
it is important 
to evaluate the 
Edimin; increasing 
or decreasing 
PEEP levels 
can lead to 
overdistension or 
derecruitment 

Ventilation 
(CO2)

Increase 
NAVA level 

Decrease 
NAVA level

It is important 
to evaluate the 
Edimax before 
changing the 
NAVA level 

Extubation may be considered when the PIP – PEEP is <10 cm H2O.

TABLE 26-8
Commonly Used Guidelines for Managing 
Ventilation with NAVA

Pressure Support Ventilation
Pressure support ventilation is a spontaneous mode 
of ventilation; therefore, use of this mode of venti-
lation is dependent on the patient having a suffi-
cient respiratory drive. During inspiration, pressure 
reaches an operator-set value. All breaths are either 
pressure or flow triggered. Specifically, to initiate a 
pressure-triggered breath, the patient must make suf-
ficient effort to generate an airway pressure drop below 
end-expiratory pressure larger than the operator-set 
sensitivity threshold. Flow-triggered breaths are initiated 
when the patient’s inspiratory effort generates inspira-
tory flow above the trigger sensitivity setting. The breath 
ends or terminates when flow decays to a preset value, 
which is typically a percentage of the peak flow. There 
may be variable leaks in the system due to the use of 
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strategies to address asynchrony. Neuromuscular block-
ing agents and sedation can be used to achieve exact 
control of ventilation. The use of these agents would 
prevent any spontaneous breaths from occurring. How-
ever, the use of this strategy can contribute to diaphrag-
matic atrophy and impair mobilization of fluid, resulting 
in generalized tissue edema.22 An alternate strategy is 
to deliver CMV (or AC) at a high mandatory frequency 
rate, between 60 and 120 per minute, to overcome 
spontaneous efforts.23 This strategy meets or exceeds 
the ventilation requirements of the neonate, which in 
turn will limit or eliminate spontaneous effort.

When pressure-limited ventilation is used, flow de-
cays during inspiration. This results in the delivery of 
more laminar flow, which may improve the distribution 
of gas and result in less dysynchrony and pressure over-
shoot. Because the set inspiratory pressure is controlled, 
or does not vary with every mechanical breath, tidal 
volume varies. VT delivery is dependent on lung com-
pliance; therefore, VT delivery will vary as compliance 
changes. It is important for clinicians to monitor VT 
delivery, as this monitored parameter will alert the clini-
cal staff of changes to the patient’s pulmonary status. 
When the patient’s compliance decreases, VT delivery 
decreases, increasing the risk of hypoventilation and/or  
atelectatrauma. As pulmonary disease resolves or after 
surfactant administration, compliance will increase 
and result in a higher VT delivery with each mechanical 
breath. Large VT delivery may result in lung injury and 
contribute to hyperventilation. The respiratory plan of 
care must include closely monitoring VT delivery and a 
mechanism (individual orders or a protocol) to manipu-
late the pressure to maintain the desired VT delivery.

Volume Control Ventilation
Volume control ventilation (VCV) delivers a consistent 
VT and flow at a set mandatory breath rate. Pressure is 
not held constant and is dependent on lung compliance 
and airway resistance. Compared to pressure-limited 
ventilation, VCV often results in a higher peak airway 
pressure during mandatory breath delivery. Most venti-
lators do offer the ability to ramp the early phase of in-
spiration or to decelerate the flow pattern to mimic the 
flow characteristics seen in pressure-limited ventilation. 
The primary advantage for VCV is that volume delivery 
is guaranteed regardless of changes in lung compliance. 
The higher peak airway pressures that result from VCV 
may be undesirable if they exceed 25 cm H2O.

Volume Targeted Ventilation
The nomenclature associated with volume targeted 
breath delivery is variable, and each manufac-
turer has a unique description of this breath type. 
Volume targeted ventilation (VTV) is also known as 
adaptive ventilation. All forms of VTV use algorithmic 
technology that monitors volume delivery and provides 

uncuffed endotrachael tubes (ETTs) with newborn in-
fants. Most ventilators allow the flow termination criteria 
to be adjusted, which minimizes the risk of a prolonged 
inspiration. As a safety mechanism, a secondary cycle 
mechanism—pressure or time—can be set, which also 
reduces the chances of a prolonged inspiration and the 
need for the patient to actively exhale to end the breath.

Because this is a spontaneous mode of ventilation, 
the patient determines the respiratory rate, inspiratory 
time, and flow. The VT delivered to the patient depends 
on the amount of patient effort, the level of pressure 
support, and the resistance and compliance of the res-
piratory system. The pressure support level is typically 
titrated to a value that achieves a target tidal volume. 
Because the patient controls the respiratory rate, the 
clinician must monitor minute ventilation. Clinicians 
should also monitor mean airway pressure to prevent 
delivering exceedingly high mean airway pressures that 
can cause trauma to the lung.

Pressure support ventilation can be used as a method 
to wean the infant from ventilatory support and to re-
duce the work of breathing imposed by physiologic fac-
tors (increased chest wall compliance and reduced lung 
compliance) and increased airway resistance due to the 
use of very small ETTs.

Pressure versus Volume Control Ventilation
The breath is delivered in a distinctly different manner 
with pressure control ventilation than volume control 
ventilation. It is important for the respiratory therapist 
to understand the nuances of breath delivery when pro-
viding ventilatory assistance to critically ill infants.

Pressure Control Ventilation
Pressure control ventilation (PCV) has been used for 
decades and remains a common mode of ventilation 
used in preterm infants. PCV results in the delivery of 
a predetermined pressure during inspiration at a pre-
determined time and rate. PCV may be delivered with 
a CMV (or AC) or IMV breath sequence. Historically, 
this form of ventilation was delivered by infant ventila-
tors (e.g., Sechrist, Sechrist Industries, Anaheim, CA) 
that were time cycled and pressure limited. Currently, 
pneumatically powered, time-cycled, pressure-limited 
ventilators (e.g., MVP-10, International Biomedical) are 
used for interfacility transport of infants and neonates. 
Because pressure remains constant during inspiration, 
there is the ability to have precise control of and deliver 
higher mean airway pressures, which have a direct  
effect on oxygenation.

Asynchrony may occur when the patient’s demands 
are not met (inspiratory pressure is set too low, causing 
a very low tidal volume to be delivered) or if the inspi-
ratory time is excessive (causing an increased work of 
breathing as the patient attempts to exhale against the 
delivery of flow and pressure). There are two common 
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automatic pressure adjustment to maintain the preset 
targeted VT. As a safety measure, the algorithm does 
not allow for pressure delivery changes that exceed 2 to 
3 cm H2O per breath. This breath delivery type relies on 
accurate VT measurements to maximize the benefits of 
conditions associated with lung compliance changes. 
Based on manufacturer design, the reference point for 
delivered VT may be measured at the inspiratory output 
of the ventilator, the expiratory transducer, or the pa-
tient airway. Airway leaks will impact functionality of 
breath delivery based on the reference point of  
delivered VT. In the presence of significant airway 
leaks, the delivered VT will be reduced when delivery 
is referenced at the inspiratory output of the ventilator. 
Because the leak is distal to where VT delivery is refer-
enced by the ventilation, the desired VT will be reached 
at a lower pressure. Conversely, if the VT measurement 
is referenced at the expiratory transducer, the ventila-
tor will sense that the leak is reducing VT delivery and 
respond by increasing the pressure delivered during 
inspiration in order to meet the desired VT delivery. The 
amount of pressure increase is proportional to the effect 
the leak has on VT delivery (i.e., the larger the leak, the 
higher the pressure increase over consecutive breaths). 
Patient airway measurements may offer the most con-
sistent functionality, especially if leak compensation is 
available. If leak compensation is unavailable, then the 
ventilator’s response to the leak will depend on whether 
the reference point is based on the inspiratory or expi-
ratory volume at the airway sensor. Generally, volume 
targeted breath delivery is not advised in the presence 
of a significant airway leak unless using airway volume 
monitoring with leak compensation.

In an evaluation of infants born between 24 and 
32 weeks’ gestation requiring mechanical ventilatory 
support for respiratory distress syndrome, PSV 1 
VTV provided tidal volume delivery that was closer 
to the desired or set value and was not associated 
with overventilation.24

Time Constants
Time constants reflect the efficiency of lung infla-
tion and are the product of airway resistance and 
lung compliance. During mechanical ventilation of 
the neonate, mandatory respiratory rates can exceed 
40 to 60 breaths per minute. This results in very a short 
total cycle time (TCT), typically of 1.5 seconds or less. 
Neonatal time constants are rarely calculated but range 
between 0.05 seconds in low lung compliance states 
versus 0.25 seconds in neonates with normal lung 
compliance.25 Inspiration is an active process while ex-
piration is passive; therefore, the clinician must ensure 
that sufficient time is allowed for expiration. The rule 
of thumb is at least 3 time constants are required to ef-
fectively exhale 95% of the breath. Allowing sufficient 
time for exhalation also helps prevent air trapping and 

hyperinflation. For preterm infants, inspiratory time 
(TI) generally ranges between 0.25 and 0.30 seconds 
when lung compliance is low and between 0.35 and  
0.40 seconds in neonates with BPD or those with nor-
mal or near-normal lung compliance. Flow-time graph-
ics often aid clinicians in setting appropriate inspiratory 
and expiratory times. The clinician can visualize how 
the breath is delivered to the patient. Figure 26-6 illus-
trates how the flow time graphic can be used to deter-
mine if the inspiratory time is appropriately set for the 
patient. Flow will cease at the end of breath delivery 
when the inspiratory time is set appropriately. If flow 
ceases prior to exhalation, then the inspiratory time is 
too long. Conversely, if expiration starts before inspira-
tory flow ceases, then the inspiratory time is too short.

Trigger Sensitivity and Cycle Criteria
Trigger refers to the start of inspiration. During mech-
anical ventilation of a term or preterm infant, the 
patient’s spontaneous inspiratory efforts can trigger a 

FIGURE 26-6 An illustration of how the flow-time waveform can be 
used to determine if inspiratory time (TI) is set appropriately.
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mechanical breath by either flow or pressure. (NAVA 
is the exception, where the trigger is a signal indicating 
diaphragm contraction.) The term or preterm infant’s 
ability to trigger a breath depends on the strength of 
spontaneous inspiratory effort and the presence and 
magnitude of an existing ETT leak. It is important for 
the clinician to take the time necessary to assess the 
patient and to adjust the trigger sensitivity to a level 
that maximizes patient comfort and breath synchrony. 
A trigger sensitivity that is set too low (or too sensitive) 
will cause auto-triggering and deliver excessive minute 
ventilation. Auto-trigger can also occur when excess 
condensation (water) is present in the ventilator circuit. 
Water sloshing in the limbs of the patient circuit  
causes changes in pressure and flow and can trigger 
mechanical breaths.

A trigger sensitivity that is set too high (too in-
sensitive) will prevent the ventilator from capturing 
or detecting patient breathing efforts. This may lead 
to an overall increased work of breathing and patient– 
ventilator asynchrony.

A closely related ventilator parameter is the cycle 
setting. The cycle setting is the criteria used to end or 
terminate inspiration. The terms for this ventilator pa-
rameter vary by ventilator manufacturer. Generally, this 
parameter adjusts the amount of flow decay, from peak 
flow, needed to end inspiration. Most ventilators have a 
default value of 25% to 30%, which means that inspira-
tion can transition to exhalation when flow drops to 
25% to 30% of the peak flow. Although there are default 
values, this parameter should be adjusted by the clini-
cian. The amounts of leak present and total respiratory 
rate are important factors to consider when adjusting 
cycle criteria.

When the ETT leak is large, the value may need to be 
increased so that the inspiratory cycle time is not exces-
sive. Ventilator graphics will aid the clinician in setting 
these values. The flow-time waveform is helpful when 
setting the flow trigger. The clinician should observe the 
flow trigger indicator at the onset of inspiratory flow, 
very similar to the observations made when adjust-
ing inspiratory time (Figure 26-6). If patient effort is 
not detected at the onset of a spontaneous or assisted 
breath, then the trigger setting is not sensitive enough. 
Conversely, if the ventilator triggers inspiration before 
the preset time interval for a mandatory breath when 
no spontaneous effort is present, the trigger setting is 
too sensitive.

Nonconventional Modes  
of Ventilation
Nonconventional modes of ventilation are designed 
to provide the lowest possible tidal volume (often less 
than dead space) and ventilator frequencies much 
higher than conventional ventilators. Nonconven-
tional modes of ventilation are often referred to as 

gentle ventilation and are designed to minimize the 
risk of volutrauma. Nonconventional modes of ventila-
tion include high-frequency jet ventilation (HFJV) and 
high-frequency oscillatory ventilation (HFOV). They 
are often used as a primary proactive strategy to limit 
exposure to excessive alveolar stretch to prevent lung 
injury when volutrauma exists (i.e., pulmonary air 
leaks) to allow the lung the opportunity to heal or as 
a ventilation method when conventional methods of 
ventilation fail.

High-Frequency Oscillatory Ventilation
HFOV is essentially a high-flow CPAP system with su-
perimposed pressure oscillations. The pressure oscilla-
tions are created by an electronically driven diaphragm. 
HFOV incorporates a recruitment strategy by applying 
mean airway pressure to inflate the lung at or beyond 
the opening pressure and a lung protective strategy that 
uses rapid shallow delivery of active oscillation to pro-
vide minute ventilation, resulting in attenuated pressure 
delivery of gas to the lungs. CO2 removal is enhanced 
by the active exhalation that occurs when the bellows 
retract, thus withdrawing gas during each backstroke of 
the piston. The active exhalation strategy is thought to 
reduce hyperinflation, although the evidence for its use 
is mixed.

The oscillation frequency can be set from 3 to 15 Hz. 
One Hz is 60 cycles or oscillations per second. Mean 
airway pressure can be adjusted between 5 and 55 cm 
H2O. Mean airway pressure is adjusted with a control 
that varies the resistance of the exhalation manifold. 
Bias flow, which generates the high-flow CPAP effect, is 
adjustable from 0 to 60 L/minute. Oscillatory pressure 
amplitude is directly controlled by the “power” setting, 
which determines the power driving the oscillator  
piston. The actual pressure amplitude of the airflow  
oscillations is dependent on the patient’s respiratory 
mechanics or airway resistance and lung compliance. 
The power can be adjusted to provide maximum  
pressure amplitude of 140 cm H2O.

Lung protection is the primary goal during HFOV 
regardless of the indications for use; however, differ-
ences will be seen in the overall management of HFOV 
based on the primary strategy used. When initiating 
HFOV for a patient with severe RDS or radiologic evi-
dence of lung volume loss, the clinician should set 
a mean airway pressure (mPAW) equal to or slightly 
higher than the mPAW provided by conventional venti-
lation. Table 26-9 provides guidelines for the initiation 
of HFOV. Generally, the frequency (Hz rate) is set ac-
cording to the age and weight of the patient. Amplitude 
is adjusted while observing chest wall movement and 
is increased until the pressure is sufficient to produce 
a chest wall wiggle. FiO2 is titrated to obtain an SpO2 
within the prescribed range. Most often, FiO2 is initially 
set at 1.0 and weaned afterward.
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FIGURE 26-7 A pressure volume curve is used to illustrate 
lung recruitment. The red areas indicate (A) underinflation or 
(C) overinflation. (B) represents the desired inflation point at  
which ventilation is effective without risk of lung trauma.

A

B

C

Parameter

To Increase 
Oxygenation  
and Ventilation

To Decrease 
Oxygenation  
and Ventilation

O2 Increase mPAW Decrease mPAW

Increase FiO2 Decrease FiO2

Increase TI (not 
very effective—do 
not use in lung 
protection strategy)

 

Initiate inhaled 
nitric oxide therapy 
in the presence 
of pulmonary 
hypertension

 

CO2 Decrease ΔP Increase ΔP

Increase Hz Decrease Hz (results 
in higher gas delivery 
and is equivalent to 
increasing the VT)

TABLE 26-10
Examples of the Relationship among Oxygenation, 
Ventilation, and Changes in HFOV Parameters  
or Settings

Settings Lung Recruitment

Lung Protection  
(Air Leaks or 
Pulmonary Interstitial 
Emphysema)

Hz Patient specific:

Preterm: 13–15 Hz

Term: 8–10 Hz

2–4 above mPAW of the 
conventional ventilator

Increase mPAW by 1 cm 
H2O until desired SpO2 
is achieved, then wean 
FiO2

Patient specific:

Preterm: 13–15 Hz

Term: 10–12 Hz

Equal to mPAW of the 
conventional ventilator

Accept SpO2 ≥88%

mPAW

FiO2 100% 100%

Amplitude Enough to produce 
chest wiggle in the 
following manner:

Infant to the umbilicus

Adjust ΔP by 2–4 to 
change ventilation  

(↑ΔP to ↓CO2)

Enough to produce 
chest wiggle in the 
following manner:

Infant to the umbilicus

Adjust ΔP to accept 
permissive hypercapnia 
in the absence of 
pulmonary hypertension

TI 33% (never to exceed 
50%)

33% (do not adjust)

TABLE 26-9
Guidelines for the Initiation of HFOV

After the initial ventilator parameters are pro-
gramed, the patient should be closely monitored for 
their response to ventilation. The SpO2 may not in-
itially be within the prescribed range. Should this occur, 
slowly increase the mPAW until the SpO2 begins to rise. 
A rise in SpO2 indicates lung recruitment is occur-
ring (Figure 26-7).

Once the lung is recruited and the SpO2 is stabi-
lized, the FiO2 may be weaned as tolerated, keeping 
the SpO2 within the prescribed range. While the pri-
mary control for oxygenation is related to the mPAW 
and the FiO2, ventilation is primarily controlled by 
amplitude.26 During HFOV, the partial pressure of 
carbon dioxide (PaCO2) can change rapidly. Monitor-
ing the PaCO2 is important. To minimize blood loss 
and reduce the frequency with which blood gases are 
obtained, noninvasive monitoring by a transcutaneous 
CO2 monitor is helpful. Transcutaneous CO2 monitor-
ing allows for continuous evaluation of the efficacy of 
ventilation. Rapid and prolonged hypocarbia can reduce 
cerebral blood flow and result in cerebral ischemic 
events. Dramatic swings in cerebral perfusion contrib-
ute to intracranial hemorrhage. Ventilator adjustments 
based on oxygenation and ventilation are presented 
in Table 26-10.

It should be noted that HFOV often has a nega-
tive impact on the hemodynamic state of the patient 
secondary to high intrathoracic pressures. During 

incremental and/or decremental changes in continu-
ous distending pressure during HFOV, changes in lung 
mechanics and right ventricular output can occur and 
affect hemodynamic stability.27 The hemodynamic state 
of the patient should be monitored and supported to 
increase the likelihood of successfully ventilating the 
patient with HFOV.

Patients are frequently weaned to minimum HFOV 
settings and converted to conventional ventilation prior 
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Parameter HFJV Setting Conventional Ventilator Setting Comments 

PIP Equal to or 1–2 cm less than the PIP 
used before HFJV was initiated

Start with current PIP setting Titrate HFJV PIP to desired PaCO2

Titrate PIP to recruit lung

PEEP N/A 5–7 cm H2O Increase by 2 cm H2O to preserve mPAW

Frequency 420/min 0–5/min Frequencies of 240–360/min can be 
used when lung disease requires long 
expiratory times (e.g., PIE, BPD, MAS) or 
patients have radiologic evidence of gas 
trapping (hyperinflation) 

TI 0.020 sec (minimum) 0.3–0.4 sec HFJV inspiratory-expiratory ratio must 
allow for adequate expiratory time

FiO2 Titrate to desired SpO2 used to 
monitor oxygenation status

Titrate to desired SpO2 used to 
monitor oxygenation status

Initial setting will be based on current 
conventional ventilator setting

The identical FiO2 should be set on 
the HFJV and conventional ventilator

The identical FiO2 should be set on 
the HFJV and conventional ventilator

Data from Bunnell Inspired Infant Care. www.bunl.com/uploads/4/8/7/9/48792141/hfjvguidelines.pdf.

TABLE 26-11
General Guidelines for Ventilator Parameter Adjustment during the Initiation of HFJV

to extubation because clinicians find it easier to assess 
extubation readiness from a conventional means. It is, 
however, permissible to extubate directly from HFOV 
by weaning the mPAW to a minimal setting and the 
amplitude to “off,” which is essentially providing only 
high-flow CPAP.

High-Frequency Jet Ventilation
HFJV is an alternative to HFOV. The Bunnell Life Pulse 
High-Frequency Ventilator is the device used to provide 
this nonconventional mode of ventilation. The ventila-
tor is microprocessor controlled and capable of deliver-
ing and monitoring between 240 and 660 humidified 
breaths per minute. HFJV provides small pulses of fresh 
gas using high-velocity flow interruption during inspi-
ration. Unlike HFOV, exhalation is passive. Small tidal 
breaths at rapid rates are injected through a side port of 
the ETT adapter using a proprietary adaptor, the Bun-
nell Inc. LifePort Adapter shown in Figure 26-8. HFJV 
is used in tandem with a conventional ventilator. During 
HFJV, the CV provides CPAP. If atelectasis is a concern, 
the conventional ventilator can provide low rate IMV 
breaths for the alveolar recruitment. PEEP is adjusted 
on the conventional ventilator to stabilize alveolar infla-
tion, after which the mode can be switched from IMV 
back to CPAP. 

HFJV provides delivery of a pressure-limited breath 
with a fixed inspiratory time. This differs from HFOV in 
that the inspiratory time is a percentage of total cycle. 
The principal of operation for HFJV closely mimics the 
strategy of PCV; therefore, ventilator adjustments are 
easily transferable to most clinicians. Table 26-11 out-
lines the guidelines used to adjust ventilator parameters 

when initiating HFJV. After the initiation of HFJV, 
adjustments to ventilator parameters on conventional 
ventilators and HFJV depend on the goals established 
for the management of the patient. Noninvasive assess-
ment of oxygenation (SpO2) and ventilation (transcu-
taneous CO2) facilitate ventilator management. Chest 
radiography is useful in evaluating the presence of lung 
pathology and effectiveness of lung recruitment efforts. 
For example, delivery of larger tidal volume delivery by 
HFJV (use of higher PIPs to obtain a higher VT) in con-
junction with intermittent sigh breaths with the conven-
tional ventilator may be a useful strategy for ventilating 

FIGURE 26-8 An illustration of the Bunnell LifePort Adapter. HFJV 
gas flow is injected through the jet port, and conventional ventilation 
is provided through the 22-mm ETT adapter. The pressure monitoring 
tube measures and transmits the PIP, PEEP, and Servo pressure to 
the HFJV.
Reproduced from Bunnell Incorporated, Life Pulse™ High Frequency Ventilator Operator’s 
Manual, Figure 14, p. V-15, retrieved from www.bunl.com.
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Jet port cap
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a neonate with respiratory failure related to loss of lung 
volume. Table 26-12 provides general guidelines for ti-
trating HFJV and conventional ventilator settings.

Monitoring the servo working pressure alerts the 
clinician to changes in patient condition, such as an im-
provement in lung compliance, the need to suction, or 
when there are changes to the integrity of the patient–
ventilator circuit. The servo pressure will increase when 
any of the following occur: lung compliance or airway 
resistance improves, there is an increase in the ETT 
leak, or a circuit leak is present. The servo pressure will 

decrease when lung compliance or airway resistance 
worsens, the ETT becomes obstructed, a tension pneu-
mothorax has developed, or secretions are present that 
require suctioning.

The choice to provide HFOV or HFJV is usually de-
termined by clinician or physician preference. However, 
there are some advantages of HFJV. One key advantage 
is that the mPAW required to ventilate the patient is 
usually lower during HFJV, thus resulting in less he-
modynamic compromise. Figure 26-9 outlines the key 
pressure differences during HFOV and HFJV.

FIGURE 26-9 An illustration of the difference in tracheal and mean airway pressures that occur with HFVJ and HFOV.
Reproduced from Bunnell Incorporated, Advantages of Life Pulse HFJV Compared to Other HFV, p. 2, retrieved from www.bunl.com.
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Affected Parameter/Goal To Increase Parameter/Goal To Decrease Parameter/Goal

O2 Increase FiO2 Decrease FiO2

Increase PEEP Decrease PEEP

CO2 Decrease the rate on the HFJV Increase the rate on the HFJV

Decrease the PIP on the HFJV Increase the PIP on the HFJV

Lung recruitment strategy Increase the PIP on conventional ventilator Decrease the PIP on the conventional ventilator (presence of 
air leaks or PIE)

Increase the mandatory rate or frequency 
on conventional ventilator

Decrease the mandatory rate or frequency (presence of air 
leaks or PIE)
 

Increase the TI on conventional ventilator

Lung protection strategy Decrease the PIP on the conventional 
ventilator

N/A (lung protection is a primary goal of HFJV; therefore, we 
never decrease lung protective ventilation—follow increase 
lung recruitment strategy if there is a loss of lung volume)

Decrease the mandatory rate or frequency 
on the conventional ventilator

Data from Bunnell Inspired Infant Care. http://www.bunl.com/uploads/4/8/7/9/48792141/servopressure.pdf.

TABLE 26-12
General Guidelines for Adjusting Conventional and HFJV Parameters. Adjustments Are Based on Individual 
Patient Goals
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Desired 
Effect Conventional Ventilator HFOV HFJV

↑ PO2 ↑ FiO2, ↑ PEEP, ↑ PIP ↑ FiO2, ↑ MAP ↑ FiO2, ↑ HFJV PIP, ↑ conventional PEEP, 
rate, or PIP

↓ PO2 ↓ FiO2, ↓ PEEP, ↓ PIP ↓ FiO2, ↓ MAP ↓ FiO2, ↓ HFJV PIP, ↓ conventional PEEP, 
rate, or PIP 

↑ PCO2 ↓ rate, ↓ PIP, ↓ set or target VT ↓ amplitude ↓ HFJV PIP, ↓ conventional rate or PIP 

↓ PCO2 ↑ rate, ↑ PIP, ↑ set or target VT ↑ amplitude, ↓ hertz ↑ HFJV PIP, ↑ conventional rate or PIP 

Comment Target delivered VT should be  
4–6 mL/kg in all breath delivery  
types to avoid VILI. 

MAP is used to recruit the 
lung while amplitude is used to 
eliminate CO2.

The conventional vent is used to provide 
PEEP and a sigh is provided when a rate is 
employed. 

PIP – PEEP = (ΔP) delivered VT: There is a linear difference between the ΔP and the VT, provided maximum inflation is not exceeded. Regardless of breath delivery 
type, the goal should be to maintain a delivered VT of 4–6 mL/kg.

Oxygenation is a product of oxygen concentration and mean airway pressure (MAP). The MAP is related to any setting that is related to the amount or duration of 
positive pressure delivery (PIP, PEEP, and, to a lesser degree, rate and TI).

CO2 levels are influenced by minute ventilation (VE). Rate x VT = VE

During HFOV, the TI is a percentage of TCT; therefore, as hertz is ↓ TI is ↑, resulting in increased gas delivery per piston stroke.

During HFJV, the TI is fixed; therefore, changes in rate have no effect on delivered volume.

TABLE 26-13
General Guidelines for Adjusting Conventional and Nonconventional Ventilator Parameters to Achieve a Change 
in Blood Gas Values

Lung Pathology or Condition pH PaCO2 PaO2

Normal compliance 7.35–7.45 35–45 mm Hg 60–100 mm Hg

Decreased compliance (permissive 
hypercapnia)

Early 7.25–7.35 Early 45–55 mm Hg 50–70 mm Hg

Late 7.30–7.35 Late 50–60 mm Hg

Pulmonary hypertension 7.30–7.40 40–50 mm Hg 80–100 mm Hg

TABLE 26-14
Targeted Blood Gas Values for Different Lung Pathologies

Ventilatory Management
Ventilatory management is complex and requires an 
evaluation of the infant’s current pathophysiology and 
clinical presentation. The disease process, chest radio-
graph results, current respiratory status, and potential 
complications must all be considered when ventilator 
management decisions are made.

Adjusting Ventilator Parameters
It is also important for the clinician to understand how 
changes in ventilator parameters affect blood gas values. 
A summary of ventilator management for conventional 

and advanced modes of ventilation related to blood gas 
measurements is presented in Table 26-13. Blood gas 
targets for oxygenation and ventilation are shown in 
Table 26-14.

It should be noted that wide swings in PaCO2 levels 
should be avoided. PaCO2 levels that are too high are 
associated with increased cerebral blood flow while 
excessively low PaCO2 levels are associated with lim-
ited cerebral blood flows. Wide swings in cerebral blood 
flows can contribute to intracranial hemorrhages or 
intraventricular hemorrhages. As ventilator parameter 
changes are made, it is also essential for the clinician to 
adjust ventilator alarms.
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Primarily, noninvasive monitoring incorporates the 
routine use of continuous pulse oximetry and often 
includes transcutaneous or end-tidal CO2 monitor-
ing. Pulse oximetry targets will be patient and disease 
specific. Oxygen saturations of common neonatal 
disorders are found in Table 26-15. Transcutaneous 
or end-tidal CO2 values should closely mimic arterial 
CO2 values. Oximetry responses are rapid and reflect 
the current oxygenation status of the patient while 
transcutaneous CO2 responses are rapid once the 
monitor has stabilized.

Mechanical Ventilation of the Neonate  
with Cardiac Disease
Patients with ductal-dependent cardiac lesions re-
quire precise, balanced cardiopulmonary circulation. 
Goals for mechanical ventilation focus on promoting 
or limiting pulmonary blood flow by using strategies 
associated with oxygen delivery and pH manage-
ment through CO2 manipulation and inspired oxygen 
administration. High oxygen delivery will result in 
vasodilatation of the pulmonary vessels and should be 
provided in patients with right-sided cardiac defects 
that are associated with impaired pulmonary blood 
flow. A higher pH will also improve pulmonary circula-
tion and is achieved with slightly lower CO2 levels. It 
is important to limit pulmonary blood flow for infants 
with ductal-dependent left-sided lesions. Therefore, 
the strategy is to limit the concentration of oxygen 
delivered. Additionally, the pH should be maintained 
at a slightly higher level to achieve a mild respiratory 
acidosis. Balanced circulation is difficult to achieve and 
close monitoring of the patient’s acid–base status is 
extremely important.

Weaning and Extubation
The ventilator-weaning plan will also be patient spe-
cific. Generally, the parameters that should be weaned 
are based on blood gas analysis or results obtained from 
noninvasive monitoring. The choice of which ventilator 
parameter to wean depends on which parameter or set-
ting is most toxic to the lungs. Excessive pressures (PIP) 
and inspired oxygen level are considered the most dam-
aging. The clinician must approach pressure weans with 
caution, as pressure changes can affect both oxygen-
ation and ventilation. In most cases, only one parameter 
at a time should be weaned, with the exception of FiO2. 
It is important to note that weaning strategy differs 
from the strategy used to adjust ventilator parameters 
during the initial stabilization following intubation.

Extubation criteria are also patient specific and  
include resolution of acute respiratory failure or  
active infection, the ability to sustain spontaneous 
respirations, and the ability to protect the airway. 
Most practitioners would consider extubation of the 
neonate if the FiO2 were less than 40%, the manda-
tory respiratory rate was ≤15 breaths per minute, the 
PIP was ≤20 cm H2O, and the PEEP was ≤5 cm H2O. 
Postextubation interventions include nasal CPAP, 
noninvasive ventilation, or high-flow nasal cannula. 
The postextubation intervention will depend on the 
neonate’s ability to maintain FRC, minute ventilation, 
or oxygenation status. CPAP is used when the neonate 
has a strong respiratory drive but has a lung condition 
associated with a loss of lung volume or tracheal male-
sia. Noninvasive ventilation is used when the patient 
has a weak respiratory drive or respiratory muscle 
fatigue. The high-flow nasal cannula is designed to 
flush out the anatomic dead space and to provide 

Neonatal Disorder Saturation Target

Preterm neonates 90–95%

Primary pulmonary hypertension of the newborn neonates 95–100%

Cyanotic heart defects ≥70–75%

Noncyanotic cardiac lesions ≥85%, depending on the severity of intracardiac shunting

CDH ≥85%, depending on functional lung volume and vascularization

Full-term infants with nonpulmonary or noncardiac disorders  
(abdominal wall disorders, neuro-tube disorders, etc.)

≥93–95%

TABLE 26-15
Common Saturation Targets for Different Neonatal Disorders
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oxygen-enriched gas flow to the patient, improving 
oxygenation status. High-flow nasal cannulas must  
be heated and humidified and can be used at flows of  
1 to 8 L/minute in the neonate.

Complications of Mechanical Ventilation
There are a number of complications or conditions re-
lated to mechanical ventilation, many of which can be 
minimized or prevented by carefully monitoring the 
patient. One of the most serious acute complications 
associated with the delivery of positive pressure venti-
lation is the development of pulmonary air leaks. Air 
leaks occur when excessive pressure is applied to the 
lungs, causing the alveolar wall to rupture and resulting 
in air accumulation in the pleural space. This causes the 
lung to collapse, impairs gas exchange, and can lead to 
hemodynamic compromise.

Chronic complications are also a concern for cli-
nicians caring for neonates requiring mechanical 

Complication Cause Note

Necrotizing enterocolitis Inflammatory process of the gastrointestinal 
tract that may result from prolonged hypoxia 
or perfusion to the organ 

Treatment includes administration of broad-
spectrum antibiotics and, in severe cases, 
surgical removal of the affected intestine.

Patent ductus arteriosis (PDA) Continued flow through the PDA can result 
in excessive pulmonary blood flow resulting 
from left-to-right shunting from the aorta to the 
pulmonary artery and pulmonary edema

The PDA normally closes within the first 
hours or days of life; however, continued flow 
through the PDA prevents closure. Treatment 
includes administration of indomethacin or 
ibuprofen and fluid restriction or, in severe 
cases, surgical ligation of the vessel.

Feeding intolerance Although early feeds are encouraged, they 
are often provided by orogastric tubes, thus 
bypassing the normal feeding mechanism. 
This can lead to feeding intolerance or the 
inability to swallow. If necrotizing enterocolitis 
is suspected, feeds are usually stopped and 
intolerance can develop or worsen when 
reintroduced.

Feeds can be supplemented with 
hyperalimentation, but when the normal 
feeding process cannot be re-established, 
surgical placement of a gastric tube or a 
juedenal tube can be performed to provide an 
alternate form of feeding.

Airway malacia (tracheal or 
bronchial)

The ETT can cause pressure on the wall of the 
trachea and lead to areas of weakness in the 
tracheal wall, which is composed of incomplete 
cartilaginous rings. 

Use of appropriate-size ETTs can minimize the 
development of malacia.

Vocal cord dysfunction Prolonged intubation affecting vocal cord 
function.

Long-term presence of an ETT may affect the 
ability of vocal cords to close completely once 
the ETT has been removed, thus affecting 
aspiration risk, voice quality, and ability to 
maintain FRC.

Ventilator-associated pneumonia The presence of an artificial airway increases 
the risk of contaminants directly to the lungs.

The risk of infection can be reduced by limiting 
breaks in the ventilating circuit (closed suction 
systems, etc.). 

TABLE 26-16
Complications Associated with Mechanical Ventilation of Preterm and Term Infants

ventilation. The most common chronic condition that 
results from mechanical ventilation is BPD, which af-
fects approximately 50% of all neonates born at less 
than 25 weeks’ gestation and results in altered lung 
function requiring long-term medical management. In 
the very low birthweight infant, it may not be possible 
to eliminate the risk of BPD, but it can be minimized 
by providing gentle ventilation by utilizing permissive 
hypercapnia in the absence of pulmonary hypertension. 
Gentle ventilation may include HFOV or HFJV to pro-
tect the lungs by limiting alveolar stretch.

Another complication associated with mechanical 
ventilation that is frequently encountered in the pre-
term population is retinopathy of prematurity. ROP  
involves partial or full detachment of the retina, affect-
ing vision. This complication is associated with exces-
sive fluctuation in oxygen levels of the neonate less than 
37 weeks’ gestation. Table 26-16 presents other com-
plications that are noted in preterm infants requiring 
mechanical ventilation.
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Case Study 1
Jane was a preterm neonate born at 28 weeks’ ges-
tation, weighing 1.3 kg at birth. She was born by 
spontaneous vaginal delivery. Her mother received a 
course of antenatal steroids on admission to hospi-
tal to enhance surfactant maturation and to reduce 
the severity of respiratory distress syndrome (RDS). 
The neonate was rigorous at birth, spontaneously 
breathing, and required no resuscitation efforts ex-
cept for some stimulation and prevention of heat 
loss. She was placed on nasal CPAP with a pressure 
of 5 cm H2O and 35% FiO2 to maintain an oxygen 
saturation between 89% and 93%. Her initial arte-
rial blood gas (ABG) revealed the following: pH 7.32, 
PaO2 62 mm Hg, CO2 45 mm Hg, bicarbonate 23 mEq, 
and base excess mEq/L. However, 6 hours later, the 
neonate started to have increased work of breath-
ing with tachypnea, chest retractions, and nasal 
flaring and an increasing oxygen requirement. The 
ABG showed a respiratory acidosis pH 7.24, PaO2 57 
mm Hg, CO2 63 mm Hg, bicarbonate 21 mEq/L, and 
base excess 3. Therefore, the noninvasive ventila-
tion was initiated at a PIP of 12 cm H2O and a PEEP 
of 7 cm H2O. With minimal improvement after an 
hour and worsening respiratory status, the patient 
was intubated. Mechanical ventilation was initiated 

on the following settings: SIMV PIP 24 cm H2O, 
PEEP 6 cm H2O, I-time 0.35 seconds, and a rate of 
60 breaths per minute. She remained stable on this 
mode through the night. Weaning was initiated on 
day 2 of invasive ventilatory support. On day 4 the 
ventilator settings were weaned to SIMV PIP 18 cm 
H2O, PEEP 4 cm H2O, I-time 0.35 seconds, and a rate  
of 20 breaths per minute. The measured VT was  
4 to 6 mL/kg; spontaneous breathing rate was 50 to 
60 breaths per minute and synchronized with the 
mechanical breath delivery. She was weaned to CPAP 
and extubated on day 6. 

1. Why was a trial of biphasic positive pressure 
ventilation worthwhile for this patient? What 
was the rationale for initiating noninvasive 
ventilation?

2. What ventilator changes would you recommend 
if the ABG post intubation was pH 7.50, PaO2 
80 mm Hg, CO2 32 mm Hg, and bicarbonate 
19 mEq/b and base excess –3, L?

3. What change in ventilation strategy might you 
consider if the initial setting of SIMV PIP 24, PEEP 
6, I-time 0.35, and a rate of 60 produced a blood 
gas classified as a respiratory acidosis?

Case Study 2
A term neonate (4 kg) was born with thick meconium 
following a prolonged and arduous labor. Apgar scores 
were 1 at 1 minute and 4 at 5 minutes of life. The neo-
nate required full resuscitation measures at birth, was 
intubated and mechanically ventilated by t-piece resus-
citator in the delivery suite, and transferred to the neo-
natal intensive care unit. He was ventilated in the SIMV 
mode on the following settings: PIP 26 cm H2O, PEEP 
5 cm H2O, I-time 0.4 seconds, and a respiratory rate 
of 45 breaths per minute FIO2 0.80. The ABG revealed 
the following: pH 7.09, CO2 74 mm Hg, PaO2 35 mm 
Hg, bicarbonate 16 mEq/L, and base excess 8. The PIP 
was increased to 30 cm H2O, and 5 minutes after the 
increase to the PIP, the following was observed: SpO2 
90% to 95% and the measured tidal volume 3 ml/kg. 
The measured MAP on the ventilator was 16 cm H2O, 
and tidal volume was 12 mL (3 mL/kg). The mode of 
ventilation was switched to HFOV. The initial oscillator 
settings were MAP 18 cm H2O, amplitude 38, frequency 
10 Hz, and FiO2 75%. This continued for 8 hours, during 

which time the clinical condition and blood gases 
started to improve. The chest X-ray showed good lung 
expansion. The amplitude was reduced as chest wiggle 
was pronounced and CO2 started to decrease. Oxygen-
ation also started to improve, so FiO2 was reduced to 
40% on day 2. Over the next 48 hours, the MAP was 
slowly reduced by increments of 1 to 2 cm H2O until a 
MAP of 14 cm H2O. The oxygen requirement was only 
35%. On day 6 of life, the neonate was to be extubated 
to nasal CPAP at 4 cm H2O and an FIO2 of 0.28. 

1. What was the rationale for transitioning from 
conventional ventilation to HFOV?

2. How do you approach setting the mean airway 
pressure when transitioning from conventional 
ventilation to HFOV?

3. What ventilator parameters are used to increase 
or decrease CO2 on the HFOV?

4. What is an important aspect of setting the  
amplitude when transitioning to HFOV?
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OBJECTIVES
1. Discuss the indications for CPAP and noninvasive ventilation (NIV).
2. List the interfaces used to administer NIV.
3. Differentiate between spontaneous, spontaneous/timed, 

and timed modes of NIV.
4. Discuss how weaning strategies differ when a patient can 

and cannot trigger a breath during NIV.

5. List the alarms and parameter ranges used for NIV.
6. Explain the problems and complications associated with NIV use.
7. Discuss the strategy used to initially set ventilator 

parameters for invasive ventilation in children.
8. Explain the problems that can occur with flow rates that 

are set too low or high during volume control ventilation.
9. Describe how pressure volume curves can be used to set 

and adjust PEEP and inspiratory pressure.
10. Explain the importance of appropriately setting trigger and 

cycle sensitivity.
11. Discuss the ventilator management strategies used to 

minimize lung injury.
12. Describe how ventilator strategies differ when high- 

frequency oscillatory ventilation and high-frequency jet 
ventilation are used.

13. Differentiate between biphasic ventilation and airway 
pressure release ventilation.

14. List the modes of ventilation frequently used for weaning.
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heated high-flow nasal 
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trigger
volutrauma
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Introduction
Mechanical ventilation of the pediatric patient closely 
mimics the indications and strategies used to ventilate 
adults. The strategies employed are based on the sever-
ity and origin of respiratory failure as well as on the best 
available evidence in the literature. Technologic ad-
vances and implementation of evidence-based care have 
contributed to improved outcomes in terms of reduced 
morbidity and mortality for children requiring ventila-
tory support.

This chapter presents indications and strategies for 
noninvasive and invasive mechanical ventilation; it 
outlines the application and use of invasive and nonin-
vasive patient monitoring devices, patient assessment, 
and ventilatory management. Advanced modes of me-
chanical ventilation strategies, including high-frequency 
oscillatory ventilation, high-frequency jet ventilation, 
and neurally adjusted ventilatory assist (NAVA) in the 
pediatric patient population, will be addressed. Compli-
cations specifically related to mechanical ventilation of 
the pediatric patient are also reviewed in this chapter.

Noninvasive Ventilation
Noninvasive ventilation (NIV) offers an alternative to 
intubation and mechanical ventilation in the treatment 
of acute or chronic respiratory disorders commonly 
encountered in infants and children. There are many 
distinct challenges associated with the application, man-
agement, and safety of NIV in the pediatric population. 
Recent evidence highlights the complications associ-
ated with invasive ventilation. Noninvasive ventilation 
refers to the delivery of intermittent or continuous 
assisted ventilation or providing continuous positive 
pressure during spontaneous breathing to enhance 
lung expansion by restoring or improving functional 
residual capacity (FRC) and/or improving minute ven-
tilation without the use of an artificial airway. Nonin-
vasive ventilation is most commonly provided in the 
forms of continuous positive airway pressure (CPAP) or 
noninvasive biphasic positive pressure ventilation.  
Noninvasive biphasic positive pressure ventilation is of-
ten referred to as NIV. Unlike NIV, CPAP does not pro-
vide assisted ventilation. CPAP is a spontaneous mode of 
ventilation that enhances oxygenation and preserves lung 
inflation by improving the FRC. Because CPAP does not 
provide tidal breathing support, patients receiving CPAP 
must have an adequate neurologic drive and the neces-
sary respiratory reserve to breathe spontaneously.

Biphasic positive pressure or NIV improves minute 
ventilation by providing ventilatory support without the 
use of an artificial airway, and it improves FRC through 
the application of positive end-expiratory pressure (PEEP). 
Positive pressure applied above the distending pressure 
or PEEP further reduces the work of breathing and aug-
ments ventilation when respiratory insufficiency or failure 
is present as evidenced by CO2 retention. Although the 

interfaces required for biphasic ventilation mirror those 
used for CPAP, the delivery devices often differ.

Indications for CPAP and NIV
The primary advantage of NIV is avoidance of an 
 artificial airway, which in turn reduces the propensity 
for oral and mucosal injury associated with intuba-
tion, tracheal injury secondary to endotracheal tube 
cuff trauma, reduced risk of nosocomial infections, 
decreased need for sedation, increased tolerance for 
 enteral feeds, the potential for care outside of the ICU, 
and an improved ability to ambulate.1 Common indica-
tions for the use of CPAP and NIV in pediatric patients 
are outlined in Table 27-1.

Indications Modality

Respiratory insufficiency associated with 
acute lung injury/disease/condition
•	 Pneumonia
•	 Asthma
•	 Bronchiolitis
•	 Pediatric acute respiratory distress 

syndrome (PARDS; mild to moderate)
•	 Atelectasis

 

CPAP, NIV
CPAP, NIV
CPAP, NIV
CPAP or NIV

CPAP or NIV

Pulmonary edema associated with 
cardiomyopathy 

CPAP, NIV

Heart failure associated with congenital 
heart disease 

CPAP, NIV

Respiratory insufficiency associated with 
chronic lung disease/conditions
•	 Cystic fibrosis
•	 Neuromuscular diseases
•	 Neurologic disorders associated with 

respiratory depression
•	 Chest wall deformities (e.g., scoliosis)

 

CPAP or NIV

Anatomical airway obstruction/collapse
•	 Obstructive sleep apnea (OSA)
•	 Tracheal malacia
•	 Bronchial malacia
•	 Upper airway obstruction (e.g., 

enlarged tonsils)

 
CPAP or NIV
CPAP or NIV

CPAP

•	 Postextubation or prevention of 
intubation

CPAP, NIV

•	 CPAP: Must have adequate respiratory drive to sustain adequate 
gas exchange

•	 NIV: Indicated when respiratory drive is insufficient to provide 
adequate gas exchange

TABLE 27-1
Indications for the Use of CPAP and NIV in Children

Data from Cheifetz IM. Invasive and noninvasive pediatric mechanical 
ventilation. Respir Care. 2003;48(4):442-453.
Basnet S, Mander G, Andoh J, Klaska H, Verhulst S, Koirala J. Safety, 
efficacy, and tolerability of early initiation of noninvasive positive pressure 
ventilation in pediatric patients admitted with status asthmaticus: a pilot 
study. Pediatr Crit Care Med. 2012;13(4):393-398.
Ganu SS, Gautam A, Wilkins B, Egan J. Increase in use of non-invasive 
ventilation for infants with severe bronchiolitis is associated with decline in 
intubation rates over a decade. Intensive Care Med. 2012;38(7):1177-1183.
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NIV is primarily used for the treatment of impend-
ing respiratory failure associated with acute or chronic 
respiratory insufficiency secondary to pulmonary dis-
ease, neuromuscular disease, airway obstruction, or 
infectious processes; for postextubation management; 
or to avoid intubation. NIV may be administered inter-
mittently or continuously, based on patient need and 
the reversibility of the primary indication for ventilatory 
assistance.

Published studies reporting the efficacy of NIV in 
children suggest that proper timing and patient selec-
tion have a direct impact on outcomes of children with 
respiratory failure. In a pilot study evaluating the use 
of NIV in patients admitted with status asthmaticus, 
Basnet et al.2 found children treated with NIV and stan-
dard treatment (short acting β-agonists and systemic 
steroids) had lower clinical asthma scores compared 
to those receiving standard treatment alone. Clinical 
asthma scores evaluated objective and subjective data 
that included respiratory rate, accessory muscle use, 
air exchange, wheeze, and inhalation/exhalation ratios. 
Although the clinical asthma scores at baseline were 
identical, the NIV group had clinical asthma scores that 
were 15% to 35% lower at each subsequent interval of 
the study compared to standard care alone.2 Ganu et al.3 
evaluated the impact NIV had on intubation rates and 
length of stay in infants with severe bronchiolitis.  
Children treated with NIV had fewer ventilated days  
(2.38 days ± 2.43) compared to those who were in-
tubated and mechanically ventilated (5.19 ± 6.34). 
 Overall, an increase in the use of NIV, 2.8% per year, 
and a decrease in invasive ventilation, 1.4% per year, was 
realized over the period.3

Recently, the Pediatric Acute Lung Injury Consensus 
Conference Group published recommendations related 
to the use of NIV in children with acute respiratory 
distress syndrome. These recommendations included 
various components of noninvasive support with a 
consensus ranging from 80% agreement (weak) to 100% 
agreement (strong).4 NIV was not recommended for 
children with severe disease. Although the evidence was 
weak, immunodeficient patients were identified to be at 
a greater risk of complications from invasive ventilation 
and may benefit from early intervention with NIV.4

Patient Interfaces
The patient interface is important to the successful 
implementation of NIV. Manufacturers are increasing 
their selection of patient interfaces for the pediatric 
population. There are a variety of interfaces to choose 
from, including nasal prongs, nasal pillows, nasal masks, 
oronasal masks, full-face masks, and face shields.  Nasal 
tubes positioned in the pharyngeal airway are also 
used to provide NIV. All noninvasive interfaces are as-
sociated with system leaks, which may influence the 
performance of the delivery device related to triggering 
and cycling capabilities. The RAM cannula  (Neotech 

Inc., Valencia, CA) is a popular interface choice for 
NIV. This interface is not FDA approved for use as a 
CPAP or NIV delivery device, and it presents an added 
delivery challenge for the clinician. The RAM cannula 
is a high-resistance, nonocclusive interface. Labora-
tory  investigations report that when leaks are ≤30%, the 
RAM cannula interface resulted in clinically acceptable 
transmission of pressures. However, when leaks exceed 
50%, a clinically negligible amount of pressure was 
transmitted to the artificial lungs.5 In the outpatient set-
ting, the use of the RAM cannula in children with chest 
wall weakness, central control abnormalities, or obstruc-
tive and restrictive lung disease contributing to chronic 
 respiratory failure resulted in a significant decrease in  
arterial PaCO2, a reduced incidence of interface intoler-
ance, and a greater tracheostomy avoidance compared to 
the use of oronasal or nasal masks to administer NIV.6

Factors to consider when selecting the patient in-
terface will include patient headgear and patient safety 
risks related to the potential for development of skin 
ulcerations, gastric insufflation, and aspiration. When 
the risk of aspiration is present, it is best to select a na-
sal interface, such as a nasal mask or pillows, if possible, 
to minimize exposure to the accumulation of secretions 
and/or gastric contents and to reduce the potential for 
suffocation. The risk of gastric insufflation can be re-
duced by placement of a vented nasogastric tube while 
the risk of skin ulcerations can be to reduced by alter-
nating patient interface devices and the use of protec-
tive skin barriers. Commonly used pediatric interfaces 
are presented in Table 27-2.

Challenges and Contraindications  
for the Use of NIV in Pediatric Patients
The most challenging logistical and clinical limitations 
of NIV in children are reducing interface intolerance 
and asynchronized breath delivery secondary to trig-
gering and cycling inefficiencies. When a mask is used, 
proper fit is important. Masks with a substantial volume 
of gas contained within the interface will reduce trigger 
sensitivity and make it difficult for the child to initiate a 
supported breath. Impaired respiratory muscle strength 
will also reduce the ability to trigger a breath, even 
when the amount of gas contained within the interface 
is minimized and leak compensation is employed. Un-
der these conditions, it may be necessary to use a spon-
taneous timed mode of NIV to achieve and maintain 
adequate minute ventilation.

All patient interfaces can be associated with air leaks; 
similar to the RAM cannula, nasal masks are also non-
occlusive and often result in excessive air leaks through 
the mouth. Chin straps can be used to keep the mouth 
closed and to improve the child’s ability to trigger a sup-
ported breath. Similarly, nasal prong–occluding devices 
may help to reduce leaks when nasal prongs are used, 
especially with smaller patients. Large leaks (>30%) 
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Vendor Interface Use Patient Range Image

Neotech RAM cannulas CPAP, NIV— 
dual-limb circuits 
(mechanical 
ventilators)

Infant

Child (small, 
medium, large)

Respironics Simplicity 
nasal mask

CPAP, NIV (single-
and dual-limb 
devices)

Infant, toddler

Performa full-
face shield

Toddler, school 
age, adolescent

Performa oral 
nasal mask

Infant, toddler, 
school age, 
adolescent

TABLE 27-2
Common Patient Interfaces Used for NIV
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Vendor Interface Use Patient Range Image

ResMed Pixi Nasal mask Toddler,  
school age

Sleepnet MiniMe 2 
nasal mask

CPAP, NIV  
(single- and  
dual-limb devices)

Infant, toddler

Circadiance Sleepweaver 
cloth nasal 
mask

CPAP Toddler, school 
age, adolescent

contribute to trigger ineffectiveness by reducing a 
child’s ability to generate an adequate measurable inspi-
ratory flow. Leaks can compromise minute ventilation 
due to flow and volume that are lost through the leak 
during inspiration. Leaks can make it difficult to reach 
the set inspiratory pressure, which in turn reduces tidal 
volume delivery to the patient. Leaks impair the ability 
to terminate the breath by compromising the flow cy-
cling threshold, which alters the transition from inspira-
tion to expiration. The aforementioned issues negatively 
affect patient–ventilator synchrony and contribute to 
NIV intolerance.

Many noninvasive delivery devices do offer the abil-
ity to compensate for interface leaks, which can improve 
triggering and cycling capabilities and reduce the pro-
pensity for NIV intolerance. Some ventilators allow the 
user to adjust the threshold for transition to exhalation. 

However, in the presence of significant leaks, adjust-
ments to the transition threshold may sacrifice effec-
tive pressure delivery during NIV. Most commercially 
available NIV delivery devices are approved for use 
in patients greater than 20 kg. Therefore, mechanical 
ventilators are often used to deliver NIV, especially in 
children weighing 5 to 20 kg. If NIV is required for use 
outside the pediatric ICU, in long-term care facilities, or 
in the home, portable ventilators approved for patients 
≥5 kg are usually employed.

Management of the Patient Using CPAP and NIV
The goal of CPAP is to restore adequate FRC to cor-
rect, reverse, or minimize alveolar collapse. CPAP will 
effectively reduce the work of breathing as it unloads 
the work of the inspiratory muscles and allows effective 
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inflation in excess of the opening pressure of the lungs.7 
The level of CPAP required to accomplish this goal in 
pediatric patients can range from 5 to 15 cm H2O but 
varies with the severity of disease. Disorders associated 
with low lung compliance may require CPAP levels in 
excess of 10 cm H2O. CPAP should be used only on 
patients with an adequate respiratory drive, and when 
pressures higher than 10 cm H2O are needed, small 
(1–2 cm H2O) adjustments should be incrementally 
increased to achieve a targeted oxygen saturation goal 
at an FiO2 of less than or equal to 0.50 to 0.60. When 
adequate CPAP levels are achieved, the work of breath-
ing should improve as evidenced by a decreased respira-
tory rate, fewer sternal or intercostal retractions, and 
improved oxygen saturations.

When CPAP is used to treat acute lung disease, 
FiO2 and CPAP levels should be adjusted as tolerated 
to maintain oxygenation levels within the specified or 
provider-ordered ranges. Weaning from CPAP support 
should commence when the disease process causing the 
oxygenation problem has or is resolving. Clinical (i.e., 
work of breathing, hemodynamic stability) and diagnos-
tic (chest radiography, noninvasive oxygen saturation) 
indicators should be evaluated to determine resolution 
of disease process and readiness to wean. If CPAP is 
applied intermittently for nocturnal use for the treat-
ment of obstructive sleep apnea (OSA), the CPAP level 
is maintained while the FiO2 is titrated to maintain the 
provider ordered saturation range. Weaning of CPAP 
may involve intermittent trials of a high-flow nasal can-
nula (HFNC) or standard nasal cannula at increasing 
intervals. CPAP may be discontinued when the patient 
has been stable on a level of 5 to 6 cm H2O with an 
FiO2 of less than or equal to 40%. Patients are com-
monly transitioned to HFNC first, as an intermediate 
step following CPAP, before transitioning to a standard 
nasal cannula.

NIV adds inspiratory pressure (IP) to the distending 
pressure, enhancing ventilation and thus CO2 removal. 
NIV is required when respiratory insufficiency or respi-
ratory failure is present as evidenced by elevated levels 
of CO2. NIV can be administered in spontaneous,  
spontaneous/timed, or timed mode. The clinician must 
determine the appropriate mode to use to ensure the 
effectiveness of NIV and to maximize patient comfort. 
The spontaneous mode is a patient-triggered mode that 
provides an inspiratory pressure assist without a backup 
rate. When choosing this mode, the patient must have 
a good respiratory drive and be able to effectively trig-
ger breaths. The timed mode offers a set pressure de-
livery at a preset mandatory rate and allows additional 
patient-triggered breaths as needed. This mode can lead 
to asynchrony when patient breathing efforts conflict 
with the preset rate. The spontaneous/timed mode is a 
patient-triggered mode that provides inspiratory pres-
sure assist with a backup time-based rate. This mode 
may offer a combination of patient safety and patient 

comfort, provided that triggering is effective. Each of 
these modes can be provided by most noninvasive and 
invasive delivery devices.

Initial NIV settings should be individualized. This of-
ten requires the clinician to have patience and to spend 
time at the bedside to evaluate tolerance and adjust 
ventilator settings to optimize ventilation and patient–
ventilator synchrony. It will be important to select the 
interface that facilitates patient tolerance and maxi-
mizes triggering capabilities. If a set respiratory rate is 
used, the rate will be age specific and reflect the level 
of support needed to provide adequate minute ventila-
tion. The expiratory positive airway pressure (EPAP) 
setting should provide a resting pressure level that 
minimizes alveolar collapse and should be increased 
if evidence of lung volume loss is present. The EPAP 
setting has a direct relationship with oxygenation 
and should be titrated based on oxygen saturation. 
EPAP settings should not exceed 7 to 8 cm H2O 
for infants or 10 to 12 cm H2O for older children. 
Inspiratory positive airway pressure (IPAP) is applied to 
the resting expiratory pressure and translates to volume 
delivery to the patient. The difference between the IPAP 
and EPAP settings, or the delta P, is the key determinant 
of volume delivery because there is a linear relationship 
between pressure and volume. The IPAP setting should 
be titrated to achieve adequate chest expansion and CO2 
removal. Inspiratory time, or the amount of time de-
voted to inspiration, should be age appropriate and suf-
ficient for breath delivery. Excessively long inspiratory 
times (>0.8 seconds in infants and 1 second in children) 
will be uncomfortable and may increase the work of 
breathing, especially if the patient exhales against inspi-
ratory flow while a breath continues to be delivered. Ex-
cessively long inspiratory times may also impair passive 
exhalation and result in air trapping.

There are other secondary settings available to tailor 
the way a breath is delivered and may include trigger 
sensitivity, rise time, breath transition cycle, and pres-
sure ramp time. However, the availability of these set-
tings is manufacturer specific and dependent on the 
device used. Trigger sensitivity should be set so that 
the patient can easily initiate a spontaneous or assisted 
breath without auto-triggering. This can be difficult to 
achieve secondary to nonuniform leaks around the NIV 
interface, which have a significant impact on the trigger-
ing mechanism. Rise time reflects the amount of time 
required to reach the maximum flow during pressure 
support ventilation (PSV) or pressure control ventila-
tion (PCV) and should be set to maximize patient com-
fort. Patients with restrictive lung disease often tolerate 
a slower rise to pressure. This slower rise to pressure 
also improves the distribution of ventilation. Patients 
with increased airway resistance often prefer a more ag-
gressive rise, which shortens inspiratory time and allows 
for a longer exhalation period. The cycle time setting 
determines the threshold for transition from inhalation 
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to exhalation. Cycle time is important to consider dur-
ing PSV to improve breath synchrony. It may be either 
flow or time based. Increasing the cycle time setting 
should lower the threshold for transition in the presence 
of large system leaks. The ramp time, if available, will 
allow for a gradual increase in pressure delivery. Adjust-
ments in ramp time are made to assist with  patient tol-
erance and comfort.

Titrating or managing NIV support is a much more 
complicated process than management strategies used 
for CPAP. System leaks have a much bigger impact in the 
initiation of, management of, and liberation from NIV. 
The approach to weaning is similar to that used for inva-
sive ventilation, if the patient is able to trigger a breath. 
However, when patients are unable to trigger spontane-
ous or assisted breaths, a traditional weaning strategy of 
incrementally reducing the mandatory respiratory rate 
often does not work. This strategy often fails because it 
shifts much more of the work of breathing to the patient 
because spontaneous breaths are not supported and 
mandatory breaths are not synchronized. This increased 
work of breathing, especially for patients with limited 
reserves, contributes to intolerance and weaning failure. 
To avoid the aforementioned issue, an alternate approach 
would be to set the mandatory rate to a physiologic level, 
based on patient age and severity of disease process, and 
to wean the IPAP setting until the IPAP and EPAP set-
tings are nearly equal. This liberation approach may offer 

a more gradual shift of the respiratory muscle work from 
the machine to the patient. There is little evidence in the 
literature with regard to an optimal weaning strategy. 
This is a gap that needs more research before evidence-
based recommendations can be made. Table 27-3 pro-
vides general management strategies for NIV.

The general success or failure of NIV is difficult to 
predict. Failure of NIV is often attributed to the lack of 
interfaces available to minimize leaks, enhance comfort, 
and minimize intolerance. Bernet and colleagues8 sug-
gest that the FiO2 level after 1 hour of NIV may be a 
predictive factor for success. In the first hour following 
initiation of NIV, nonresponders had a higher median 
FiO2 requirement (0.8) compared to responders (0.48).8 
Patient compliance also plays a role in the success of NIV. 
Compliance in pediatric patients receiving CPAP has 
been studied and often is a predictor of NIV success or 
failure. Poor compliance often contributes to increasing 
respiratory compromise, leading to respiratory insuf-
ficiency and the need for invasive ventilatory support. 
Hawkins et al.9 found poor overall compliance, only 49%, 
in a cohort of patients requiring NIV nocturnally.

All forms of ventilation require patient safety fea-
tures to be employed. This translates to appropriately 
adjusting the alarm settings. If available, high tidal vol-
ume and high respiratory rate alarms should be set 20% 
to 30% above baseline. High-pressure alarms should be 
set at 5 to 10 cm H2O above IPAP. Low-pressure alarms 

Goal Parameter Adjustment Comment

Improve oxygenation ↑ FiO2, ↑ EPAP, ↑ IPAP Increase if FiO2 ≤0.50 or EPAP ≥10 cm H2O.

Increase EPAP if ≤10 cm H2O or FiO2 ≥0.50.

IPAP will increase mean airway pressure (mPAW) and improve oxygenation. 

Wean oxygenation ↓ FiO2, ↓ EPAP, ↑ IPAP FiO2 should be weaned if ≥0.50.

EPAP should be weaned if ≥10 cm H2O.

IPAP should be weaned if ≥25 cm H2O or excessive chest rise or tidal volume 
(VT) is noted.

Improve ventilation ↑ rate, ↑ IPAP Increase rate if IPAP is ≥20–25 cm H2O or if VT is ≥6–8 mL/kg.

Increase IPAP if VT is <4–5 mL/kg or set rate is high for age group. 

Wean ventilation ↓ rate, ↓ IPAP Decrease rate if IPAP is ≤15–18 cm H2O or if VT is <4–5 mL/kg.

Decrease IPAP if VT is ≥6–8 mL/kg or set rate is minimum for age group.

Changing oxygenation 
and ventilation

Change FiO2 and rate FiO2 will affect oxygenation and rate will affect ventilation.

Change ΔP ΔP will increase or decrease ventilation and oxygenation.*

ΔP = delta P
* ∆P affects VT and mPAW; therefore, pressure changes will affect oxygenation and ventilation.

TABLE 27-3
General NIV Management Guidelines
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should be set above the EPAP setting but below the 
IPAP setting. Apnea time intervals should not exceed 
15 seconds for most pediatric patients or 20 seconds 
for adolescents. Backup ventilation settings, if available, 
should mirror full ventilatory support settings. Other 
safety measures clinicians may consider are the use of 
remote alarm monitoring, including video monitoring, 
and central nurse call monitoring for heart rate, satura-
tion, and disconnect, especially if the patient is cared for 
outside of the pediatric ICU.

The Use of Sedation During NIV
The use of sedation to improve tolerance in patients 
receiving noninvasive ventilation should be given care-
ful consideration. Patients may not tolerate application 
of the interface or the delivery of inspiratory flow, often 
perceived as excessive, which prompts providers to con-
template the use of pharmacologic intervention. When 
all efforts to maximize comfort (e.g., ventilator param-
eter adjustments, trial of different interfaces) fail, it is  
essential to select an agent that will enhance comfort and 
not impair ventilation. Midazolam (Versed) is often used 
because it produces minimal respiratory depression.

Patient Monitoring During CPAP and NIV
In addition to cardiorespiratory monitoring, surveil-
lance of patients requiring CPAP and NIV should in-
clude pulse oximetry monitoring with individualized 
saturation or patient-specific targets reflective of disease 
acuity. Pulse provides a good indication of oxygenation 
status; however, it is of little value for assessing the pa-
tient’s ventilation status. The adequacy of ventilation 
must include some periodic form of carbon dioxide 
measurement. CO2 measurements can be obtained non-
invasively with transcutaneous monitoring or invasively 
by arterial, venous, or capillary blood gas analysis. CO2 
targets will be disease specific and should account for a 
compensated acid–base status. End-tidal CO2 monitor-
ing is rarely used; measurements are often inaccurate 
due to a dilution effect caused by high inspiratory flows 
within the patient interface. Assessment of work of 
breathing and level of consciousness can also provide 
valuable clinical information on the overall effectiveness 
of NIV. A change from the baseline clinical and neuro-
logic status provides clinicians with important informa-
tion needed to determine therapeutic effectiveness.

Chest radiographs are useful in evaluating the ad-
equacy of lung inflation. Chest radiographs may also be 
used to monitor disease progression. However, they will 
not reflect the adequacy of oxygenation or ventilation.

Adjuncts or Alternative Approaches  
to Noninvasive Ventilation
Technologic advances offer clinicians tools to en-
hance the effectiveness of NIV. These advances 

offer novel ways to trigger inspiration and improve 
patient–ventilator interaction, particularly with infants 
and young children who have rapid respiratory rates 
and small tidal volumes. To complicate matters, breath 
delivery in NIV is generally pressure limited and does 
not accommodate variability in respiratory demand.10

A manufacturer proprietary mode, neurally adjusted 
ventilatory assist (NAVA; Getinge, Wayne, NJ; Maquet 
Critical Care) uses a specially designed catheter to de-
tect and use diaphragmatic electrical activity as a trigger 
mechanism. Figure 27-1 displays a line drawing of the 
catheter used to connect and send the electrical signals 
to the Servo-I or Servo-U ventilator (Getinge, Wayne, 
NJ; Maquet Critical Care) to trigger flow at the start of 
inspiration. The signals (Edi) exist at two levels. The Edimax 
represents diaphragmatic contraction, or the start of 
inspiratory effort. The Edimin represents diaphragmatic 
relaxation, or the expiratory effort required to main-
tain FRC. When the Edi catheter is properly placed, 
signals provide feedback that controls the flow of gas 
from the ventilator. The literature reports the utility 
of this trigger mechanism in infants and children with 
sporadic breathing patterns and large interface leaks.11 
Figure 27-2 shows the ability to trigger in the presence 
of a large patient interface leak. In a cross-over study, 
Baudin and colleagues11 compared pressure control 
NIV and NIV-NAVA in a cohort of children admitted to 
the pediatric ICU with respiratory failure secondary to 
bronchiolitis. Asynchrony, in terms of auto-triggering, 
double triggering, or nontriggered breaths, was scored 
using an objective asynchrony index and found to be 
lower during NIV-NAVA (3 ± 3%) compared to pres-
sure control NIV (38 ± 21%).11 Trigger delay was also 
shorter during NIV-NAVA (43.9 ± 7.2 ms) compared to 
pressure control NIV (116.0 ± 38.9 ms).11 There were 
also statistically significant fewer ineffective efforts 
when NIV-NAVA was used (0.54 ± 1.5) than when pres-
sure control NIV was used (21.8 ± 16.5 events/min).11

Successful use of NIV-NAVA is limited by the func-
tionality of the NAVA catheter and the neurologic 
respiratory drive of the patient. However, NAVA does 
provide a backup safety feature to delivery ventilation 

FIGURE 27-1 Illustration of an infant with a NAVA Edi Catheter in 
place and the signal response to diaphragmatic activity.
Courtesy of Getinge.
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FIGURE 27-2 Graphical representation of NIV-NAVA with large patient 
interface leak.
Courtesy of Getinge.

when an Edi signal cannot be detected. The ventilator, 
in this instance, will provide backup noninvasive pres-
sure control ventilation.

The use of a heated high-flow nasal cannula (HHFNC) 
to support the work of breathing in children with re-
spiratory distress has gained popularity in recent years. 
Data, however, are limited and conflicting with regard 
to the efficacy with which a CPAP effect is produced. It 
is important to distinguish the intended goals of therapy 
when implementing HHFNC therapy. One theory is 
that the flow rates used during HHFNC administration 
will be sufficient enough to produce a CPAP effect. In 
a small cohort of children (n = 10) with obstructive 
sleep apnea and CPAP interface and/or device intoler-
ance, Hawkins et al.12 found that the use of an HHFCN at 
flows of 10 to 50 L/minute were effective in reducing the 
median number of obstructive apnea hypopnea events 
per hour (11.1 to 2.1 events/hour), improving oxyhe-
moglobin saturation (mean SpO2 of 91.3% to 94.9%), 
and reducing heart rate (88 bpm to 74 bpm). It is also 
hypothesized that the high flow rates delivered by the 
HHFNC are sufficient enough to meet all, the patient’s 
inspiratory flow demands, will flush CO2 out of the 
anatomic dead space, and will replace it with a fresh gas 
source provided by the high-flow system.13 Therefore, 
the nasopharyngeal anatomic dead space is used as a 
reservoir of fresh gas, which in effect reduces rebreath-
ing and decreases the contribution of the anatomic  
dead space to breathing inefficiency.13 Rebreathing of 
exhaled CO2 is reduced and the conducting airways 
become a reservoir for fresh gas, which is particularly 
important in small children, considering that the extra-
thoracic anatomic dead space of a newborn is as high 
as 3 mL/kg and does not approximate that of an adult 
(0.8 mL/kg) until after 6 years of age.14 There are other 
assumed benefits of HHFNC use, including maximizing 
mucociliary clearance, reducing inflammatory reactions, 
inhibiting the bronchoconstrictor reflex, and reduc-
ing airway resistance.15,16 High flow may be delivered 

at whatever FiO2 is necessary to achieve the designated 
patient-specific oxygenation goals, at flows of 2 to 20 L/
minute in pediatric patients at a recommended tem-
perature of 34°C to 35°C.16

Complications and Safety During NIV
Complications associated with NIV are most often seen 
in the most fragile patients and include but are not 
limited to gastric distension, aspiration, pneumothorax, 
and pressure ulcerations. Of these, pressure ulcerations 
or skin breakdown are the most preventable. Pressure 
ulcers develop from pressure applied to the skin when 
the NIV interface is placed. Excessive pressure from 
a tight-fitting interface results in periods of ischemia, 
which in turn causes damage to the epidermis and, 
depending on the severity, may also cause damage to 
the underlying deeper tissue.17 The extent of damage is 
characterized by stage and can be found in Table 27-4.

The use of skin barriers, such as hydrocolloid and/or 
foam products, assessing interface fit to assure a small 
leak is present, frequent skin integrity assessments, 
and the use of a different device type to offload the 
pressure on the bridge of the nose or around the nares, 
are helpful in minimizing the formation of pressure 
ulcers.18 In addition to routine inspection, cleansing 
of the face and interface are effective in minimizing 
rubbing friction.18 Maintaining normal skin hydration 
is also an important factor for protecting skin tissue 
integrity.19 In a sample of 50 children, Visscher et al.19 
investigated factors contributing to pressure ulcer for-
mation. Skin breakdown was most commonly noted 
and was more severe with the use of oronasal masks.19 
The bridge of the nose represented the area most 
vulnerable to pressure injury.19 Caregivers should be 
trained to recognize the stages of skin breakdown and 
be knowledgeable in the measures aimed at minimiz-
ing pressure injury risk.

The risk for gastric distension can be reduced by  
ensuring that all patients receiving NIV have vented 
gastric tubes in place to circumvent excess air from 
the stomach. It is also important to employ aspiration 
precautions, which include strict feeding schedules, 
elevating the head of the bed, careful suctioning proce-
dures to reduce gagging and emesis, and close patient 
monitoring.20

Pneumothoraces can be reduced by minimizing 
pressure delivery and careful clinical observation and 
monitoring of chest rise, compliance changes resulting in 
trends in volume delivery, and appropriate alarm settings.

Invasive Mechanical Ventilation
Invasive mechanical ventilation requires the use of an 
artificial airway (e.g., endotracheal tube, tracheostomy 
tube) to provide continuous or intermittent mechanical 
ventilatory support.
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Stage Description Illustration

Stage I Nonblanchable erythema that may be painful, soft, and warmer or cooler than 
adjacent tissue

Stage II Partial dermal loss that often can be seen as a shallow open ulcer or an intact blister

Stage II Dermal loss to the extent where subdermal elements can be seen

Stage IV Full-thickness tissue loss with exposed bone, tendon, or muscle

Unstagable Full thickness wounds covered by slough and/or eschar

TABLE 27-4
Characterization of Pressure Ulcers by Stage
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Indications and Goals
The indications for invasive mechanical ventilatory sup-
port in children mirror those reported for adults. Respi-
ratory failure is the disease process most often  
requiring the use of invasive ventilatory support. In 
children, respiratory failure can be categorized into  
either restrictive pathology (characterized by decreased 
FRC and decreased lung compliance [CL]) or obstruc-
tive pathology (characterized by increased FRC and 
normal to decreased CL secondary to hyperinflation).4 
The obstructive pathology can involve the upper and/or 
lower airways. Other indications for invasive ventilation 
include neurologic disorders, neuromuscular disorders, 
cardiovascular collapse, and postsurgical procedures 
involving stabilization of the patient’s cardiorespiratory 
system. Table 27-5 provides a detailed list of clinical in-
dications for invasive ventilatory support in children.

When mechanical ventilation is required, the goals 
are individualized and dependent upon patient condi-
tion and the underlying disease causing the need for 
respiratory support. Strategies should be determined 
by diagnosis, disease state, and patient response. In 
all cases, goals for mechanical ventilation will include 
the ability to maintain or maximize FRC by applying 
continuous distending pressure and should include 
provisions to ensure adequate oxygenation and ventila-
tion based on the current patient condition. The strat-
egies used should minimize ventilator-induced lung 
injury (VILI) and ventilator-associated events (VAEs). 
Frequent evaluation of the patient is required as the 
patient’s condition(s) may change rapidly. The patient 

plan of care should specify time-sensitive goals related 
to invasive ventilatory support. Interventions may result 
in modifications to the established goals and strategies 
or may involve evaluation and modification of mechani-
cal ventilation adjuncts. Often, goals and milestone 
projections for goal attainment are modified because 
of patency or position problems encountered with the 
artificial airway, new onset of air leaks, changes in lung 
compliance and/or airways resistance, or the addition of 
alterations in the function of other organs. Plans of care 
should be updated to reflect alterations in the goal or 
projected timeline to goal attainment. Figure 27-3  
provides an illustration of a plan of care documented in 
the electronic medical record.

Ventilator Modes
The spectrum of patients and variation of lung disease 
are vastly different in children as compared to term and 
preterm infants. As infants grow and develop, chest wall 
compliance is less affected by body position and be-
comes less compliant (although it is still more compli-
ant than the chest wall of an adult).21 Airway resistance, 
in both the upper22 and lower airways,23 is also much 
higher in children. These physiologic characteristics 
contribute to the pulmonary time constants (TC) of the 
individual patient (TC = airways resistance (RAW) × 
lung compliance (CL)) and influence ventilator settings 
related to inspiratory time or flow. A summary of the 
detailed descriptions of breath sequence is presented 
in Table 27-6, and modes of ventilation are provided in 
Table 27-7.

Restrictive Disorders
•	 ARDS (pediatric respiratory distress 

syndrome)
•	 Scoliosis
•	 Pneumonia
•	 Pleural effusions (e.g., chylothorax, 

hemothorax)
•	 Chronic or acute aspiration
•	 Chest wall tumors or masses
•	 Rib cage anomalies (achondroplasia) 

Neurologic Disorders
•	 Central hypoventilation syndrome, mitochondrial disorders, congenital neuromuscular 

disorders
•	 Brain tumors resulting in increased intracranial pressure or apnea
•	 Encephalitis or encephalopathy syndromes
•	 Traumatic brain injuries
•	 Neurologic infections (meningitis)
•	 Drug overdose

Neuromuscular Disorders
•	 Myasthenia gravis
•	 Guillain-Barre syndrome
•	 Spinal cord injury
•	 Mitochondrial disorders
•	 Diaphragm paralysis (e.g., phrenic nerve damage)

Obstructive Disorders (Upper Airway)
•	 Croup
•	 Epiglottitis
•	 Laryngomalacia
•	 Trachealmalacia
•	 Subglottic stenosis
•	 Neck masses

Surgical
•	 Hypoventilation (postsurgical recovery)

Obstructive Disorders (Lower Airway)
•	 Asthma
•	 Bronchiolitis
•	 Cystic fibrosis
•	 Bronchopulmonary dysplasia (BPD) 

Cardiovascular Disorders
•	 Cardiomyopathy (e.g., myocardial dysfunction)
•	 Congenital cardiac defects (postoperative recovery)
•	 Shock
•	 Sepsis resulting in cardiovascular compromise 

TABLE 27-5
Indications for Mechanical Ventilation of the Pediatric Patient
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Breath Sequence Advantages Disadvantages

Continuous mandatory ventilation, also 
known as assist control (AC)

Shifts the work of breathing to the ventilator Patient’s spontaneous triggering may result in 
inadvertent or unintentional hyperventilation

Synchronized intermittent mandatory 
ventilation (SIMV)

Divides the work of breathing between the 
patient and the ventilator

Easier to wean 
Spontaneous breaths can be supported to 

facilitate spontaneous breathing effort

May shift too much work of breathing to the 
patient if not monitored closely

May result in dysnchrony when spontaneous 
breaths compete with mandatory breaths

Continuous spontaneous ventilation Patient controls breath and allows for 
greater patient comfort

Patients may tire or have apneic episodes, 
resulting in hypoventilation

TABLE 27-6
Breath Sequence Comparison

Mode Advantages Disadvantages

Volume control 
ventilation (VCV)

Every mandatory breath delivered by the ventilator 
at a preset volume 

Constant flow pattern characteristics result in a more turbulent 
flow and higher peak pressures

Pressure control 
ventilation (PCV)

Decelerating flow pattern results in a more laminar 
flow and desired tidal volumes can be achieved at 
lower peak pressures 

Volume delivery is based on lung compliance and can change, 
resulting in variable tidal volume delivery 

Volume targeted 
ventilation

Combines the advantages of VCV and PCV by 
targeting a tidal volume and delivering it in a 
decelerating flow pattern 

Breath delivery is based on feedback to the ventilator and will 
be affected by endotracheal tube (ETT) leaks (caution should be 
taken if the leak exceeds 30%)

TABLE 27-7
A Summary of the Advantages and Disadvantages Associated with Modes of Ventilation

FIGURE 27-3 An illustration of documentation used to communicate progress toward goal attainment. Note the goal of achieving adequate 
spontaneous respiratory support is projected in 10 days. The respiratory therapist provided a summary of the barriers to goal attainment. In this 
case, the supporting evidence can be found in the patient’s flow sheet documentation. The flowsheet provides the spontaneous respiratory rate and VT 
details at the time of the assessment.
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  Infant Toddler Small Child Child Adolescent

Age range 30 days to 1 year >1–3 years >3–5 years >5–10 years >10 years 

Mandatory breath rate (breaths/min) 25–40 20–35 20–30 18–25 12–20

TABLE 27-8
Recommendations for Initial Mandatory Breath Rate Settings by Age

Setting Mandatory Breath Rate
Pediatric patients can be classified as infant, toddler, 
small child (preschool), child (school age), and adoles-
cent. The initial mandatory rate set on a mechanical 
ventilator depends on the normal respiratory rates for 
each of the aforementioned age-based classifications 
and the disease process contributing to the need for 
ventilatory support. Some commonly used initial re-
spiratory rate settings by age group are presented in 
Table 27-8.

The set mandatory rate will be dependent upon  
severity and progression of disease. Children with high 
airway resistance and air trapping require respiratory 
rates at the lower range of normal and a longer expira-
tory time. Because respiratory rate is a component of 
minute ventilation (VE = RR × VT), there is an inverse 
relationship with CO2 removal. Increasing the manda-
tory rate should reduce arterial CO2 provided that the 
delivered VT is unchanged. During weaning, the man-
datory rate may be weaned to a minimum rate (i.e., 
4–6 breaths/min depending on the patient’s age) or to 
CPAP with or without pressure support in all  
age groups.

Setting Tidal Volume (VT) or Inspiratory 
Pressure (IP)
Lung protective strategies recommend limiting the de-
livered VT to 6 to 8 mL/kg. Tidal volume can either be 
directly set (as with VCV) or will be a result of inspira-
tory pressure delivery applied to baseline PEEP (during 
PCV). When PCV is used, VT delivery will vary and is 
based on the compliance and resistance of the respira-
tory system. As lung compliance worsens, VT delivery 
will decrease. Conversely, as the disease process and 
lung compliance improve, the VT delivered with each 
mandatory pressure controlled breath will increase. 
Careful VT monitoring is necessary when PCV is used 
to avoid hypoventilation or potential lung injury from 
the delivery of excessive volumes. There is an inverse  
relationship between VT and CO2 removal: Increasing 
the VT should reduce arterial CO2 provided that the  
respiratory rate is unchanged.

Limiting VT to avoid alveolar overdistention is a 
component of lung protective strategy. It is important 
to note that regional overdistension can still occur if 
significant atelectasis persists and gas flow patterns are 
diverted to the more compliant areas of the lung.24

Adjusting Inspiratory Time,  
Flow, and I:E Ratios
Inspiratory time (TI) is an operator-set parameter 
during PCV and will be dependent on the mandatory 
breath rate setting and age of the patient. To allow  
sufficient time to exhale, the TI should allow for an I:E 
ratio of at least 1:2. When VCV is used, the clinician 
will either adjust the flow rate to achieve the target TI or 
set the TI to produce a constant flowrate. The aforemen-
tioned adjustments depend on the specific brand  
of ventilator used.

The general starting point for setting the inspiratory 
flowrate is 10 L/minute per 100 mL of VT. There is an 
inverse relationship between flowrate and TI: Higher set 
inspiratory flowrates result in a shorter TI. Because time 
constants are longer in children compared to preterm or 
term newborn infants, the TI set for pediatric patients is 
longer than that set for term or preterm newborns. The 
total cycle time influences inspiratory and expiratory 
times. It is important for the clinician to set the TI at a 
target that is age appropriate and to allow for sufficient 
time to achieve complete exhalation before the next 
breath occurs.

Ventilator graphics can be a valuable tool in evaluat-
ing the appropriateness of TI and/or flowrates during 
mechanical ventilation. Figure 27-4 represents the flow 

FIGURE 27-4 Examples of flow-time waveforms during PCV when  
TI is not set appropriately for the patient’s age and disease condition.

L/min

L/min

Inspiration ends before exhalation begins,
resulting in a breath hold if the T1 is too long

Inspiration will end when expiration
begins when the T1 is set appropriately
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waveforms during PCV that occur when TI settings are 
and are not appropriately set.

During VCV, the clinician must observe the 
flow-time scalar and compare the end of inspiratory 
flow to the start of exhalation. TI is set appropriately 
when flow stops as exhalation begins and there is no 
evidence of a breath hold or premature breath termina-
tion (Figure 27-5).

When inspiratory flowrates are set too slow, pro-
longed TI results and a plateau will occur on the volume 
waveform, indicating a breath hold (Figure 27-6). If the 
inspiratory time is too short or flowrates are too aggres-
sive, the clinician will observe premature breath termi-
nation before the volume is delivered. Flowrates that are 
set too high will contribute to turbulent flow delivery to 
the airways, which may compromise the distribution of 
ventilation. Graphically, this can be seen by the delivery 

of higher peak inspiratory pressures and the presence of 
pressure overshoot (Figure 27-7).

The Use of PEEP
PEEP is used to recruit and maintain FRC. As FRC is 
restored and approaches the opening pressure of the 
lung, less positive pressure will be required to deliver 
volume during a breath. This is an important concept 
in the application of lung protective ventilation strate-
gies.24 Inadequate PEEP results in atelectasis, allowing 
gas flow to follow the path of least resistance into open 
regions of the lung, leading to regional overdistension 
in the presence of heterogeneous lung disease.25 When 
PEEP levels are less than the opening pressure of the 
lungs, the pressure applied to the lungs does not result 
in volume delivery until the opening pressure is reached 
(Figure 27-8A). When the lungs are overdistended, 
pressure applied at the end of the breath does not re-
sult in additional volume delivery because the alveoli 
are maximally stretched. The pressure volume curve is 
helpful in identifying overdistention. The portion of the 
curve where pressure continues to rise but volume pla-
teaus is referred to as beaking (Figure 27-8B).

Pressure–volume curves can be difficult to obtain 
when the patient is not paralyzed. As a result, clinicians 
often set PEEP to the level that produces the small-
est change in pressure, or delta pressure (ΔP). ∆P is 
calculated as PIP – PEEP at a specific VT and provides 
the set level of PEEP of best compliance. When PEEP 
is set too high, intrathoracic pressure rises to a point 
where hemodynamic compromise can occur. Therefore, 
it is important to monitor systemic blood pressure and 
to evaluate the effect that titrating PEEP levels has on 
hemodynamic stability. Changes in blood pressure (i.e., 
hypotension) during PEEP titration are a sign that PEEP 
is set too high and should be reduced.

Setting and Adjusting Inspired  
Oxygen Concentration (FiO2)
Adequate oxygenation is important for neurodevelop-
ment and end-organ perfusion; however, excessive 

FIGURE 27-6 Evaluation of the flow-time and volume-time 
waveforms during VCV. This graphic illustrates the effect set flow 
has on TI when set too low.

FIGURE 27-7 A graphical example of pressure overshoot, resulting from 
the delivery of high inspiratory flows, which also results in a very short TI.FIGURE 27-5 Evaluation of the flow-time and volume-time 

waveforms during VCV to determine the appropriateness for the flow 
setting. The white line represents end inspiration and the transition 
to passive exhalation. Flow stops as exhalation begins. There is 
no evidence of a breath hold or premature breath termination. This 
indicates that the flowrate set is providing a TI that is appropriate for 
the patient.
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FIGURE 27-8 Pressure volume curves illustrating the opportunity 
to appropriately set PEEP and inspiratory pressure. (A) PEEP in this 
case is set too low. PEEP should be increased to "Opening Pressure" 
or the PEEP should be increased to the pressure level at the point 
when volume begins to increase (depicted by the red arrow). (B) 
Beaking (depicted by the black arrow) is a sign of overdistention and 
can contribute to volutrauma. The inspiratory pressure, in this case, 
should be decreased to the pressure at which volume ceases to 
produce additional volume (red arrow).
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levels of oxygen have been associated with systemic 
inflammatory responses resulting in pulmonary com-
plications.26 The goals related to oxygen delivery should 
be diagnosis based and provide adequate tissue oxygen-
ation at the lowest possible FiO2. Table 27-9 provides 

an example of target saturation ranges based upon 
 diagnosis or condition-specific considerations.

Setting and Adjusting Trigger  
and Cycle Sensitivity
Trigger refers to the initiation of an inspiratory breath. 
Mechanical breaths can be initiated or triggered by the 
patent’s spontaneous effort or by the ventilator when 
no patient effort exists or is detected. Breaths that are 
ventilator or machine triggered occur after a preset time 
elapses and depends on the set mandatory rate, inspira-
tory time, or flow. For example, during pressure control 
ventilation, a breath will be delivered every 3 seconds 
when the mandatory rate is set to 20 breaths per minute 
and the inspiratory time is set at 1 second.

The use of flow triggering is common in infants and 
children while pressure triggering may be seen in older 
children and adolescents. It is easier for infants and 
younger children to flow trigger because this trigger 
mechanism is referenced to the bias flow the ventilator 
delivers. Commonly, a flow sensor placed at the patient 
wye or connection is used to sense inspiratory effort. 
This allows the ventilator to sense small changes in flow 
and to use that mechanism to sense inspiratory effort to 
synchronize breath delivery with patient need or effort.

It is important to adjust the inspiratory trigger set-
ting to a level that is sensitive enough to detect inspi-
ratory effort. The inspiratory trigger setting is patient 
specific and based on the strength of spontaneous inspi-
ratory effort as well as on the presence and magnitude 
of an ETT leak. If the trigger is set too low, the ventila-
tor will auto-trigger. Auto-triggering can also occur 
when excess condensation is present in the ventilator 
circuit. Depending on the trigger sensitivity setting, ex-
cessive condensation can slosh in the circuit and cause 
frequent and rapid changes in bias flow, which in turn 
are interpreted by the ventilator as patient effort. When 
the trigger is not set sensitive enough to detect patient 

Diagnosis or Condition Saturation Target Considerations

Passive pulmonary blood flow 
(Glenn, Fontan) 

70–75% (Glenn) Liberal use of oxygen will lower pulmonary pressures and enhance pulmonary 
blood flow.

85–90% (Fontan)

Conditions associated with 
pulmonary hypertension

95% Liberal use of oxygen will lower pulmonary pressures and enhance pulmonary 
blood flow.

Acute lung disease (PARDS) ≥88%4 Targeting normal oxygen saturations will result in the use of higher inspiratory 
pressures and risk VILI.

Normal lung function 93–99% When mechanical ventilation is required for patients with normal lung function, 
the saturation target should be within the normal range and the FiO2 requirement 
should be ≤0.40.

TABLE 27-9
Oxygen Saturation Targets for Children Based on Diagnosis or Specific Conditions

(A)

(B)
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breathing effort, the ventilator will not respond to the 
patient’s inspiratory efforts and will contribute to an 
increased work of breathing. Auto-triggering and trig-
ger sensitivity that are set below a level that prevents the 
ventilator from detecting inspiratory effort contribute 
to patient–ventilator dysynchrony.

Cycle sensitivity refers to the setting that terminates 
the inspiration, transitioning the breath to exhalation. 
The term used for this setting is not standard and var-
ies by ventilator manufacturer. Cycle sensitivity is used 
to control the duration of the breath during pressure 
support breaths. Most ventilator manufacturers use a 
general default value that requires a drop in peak flow 
of 25% to 30% of the maximum flow. The cycle sensi-
tivity setting allows the clinician to adjust the default 
setting, based on the respiratory pattern of the patient, 
to improve patient–ventilator synchrony. For example, 
if a large or significant ETT leak is present, inspiratory 
time may be prolonged during a pressure supported 
breath. In this case, the ventilator senses the leak and 
interprets it as volume loss. In response to the ventila-
tor’s interpretation, additional flow is delivered over a 
longer period of time to compensate for the perceived 
volume loss, which increases total inspiratory time. To 
minimize the risk for prolonged inspiratory times when 
large or significant ETT leaks are present, the clinician 
can increase the cycle sensitivity, which in turn will syn-
chronize the transition from inspiration to expiration 
with the patient’s breathing pattern.

Ventilator graphics are very helpful and can assist 
the clinician in setting trigger and cycle sensitivity. The 
flow-time waveform allows the clinician to visualize the 
onset of inspiratory flow by observing the flow-trigger 
indicator at the onset of inspiratory flow. When a pa-
tient is making inspiratory effort and a deflection in 
flow is noted on the flow-time waveform but a mechani-
cal breath is not triggered, the setting is not sensitive 
enough. Conversely, when there is no detectible de-
flection in flow but the ventilator is delivering breaths 
above the set mandatory rate, the trigger sensitivity set-
ting is set too sensitively.

The clinician should also observe the transition from 
inspiration to expiration. When inspiration is prolonged 
and the patient is making active efforts to exhale, the 
cycle sensitivity is not set sensitive enough.

Strategies for Preventing Lung Injury
Factors related to VILI are barotrauma, volutrauma, 
hyperoxia, and the underlying disease process.27 Strate-
gies used to prevent lung injury are targeted at reduc-
ing alveolar overinflation by minimizing the duration 
and intensity of positive pressure delivered to the lungs 
and include ventilator management strategies that in-
corporate permissive hypercapnia; early extubation; 
nonconventional ventilation, such as high-frequency 
ventilation; and alternative therapies, such as extracor-
poreal membrane oxygenation.

VILI can lead to complications that negatively im-
pact patient outcomes and contribute to increased ICU 
and hospital lengths of stay. The process of repeated 
collapse and re-expansion of the ventilating lung units, 
or atelectotrauma, is often heterogeneous and results 
in uneven distribution of ventilation.28 Heterogeneous 
atelectasis can potentially lead to regional overdis-
tention of the lungs and result in volutrauma, which, 
when combined with underinflated areas of the lung, 
contribute to ventilation/perfusion mismatch.28 This 
mixed pattern of lung inflation is most often seen in 
conditions related to restrictive lung disease with low 
lung compliance, but obstructive lung diseases can 
have a restrictive component that will complicate ven-
tilator management.28 Lung recruitment maneuvers 
and PEEP management can maximize lung inflation 
and improve ventilation/perfusion match and gas 
exchange.29

Permissive hypercapnia is a strategy that allows 
PaCO2 levels to rise above normal values while main-
taining a pH of 7.20 to 7.25 or greater. The literature 
reports that a higher CO2 tolerance in combination with 
reduced tidal volume, effective lung recruitment, and 
adequate PEEP to minimize alveolar collapse during 
expiration will lead to a reduction in positive pressure 
ventilation and therefore lower the rates of VILI and 
VAEs.30 It is important to note that permissive hyper-
capnia may not be indicated for patients with pulmo-
nary hypertension, hemodynamic instability, or elevated 
intracranial pressures.

Advanced Modes of Ventilation and  
Concepts: High-Frequency Jet Ventilation  
and High-Frequency Oscillatory Ventilation 
(HFJV, HFOV)
The indications and concepts of gentle ventilation  
using high-frequency oscillatory ventilation (HFOV) or 
high-requency jet ventilation (HFJV) for pediatric  
patients are similar to those for neonatal patients. 
The use of HFJV and HFOV in pediatric patients is 
controversial and often used when children are failing 
conventional ventilation.31 Indicators that conven-
tional ventilation has failed include plateau pressures of 
greater than 28 cm H2O or oxygenation index (OI)  
of greater than 12 to 15 (OI = mPAW × FiO2/PaO2).31

The hertz setting in HFOV is typically lower in pe-
diatric patients. Because inspiratory time is based on a 
percentage of cycle time, and tidal volumes are larger 
in children compared to neonates, the piston has a lon-
ger time for forward movement to deliver the volume 
required to ventilate a child, therefore necessitating a 
lower hertz rate.32 Pediatric patients weighing more 
than 35 kg require the use of the Sensormedics 3100B 
(Cardinal Health, Dublin, OH). The concept of lung re-
cruitment and lung protection during HFOV provides 
ventilation in the safe lung zone (Figure 27-9).
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FIGURE 27-9 An illustration of the safe zone, or the area of 
ventilation HFOV targets. The red areas indicate (A) underinflation or 
(C) overinflation. (B) The desired inflation point or safe zone at which 
ventilation is effective without risk of lung trauma

A

B

C

There are several factors to consider when transi-
tioning a child from conventional ventilation to HFOV. 
Table 27-10 provides guidelines for initial HFOV set-
tings, mirroring those used for neonates and infants, 
and outlines the factors to consider. Gas exchange can 
change rapidly during HFOV, and clinicians need to be 
able to recognize and react to those changes to avoid 
complications. Ventilator adjustment strategies are 
similar to those used for neonates and are presented in 
Table 27-11. Pediatric patients are frequently weaned 
to minimum HFOV settings and are much more likely 
to be converted to conventional ventilation prior to 
extubation.

HFJV is an alternative to HFOV in pediatric patients 
and is commonly provided by the Bronchotron or  
VDR 4, both manufactured by Percusionaire (Sand-
point, ID) (Figure 27-10). These HFJVs provide time-
cycled and pressure-limited high-frequency pulsations 
over a baseline pressure. Tidal volumes delivered during 

Settings Lung Recruitment
Lung Protection  
(Minimizing the Chance for Air Leaks or Hyperinflation)

Hz Patient specific: Patient specific:

Infant: 8–10 Hz Infant: 10–12 Hz

Child: 6–10 Hz Child: 6–10 Hz

Adolescent: 3–5 Hz Adolescent: 3–5 Hz

mPAW 2–4 above mPAW of the conventional ventilator Equal to mPAW of the conventional ventilator

Increase mPAW by 1 cm H2O until desired SpO2 is 
achieved, then wean FiO2

Accept SpO2 ≥88%

FiO2 100% 100%

Amplitude Enough to produce chest wiggle in the following 
manner:

Enough to produce chest wiggle in the following manner:

Infant: The abdomen Infant: The abdomen

Child: The hip Child: The hip

Adolescent: The thigh Adolescent: The thigh

Adjust ∆P by 2–4 to change ventilation (á∆P to âCO2) Adjust ∆P to accept permissive hypercapnia in the absence 
of pulmonary hypertension

TI 33% (never to exceed 50%) 33% (do not adjust)

Monitoring 
transcutaneous 
CO2 and oxygen 
saturation by pulse 
oximetry

Highly recommended Highly recommended

Rapid changes in PaCO2 levels may occur, affecting 
cerebral perfusion

Rapid changes in PaCO2 levels may occur, affecting 
cerebral perfusion

As mPAW approaches opening pressure of the lung, 
oxygenation will improve 

As mPAW approaches opening pressure of the lung, 
oxygenation will improve

TABLE 27-10
Guidelines for Initial HFOV Settings in Children
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HFJV are higher and mandatory rates are lower than 
ventilation with HFOV. Exhalation differs as well. Exha-
lation is passive during HFJV and active during HFOV. 
The VDR 4 differs from the Bronchotron in that the pul-
satile flowrate and demand CPAP settings are separate 
controls, which allows the clinician to have greater con-
trol of breath delivery. The literature reports that airway 
patency may be better maintained with the use of HFJV 
because gas is not actively withdrawn during exhalation, 
therefore reducing the potential for airway collapse.33 
Additionally, HFJV is the preferred mode in the pres-
ence of bronchopleural fistulas.33

Oxygenation with HFJV is controlled by mean air-
way pressure (mPAW), which is a product of the demand 
CPAP/PEEP, the oscillatory CPAP/PEEP, and the fre-
quency. Ventilation is controlled by the frequency and 
pressure settings. The management strategy related to 
titrating ventilation and oxygenation mimics that of 
pressure control ventilation.

HFOV and HFJV are more common in centers that 
care for critically ill pediatric patients than centers that 
care only for critically ill neonates. The choice related to 
which device to use should be based on diagnosis and 
the overall goals of ventilation.

Biphasic Ventilation and APRV
Biphasic ventilation is a pressure control breath de-
livery type and applies two distinct PEEP levels (high 
and low), which allows for spontaneous ventilation 
throughout the ventilation cycle and the availability to 
add pressure support to augment a spontaneous breath. 
Airway pressure release ventilation (APRV) differs from 
biphasic ventilation in that the high PEEP setting is ap-
plied for a longer duration of time than the time applied 

at the low PEEP setting. APRV provides an inverse I:E 
and is most commonly used in conditions associated 
with hypoxic respiratory failure and low lung compli-
ance. When the lung compliance is low, exhalation  
occurs rapidly and air trapping is not a concern. 
 Biphasic APRV should be considered when conven-
tional ventilation efforts are failing as evidenced by 
 increasing respiratory acidosis and hypoxemia. The  
clinician can quantify the severity or progression of  
hypoxemia by following the child’s calculated OI.

The maximum I:E ratio used during APRV is 4:1, 
which significantly increases mPAW. There is a risk for 
hemodynamic comprise secondary to the high transpul-
monary pressures produced by the high mPAW. There-
fore, careful consideration should be given to patients 
with cardiac compromise prior to employing this strat-
egy. Minute ventilation and CO2 removal are a result 
of the number of transitions (rate) between high and 
low PEEP and the volume of gas that is produced (VT) 
during those transactions. Oxygenation is a product of 
the mPAW pressure and FiO2. Graphic representation of 
APRV is provided in Figure 27-11.

FIGURE 27-10 The (A) Bronchotron and (B) VDR 4 high-frequency 
ventilators.
Courtesy of Percussionaire Corp.

Parameter To Increase To Decrease

O2 ↑ mPAW ↓ mPAW

↑ FiO2 ↓ FiO2

↑ TI (not very effective—do 
not use in lung protection 
strategy)

 

Initiate inhaled nitric oxide 
therapy in the presence of 
pulmonary hypertension

 

CO2 ↓ amplitude ↑ amplitude

↑ Hz ↓ Hz (this results in 
higher gas delivery 
and is equivalent to 
increasing the VT)

TABLE 27-11
Ventilator Adjustment Strategies Used to Manage 
Children Requiring HFOV

(A)

(B)
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FIGURE 27-11 A graphic illustration of mechanical ventilation with APRV. Note the inverse I:E ratio.
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Biphasic ventilation delivers high and low pressures 
with I:E ratios that are not inverse and is graphically repre-
sented in Figure 27-12. This strategy might be useful in a 
patient with a leaky ETT or mild to moderate hypoxemia.

Neurally Adjusted Ventilatory Assist (NAVA) 
Neurally adjusted ventilatory assist ventilation (NAVA) 
is the proprietary name of a spontaneous mode of 
ventilation available on the Servo-I and Servo-U 
 ventilators (Maquet, Rastatt Germany). This mode of 
ventilation was reviewed in Chapter 26. This use of 
NAVA in children is similar to its use with neonates and 
newborn infants. However, there are some nuances for 
its particular use in children. Similar to pressure sup-
port, the patient’s own respiratory drive controls the 
rate of ventilation. This spontaneous mode of ventila-
tion uses an orogastric catheter embedded with special 
sensors that detect electronic signals from the phrenic 

nerve to the diaphragm, sensing diaphragmatic contrac-
tion. These signals are used to synchronize the delivery 
of flow and to preset pressure to the patient. The breath 
ends when the sensors embedded in the orogastic 
catheter sense diaphragmatic relaxation. These signals 
are transmitted to and interface with the ventilator to 
control flow delivery during the inspiratory phase of 
ventilation. When the diaphragm relaxes, flow ceases 
and the patient is permitted to exhale. Responsiveness 
of the ventilator is more effective because it is based 
on diaphragm contractility as opposed to flow require-
ments detected at the ventilator. Diaphragm activity is 
controlled by impulses sent to the phrenic nerve and 
is a true reflection of patient demand based on native 
neurologic responses. The NAVA level controls the 
amount of ventilator assist that is provided to the pa-
tient. The performance of the ventilator and delivery 
of flow while the patient is in NAVA is unaffected by 
leaks associated with endotracheal tubes. However, this 
is not as important in the pediatric population as it is 
with neonates and newborn infants. This is because en-
dotracheal tubes with cuffs are typically used with pe-
diatric patients and uncuffed tubes with neonates and 
newborn infants. Because NAVA uses signals from the 
diaphragm to determine inspiratory effort, this propri-
etary mode of ventilation has been shown to improve 
patient synchrony, which may minimize patient work 
of breathing. Table 27-12 provides a review of NAVA 
terminology.

The use of NAVA with children is identical to its use 
with neonates and newborn infants in that this mode 
of ventilation can be used invasively or noninvasively. 
During invasive NAVA, there are safety backup ventila-
tion features that ensure the child receives mechanical 
ventilatory support if the diaphragm catheter signal 
is lost or the child becomes apneic. If the diaphragm 

FIGURE 27-12 A graphic illustration of biphasic ventilation. Note 
that the I:E ratio is not inverse.
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signal is lost, the child will receive pressure support 
ventilation. Backup ventilation is provided if the child 
becomes apneic or if the ventilator is unable to detect 
spontaneous effort that is sufficient enough to trigger 
pressure supported breaths. The length of time and fre-
quency with which the child receives backup ventilation 
may be important to the care of children with neurode-
generative disorders receiving this form of ventilatory 
support. Monitoring backup ventilation trends may 
provide an indication that the child’s muscle weakness 
is worsening. When NAVA is used in conjunction with 
a ventilator liberation strategy, monitoring backup ven-
tilation trends may provide the clinical team with infor-
mation useful for evaluating how the patient tolerated 
the ventilator management plan of care. Both pressure 
support and backup ventilation are determined by and 
parameters are set by the clinician. Pressure support 
and backup ventilation are available in invasive and 
noninvasive NAVA. Backup ventilation allows for full 
ventilatory support if all patient breathing efforts were 
to cease.

Preparing the child for this mode of ventilation is 
important. The procedure for initiating this mode of 

ventilation is found in Table 27-13. Since a special 
orogastric catheter is needed to detect diaphragmatic 
signals, selecting the appropriate-size catheter is impor-
tant. Catheter size is dependent on the patient’s height. 
A sizing chart can be found in Table 27-14. Once the 
clinician selects the correct catheter size, depth of in-
sertion must be calculated to place the catheter in the 
location to detect a strong signal. Table 27-15 provides 
guidelines for determining the catheter insertion depth. 
Once the catheter is inserted to the premeasured depth, 
ventilator graphics are used to adjust the catheter posi-
tion. The graphics used to adjust the catheter position 
can be accessed through the NAVA menu, after which 
there is a selection softkey for the Edi catheter position-
ing, as shown in Figure 27-13. Basic NAVA preview sig-
nal observations shown in Figure 27-13 should include 
verification of the following:

■■ The Edi catheter signal should display from larger 
to smaller; if the signal goes from smaller to larger 
in size, the catheter may have looped around and 
the catheter should be pulled back and reinserted.

■■ If the blue signals are in the top two rows, the 
catheter is advanced too far and should be pulled 
back.

■■ If the blue signals are in the bottom two rows, the 
catheter should be advanced.

1. Place the NAVA module with cable into the designated slot on 
the side of the Servo I or U ventilator.

2. Select the appropriate Edi catheter (based on size of the 
patient). 

3. Dip the end of the catheter into some sterile water or pour 
sterile water into the catheter tray prior to insertion (careful 
not to wet the cable connectors)—do not use lubricant on the 
catheter. Wetting the catheter helps to activate the sensors 
within the catheter. 

4. Insert the catheter to the premeasured depth (see NEX— 
Table 27-15) and plug into the NAVA cable.

5. Access the NAVA menu by depressing the NAVA softkey, then 
select Edi catheter positioning to verify catheter placement 
(Figure 27-13).

TABLE 27-13
Procedure for the Initiation of NAVA

EDI Catheter Size Inner Electrode Distance (IED) Patient Weight Patient Height

16 Fr: 125 cm 16 mm --- >140 cm

12 Fr: 125 cm 12 mm --- 75–160 cm

8 Fr: 125 cm 16 mm --- >140 cm

8 FR: 100 cm  8 mm --- 45–85 cm

TABLE 27-14
Pediatric and Adolescent NAVA Catheter Sizes

Term Meaning

NAVA level The NAVA level is the overall level of support 
provided to the patient (higher levels indicate more 
ventilator assist).

Edi peak This is an indication of the inspiratory work of 
breathing and indicates the contractility or energy 
expenditure of the diaphragm.

Edi min This is an indication of the expiratory work of 
breathing and indicates the effectiveness of PEEP 
and the relaxation state of the diaphragm.

Trigger Edi This is indicative of the amount of diaphragm 
exertion required to initiate a response from the 
ventilator.

TABLE 27-12
NAVA Terminology
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Size Fr/cm Calculation 

16 Fr NEX (cm) × 0.9 + 18 = Y (at the nose)

12 Fr NEX (cm) × 0.9 + 15 = Y (at the nose)

8 Fr: 125 cm NEX (cm) × 0.9 + 18 = Y (at the nose)

8 Fr: 100 cm NEX (cm) × 0.9 + 8 = Y (at the nose)

NEX (cm) = nose/earlobe/xyphoid
Y = insertion distance from tip to the nose

TABLE 27-15
Estimated Nasal Catheter Insertion Depth

FIGURE 27-13 Graphical illustration of the signals obtained and 
trended during NAVA catheter positioning.
Courtesy of Getinge.

NAVA level and PEEP determinations mirror those 
used in the neonatal patient. Alternatively, the clinician 
may choose to place the patient in NAVA ventilation and 
titrate the NAVA level to achieve a pre-NAVA peak inspi-
ratory pressure (PIP), a predetermined VT, or an Edimax 
that is <20 mV and a delivered VT that is within the pre-
scribed target range. After the NAVA level is set, the PEEP 
can then be adjusted to produce an Edimin of <2 mV.

There are other parameters, the clinician must set, 
which include the trigger Edi, pressure support, and 
backup ventilation. The trigger Edi should be set so that 
flow from the ventilator begins as the diaphragm con-
tracts; this is seen graphically as a lavender spike at the 
onset of the diaphragm waveform (Figure 27-14).

Settings for pressure support and backup ventila-
tion during NAVA will be patient specific and should 
be determined based on age, weight, diagnosis, and 
pulmonary condition of the patient. Pressure support 
(PS) and pressure control (PC) settings should be suf-
ficient enough to provide full ventilator support; the 
peak pressure observed during NAVA ventilation will 
serve as a guide to the PS and PC settings. When setting 
the trigger for NAVA and PS, it is important to note that 
the ventilator will provide the spontaneous breath based 

on the trigger signal that is sensed first. This becomes 
more important in the presence of an ETT leak and 
may require adjustment of the flow trigger (increase the 
flow threshold) and the inspiratory cycle (increase the 
percentage) settings to maximize NAVA triggering. An 
illustration of the ventilator screen displaying backup 
settings is seen in Figure 27-15.

There is a dearth of information regarding ventilator 
management with this proprietary mode of ventilation. 
Although ventilator management in the NAVA mode 
needs more study, commonly used guidelines are pre-
sented in Table 27-16.

FIGURE 27-14 An example of using NAVA graphics to set the NAVA 
level. The lavender originates from the beginning of diaphragmatic 
contraction, indicating that the Edi trigger is appropriately set. If the 
lavender spike appears higher on the diaphragm signal, the trigger 
is set too high and the activity is not picked up until the diaphragm 
is partially contracted; conversely, if the signal is displayed on the 
down slope of the signal, the trigger is set too low and the ventilator 
is picking up activity during the relaxation phase. Note the lack 
of diaphragm signal with a flow-triggered response will cause the 
ventilator to deliver a pressure-supported breath.
Courtesy of Getinge.

FIGURE 27-15 An illustration of the ventilator screen displaying 
pressure support and backup ventilation settings.
Courtesy of Getinge.
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Prone Positioning
Prone positioning changes the distribution of alveolar 
ventilation by redistributing blood flow and altering the 
regional lung compliance.34 This redistribution of blood 
flow and increased regions of improved lung compli-
ance result in improved ventilation/perfusion match and 
better gas exchange. Other effects of prone positioning 
include less left lower lung compression by the heart 
and enhanced secretion removal.34 Studies have shown 
significant improvements in PaO2/FiO2 ratios following 
prone positioning at interval time points. The improve-
ment in PaO2/FiO2 ratios and a reduction in mortality 
were associated with the use of prone positioning.35

Maintaining the airway patency and position of the 
ETT or tracheostomy tube and intravenous lines while po-
sitioning the patient prone is technically difficult. It takes a 
multidisciplinary team with a highly coordinated approach 
to safely change the patient from a supine to a prone posi-
tion. The Pediatric Acute Lung Injury Consensus Confer-
ence Group does not routinely recommend the use of 
prone positioning, although they do recommend that it is 
considered in cases of severe pediatric ARDS.4

Management of the Patient Requiring  
Invasive Ventilation
Ventilatory management is complex and principles can-
not be universally applied to all patients. Management 
requires evaluation of current pathophysiology and 
clinical presentation. Several factors should be consid-
ered when making decisions regarding ventilator man-
agement. The disease process, chest radiograph results, 
current respiratory status, and potential complications 
must all be considered. A summary of ventilatory man-
agement for conventional and nonconventional modes 
of ventilation related to the desired effect on ventilation 
and oxygenation are presented in Table 27-17.

Wide swings in CO2 levels should be avoided. CO2 
levels that are too high are associated with acidosis, 
pulmonary vasoconstriction, and increased cerebral 
blood flow and may be harmful to patients with el-
evated intracranial pressures and patients with pul-
monary hypertension. Excessively low CO2 levels are 
associated with limited cerebral blood flows. Targeted 
values for arterial blood gas tensions are found in 
Table 27-18.

Desired Effect Conventional Ventilator HFOV HFJV

↑ PO2 ↑ FiO2, ↑ PEEP, ↑ PIP ↑ FiO2, ↑ MAP ↑ FiO2, ↑ HFJV PIP, ↑ demand PEEP,  
↑ oscillatory PEEP, ↑ I:E ratio settings

↓ PaO2 ↓ FiO2, ↓ PEEP, ↑ PIP ↓ FiO2, ↓ MAP ↓ FiO2, ↓ HFJV PIP, ↓ demand PEEP,  
↓ oscillatory PEEP, ↓  I:E ratio settings

↑ PaCO2 ↓ rate, ↓ PIP, ↓ set or target VT ↓ amplitude ↓ HFJV PIP, ↓ HFJV frequency 

↓ PaCO2 ↑ rate, ↑ PIP, ↑ set or target VT ↑ amplitude, ↓ hertz ↑ HFJV PIP, ↑ HFJV frequency

Comment Target delivered VT should be  
4–6 mL/kg in all breath delivery types 
to avoid VILI.

MAP is used to recruit the 
lung while amplitude is used 
to eliminate CO2.

The VDR 4â virtually applies oscillations 
over biphasic pressures controlled by I:E 
ratio settings. 

PIP – PEEP = (ΔP) delivered VT: There is a linear difference between the ΔP and the VT, provided maximum inflation is not exceeded. Regardless of breath delivery 
type, the goal should be to maintain a delivered VT of 6–8 mL/kg.
Oxygenation is a product of oxygen concentration and mean airway pressure (MAP). The MAP is related to any setting that is related to the amount or duration of 
positive pressure delivery (PIP, PEEP, and, to a lesser degree, rate and TI).
CO2 levels are influenced by minute ventilation (VE): Rate × VT = VE.
During HFOV, the TI is a percentage of TCT; therefore, as hertz is ↓ TI is ↑, resulting in increased gas delivery per piston stroke.
During HFJV, pressure and rate adjustments mimic PC adjustments and TI is variable.

TABLE 27-17
Basic Conventional and Nonconventional Ventilator Management Strategies

Parameter Increase Decrease Notes

Oxygenation (O2) Increase FiO2 Decease FiO2 Before changing PEEP levels, it is important to evaluate the Edimin, as increasing 
or decreasing PEEP levels can lead to overdistension or derecruitment.

Increase PEEP Decrease PEEP

Ventilation (CO2) Increase NAVA 
level 

Decrease NAVA 
level

It will be important to evaluate the Edimax before changing the NAVA level. 

*Extubation may be considered when the PIP – PEEP is <10 cm H2O.

TABLE 27-16
Commonly Used Guidelines for Managing Patients Using NAVA
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Pediatric Lung Condition pH PaCO2 PaO2

Normal compliance 7.35–7.45 35–45 mm Hg 70–100 mm Hg

Decreased compliance (permissive 
hypercapnia)

7.15–7.253 60–70 mm Hg (to maintain pH) 50–70 mm Hg

Pulmonary hypertension 7.35–7.40 40–50 mm Hg 80–100 mm Hg in the absence of cyanotic 
heart disease

TABLE 27-18
Targeted Values for Arterial Blood Gas Tensions

Weaning and Extubation
Ventilator weaning should be individualized and out-
lined in the patient plan of care. Ventilator parameters 
that should be weaned are based on results from blood 
gas analysis or noninvasive monitoring. Weaning 
should be targeted first on the ventilator parameters 
or settings that are most toxic to the lungs. Excessive 
pressures and inspired oxygen level are considered 
the most damaging and should be adjusted first when 
weaning is considered.

Extubation criteria vary by center and include  criteria 
related to resolution of acute respiratory failure or active 
infection, the ability to sustain spontaneous respirations, 
and the ability to protect the airway. Most practitioners 
would consider extubation of the pediatric patient if the 
FiO2 were <0.40, the mandatory respiratory rate is min-
imal for age, the PIP is ≤20 to 25cm H2O, and the PEEP 
is ≤5 cm H2O. Postextubation interventions include the 
use of nasal CPAP, noninvasive ventilation, or high-flow 
nasal cannula. The postextubation intervention will 
depend on the patient’s ability to maintain FRC, minute 
ventilation, or oxygenation status. CPAP is used when 
the patient has a strong respiratory drive but the lung 
condition is associated with a loss of lung volume or air-
way malacia. Noninvasive ventilation is often used when 
the patient has a weak respiratory drive or respiratory 
muscle fatigue. The high-flow nasal cannula is designed 
to flush out the anatomic dead space and to provide an 
oxygen-enriched gas flow to the patient, improving the 
oxygenation status. High-flow nasal cannulas must be 
heated and humidified and can be used at flows of up to 
20 L/minute in pediatric patients and up to 40 L/minute 
in adolescent patients.

Ventilator weaning time can approach 40% of the 
total duration of mechanical ventilation, and advanced 
weaning tools are fueling the desire to improve efforts 
focusing on liberation from mechanical ventilation.36 
Weaning techniques range from protocols to the many 
closed loop ventilator modes commercially available. 
Automatic weaning modes available in the United 
States include mandatory minute ventilation (MMV), 
auto-mode, adaptive support ventilation (ASV), and 
smart care. MMV involves setting a target minute 

ventilation that is the reference point for support. The 
ventilator predicts the minute ventilation over 8 to 10 
breaths and provides support based on that prediction. 
Auto-mode monitors the spontaneous breathing efforts 
and automatically switches to a spontaneous mode of 
pressure support or volume support, provided the pa-
tient does not violate the trigger timeout. ASV uses a 
percentage of minute ventilation to determine the level 
of ventilator support provided. The percentage of min-
ute ventilation support provided is determined by the 
user. Smart care adjusts pressure support levels based 
on VT, respiratory rate, end-tidal carbon dioxide, and 
patient condition. Not all closed loop features are avail-
able for pediatric patients and the evidence is mixed.

Complications of Mechanical Ventilation
There are a number of complications or conditions re-
lated to mechanical ventilation, many of which can be 
minimized or prevented by careful monitoring of the 
patient. One of the most serious acute complications 
associated with the delivery of positive pressure venti-
lation is the development of pulmonary air leaks. Air 
leaks occur when excessive pressure is applied to the 
lungs, causing the alveolar wall to rupture and result-
ing in an accumulation of air in the pleural space. This 
causes the lung to collapse and impairs gas exchange 
and can lead to hemodynamic compromise.

Summary
Mechanical ventilation is complex and cannot be 
universally applied to all patients equally. The varia-
tions and complexity of the pediatric patient require 
that all patients be evaluated individually with careful 
consideration given to diagnosis, severity of illness, 
complications, and patient response. There is a much 
broader range of age and weight in the pediatric popu-
lation and treatment is complicated by the presence 
or absence of congenital abnormalities affecting car-
diopulmonary blood flow or physiologic development. 
The clinician must have a strong understanding of the 
unique challenges associated with pediatric disorders 
and the unique mechanical ventilation strategies that 
should be applied.
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Case Study 1
A 5-month-old male infant was admitted to the pedi-
atric intensive care unit for severe bronchiolitis. The pa-
tient was initially managed on high-flow nasal cannula 
but, due to worsening respiratory distress, progressed to 
the use of noninvasive positive pressure ventilation at an 
inspiratory pressure of 22 cm H2O, expiratory pressure 
of 4 cm H2O, and an FiO2 of 0.48. VT is approximately 
3.8 mL/kg. Arterial blood gas analysis 2 hours after the 
initiation of noninvasive ventilatory support reveals the 
following: pH 7.12, PaCO2 78 mm Hg, PaO2 50 mm Hg, 
HCO3 24 mEq/L, and base excess -4. SpO2 was 88%.

Classify the ABG: 
a. Uncompensated respiratory acidosis
b. Uncompensated metabolic acidosis

c. Compensated respiratory acidosis
d. Compensated metabolic acidosis 
Physical examination revealed grunting and significant 
suprasternal and intercostal retractions. Respiratory 
rate was 72 breaths per minute and heart rate was 
130 beats per minute.

What would the respiratory therapist recommend? 
a. Intubate and initiate mechanical ventilation
b. Change the FiO2 to 6.0
c. Increase the inspiratory pressure to 24 cm H2O
d. Decrease the expiratory pressure to 2 cmH2O

480 CHAPTER 27 Mechanical Ventilation of the Pediatric Patient 



12. Hawkins S, Huston S, Campbell K, Halbower A. High-flow, 
heated, humidified air via nasal cannula treats CPAP-intolerant 
children with obstructive sleep apnea. J Clin Sleep Med. 2017;13(8): 
981-989.

13. Dysart K, Miller TL, Wolfson MR, Shaffer TH. Research in high flow 
therapy: mechanisms of action. Respir Med. 2009;103(10):1400-1405.

14. Numa AH, Newth CJ. Anatomic dead space in infants and children. 
J Appl Physiol.1996;80(5):1485-1489.

15. Rea H, McAuley S, Jayaram L, et al. The clinical utility of long-term 
humidification therapy in chronic airway disease. Respir Med. 
2010;104(4):525-533.

16. Ward JJ. High-flow oxygen administration by nasal cannula for adult 
and perinatal patients. Respir Care. 2013;58(1):98-122.

17. Cornelissen LH, Bronneberg D, Bader DL, Baaijens FP, Oomens CW. 
The transport profile of cytokines in epidermal equivalents subjected 
to mechanical loading. Ann Biomed Eng. 2009;37(5):1007-1018.

18. Acorda DE. Nursing and respiratory collaboration prevents 
BiPAP-related pressure ulcers. J Pediatr Nurs. 2015;30(4):620-623.

19. Visscher MO, White CC, Jones JM, Cahill T, Jones DC, Pan BS. 
Face masks for noninvasive ventilation: fit, excess skin hydration, 
and pressure ulcers. Respir Care. 2015;60(11):1536-1547.

20. Bambi S, Mati E, De Felippis C, Lucchini A. Noninvasive ventilation: 
open issues for nursing research. Acta Biomed. 2017;88(1-S):32-39.

21. Ingimarsson J, Thorsteinsson A, Larsson A, Werner O. Lung and 
chest wall mechanics in anesthetized children. Influence of body 
position. Am J Respir Crit Care Med. 2000;162(2 Pt 1):412-417.

22. Laine-Alava MT, Murtolahti S, Crouse UK, Warren DW. Upper 
airway resistance during growth: a longitudinal study of children 
from 8 to 17 years of age. Angle Orthod. 2016;86(4):610-616.

23. Lambert RK, Castile RG, Tepper RS. Model of forced expira-
tory flows and airway geometry in infants. J Appl Physiol. 2004; 
96(2):688-692.

24. Broche L, Perchiazzi G, Porra L, et al. Dynamic mechanical inter-
actions between neighboring airspaces determine cyclic opening 
and closure in injured lung. Crit Care Med. 2017;45(4):687-694.

25. van Kaam A. Lung-protective ventilation in neonatology. Neonatology,  
2011;99(4):338-341.

26. Priestley MA, Helfaer MA. Approaches in the management of acute 
respiratory failure in children. Curr Opin Pediatr. 2004;16(3):293-298.

27. Jauncey-Cooke JI, Bogossian F, East CE. Lung protective ventilation 
strategies in paediatrics—a review. Aust Crit Care. 2010;23(2):81-88.

28. Wiswell TE, Srinivasan P. Continuous positive airway pressure. In: 
Goldsmith JP, Karotkin EH, eds. Assisted Ventilation of the Neonate. 
4th ed. Philadelphia: Elsevier;2003:128.

29. Jauncey-Cooke J, East CE, Bogossian F. Paediatric lung recruitment: a 
review of the clinical evidence. Paediatr Respir Rev. 2015;16(2):127-132.

30. Rotta AT, Steinhorn DM. Is permissive hypercapnia a beneficial 
strategy for pediatric acute lung injury? Respir Care Clin N Am. 
2006;12(3):371-387.

31. Arnold JH, Anas NG, Luckett P, et al. High-frequency oscillatory 
ventilation in pediatric respiratory failure: a multicenter experience. 
Crit Care Med. 2000;28(12):3913-3919.

32. Custer JW, Ahmed A, Kaczka DW, et al. In vitro performance 
comparison of the Sensormedics 3100A and B high-frequency 
oscillatory ventilators. Pediatr Crit Care Med. 2011;12(4):e176-e180.

33. Baumann MH, Sahn SA. Medical management and therapy of 
bronchopleural fistulas in the mechanically ventilated patient. 
Chest. 1990;97(3):721-728.

34. Johnson NJ, Luks AM, Glenny RW. Gas exchange in the prone 
posture. Respir Care. 2017;62(8):1097-1110.

35. Scholten EL, Beitler JR, Prisk GK, Malhotra A. Treatment of ARDS 
with prone positioning. Chest. 2017;151(1):215-224.

36. Branson RD. Modes to facilitate ventilator weaning. Respir Care. 
2012;57(10):1635-1648.

481References





©
 A

nn
a R

ub
aK

/S
hu

tte
rSt

oc
k, 

Inc
.

OUTLINE
Introduction
Description

Physiology in Normal Term Infants
Components of Pulmonary Surfactant

Fetal Lung Maturity Testing
Antenatal Steroids and Surfactant Production

Indications
Preparations
Administration
Clinical Considerations for Therapeutic Administration
Hazards/Complications
Limitations

Summary
References

OBJECTIVES
1. Define surfactant replacement therapy.
2. Describe the role of surfactant in the lungs and surfactant 

replacement agents.
3. Describe the indications for surfactant administration.
4. Explain the methods of administering surfactant.
5. Discuss the various surfactant preparations.
6. Explain the clinical considerations with surfactant 

replacement therapy.
7. List the common hazards and complications of surfactant 

replacement therapy.
8. Discuss the limitations of surfactant replacement therapy.

KEY TERMS
antenatal steroids
fetal lung maturity testing
preterm
respiratory distress 

syndrome (RDS)

respiratory failure
surfactant
term

Surfactant Replacement Therapy
Amanda L. Roby

483

28
CHAPTER



Introduction
The infants in the neonatal intensive care unit 
(NICU) often require unique and specialized 
complex care. Long-term outcomes related to 
respiratory distress syndrome (RDS) are critically 
 dependent on early assessment and intervention from 
the entire healthcare team. Surfactant replacement 
therapy (SRT) is the standard of care for most prema-
ture and term infants experiencing various types of 
 respiratory distress.1

Surfactant replacement was established as an effec-
tive and safe therapy for immaturity-related surfactant 
deficiency by the early 1990s.1 Surfactant is a com-
pound found between the alveolar surfaces and gases 
in the lungs. During exhalation, surfactant-deficient 
alveoli do not inflate properly, which may cause the lung 
to collapse completely or may require great pressure to 
inflate the lung efficiently. Premature infants are often 
surfactant deficient and have an increased risk of RDS, 
a condition associated with morbidity and mortality.2 
Systemic reviews of randomized controlled trials con-
firmed that surfactant administration in preterm infants 
with established RDS reduces mortality, decreases the 
incidence of pulmonary air leaks (pneumothoraces and 
pulmonary interstitial emphysema), and lowers the risk 
of chronic lung disease or death at 28 days of age.3–8 
RDS due to surfactant deficiency is the most common 
cause of respiratory failure in preterm infants.1

Description
Surfactant replacement therapy is one of the few treat-
ments that has evolved in clinical neonatology and one 
in which tremendous research progress continues to 
be made. In addition to RDS, surfactant deficiency has 
been observed in many other clinical cases in preterm 
and term infants, opening the doors to further surfac-
tant replacement therapy opportunities.

Physiology in Normal Term Infants
The transition from a fetus to a newborn is the most 
complex process that occurs in human experience. 
Lung capabilities require the coordinated clearance of 
fetal lung fluid, surfactant secretion, and the onset of 
consistent breathing. A new infant, whether born at 
term or preterm, must quickly adapt to this complex 
transition. At birth, many infants will need assistance 
in the delivery room. The essential component of this 
transition at birth is the maintenance of an adequate 
respiratory effort.

The development of the fetal lung to support gas ex-
change is essential in preparation for birth (Figure 28-1). 
During the last third of gestation, or the third trimes-
ter of pregnancy, the fetal lung separates into about 
4 million distal saccules known as respiratory bron-
chioles and alveolar ducts. At approximately 32 weeks’ 
gestation, separation occurs to form alveoli.9 Earlier in 
fetal development, around 22 weeks’ gestational age, 
surfactant lipid and the lipophilic proteins SP-B and 
SP-C begin to be synthesized and aggregated into lamel-
lar bodies in the maturing type II cells.10 The lamellar 
bodies are essential active components in the storage 
and secretion of surfactant. As the lung matures, more 
and more of the lamellar bodies are released into fetal 
lung fluid and subsequently mix with amniotic fluid or 
are swallowed.10 By 38 weeks’ gestation, type II cells in 
the fetal lung contain much more surfactant than the 
adult lung. The major function of type II cells is secre-
tion of pulmonary surfactant, which decreases the sur-
face tension within the alveoli (Table 28-1). As 40 weeks’ 
gestation approaches, fetal lung fluid secretion will di-
minish and fetal lung fluid volume may decrease. Simul-
taneously, surfactant is secreted into the fetal lung fluid 
during labor, which will increase the surfactant concen-
tration in the fetal lung fluid.11 Subsequently, the initia-
tion of ventilation following birth causes  alveolar stretch 
and deformations of type II cells, another secretion 

FIGURE 28-1 Key components of fetal lung development from conception to transition to extrauterine life.

Embryonic Period Fetal Period
Birth and
Postnatal
Growth

3–6 weeks 7–17 weeks 27–36 weeks 36 weeks
to 8 years

Embryonic
• Formation
 of lung bud
• Differentiation
 into trachea
 and bronchi

Pseudoglandular Canalicular Saccular Alveolar
• Branching of
 bronchial tree
• Formation of
 respiratory
 parenchyma
• Type II
 pneumocytes
 appear

• Formation of
 lung periphery
• Increased
 vascularization
• Type I
 pneumocytes
 appear
• Air–blood interface
 formed

• Formation of
 alveolar saccules
• Detectable
 surfactant in
 amniotic fluid

• Formation of
 mature alveoli
• Proliferation
 and expansion

17–27 weeks
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signal.10 The type II cells act as alveoli caretakers and are 
essential for term infants to transition to gas exchange 
and air breathing. The secretory events concurrent with 
birth do not appreciably deplete surfactant stores in type 
II cells because surfactant synthesis and packaging into 
lamellar bodies continues, and the surfactant that has 
been secreted also is recycled back into type II cells to be 
secreted again as needed.12

Premature infants and other very sick newborns face 
some of the same medical issues. Premature infants 
 often have breathing problems because their lungs are 
not fully developed. Generally, the earlier an infant is 
born, the higher the risk of complications. The preterm 
lung has several disadvantages for transition at birth. 
The structurally immature lung has less potential lung 
volume relative to body weight and metabolic needs, 
and secretion of fetal lung fluid may not cease prior to 
or after birth, which will delay clearance of fetal lung 
fluid. Further, the amount of surfactant stored in type II  
cells is low, and less surfactant can be secreted in 
 response to birth. Many preterm lungs can adapt with 
help from new medical modalities.

Components of Pulmonary Surfactant
The composition, metabolism, and function of surfac-
tant have been studied in depth. Surfactant is a complex 
phospholipid produced and secreted by the type II 
alveolar cells in the lung. It is synthesized and recycled 
through complex metabolic pathways. Surface-active 
properties decrease the surface tension at the air–water 
interfaces in the alveoli, preventing collapse during the 
entire respiratory cycle.13–15 Surfactant also plays a role 
in host defense and improves mucociliary clearance 
with removal of particles from the lungs.14,16

Type I Pneumocytes Type II Pneumocytes

•	 Involved in the process of 
gas exchange between the 
alveoli and the capillaries

•	 Are squamous (flattened) in 
shape and extremely thin 
(~0.15 µm), minimizing 
diffusion distance for 
respiratory gases

•	 Connected by occluding 
junctions, which prevent the 
leakage of tissue fluid into 
the alveolar air space

•	 Are amitotic and unable to 
replicate; however, type II 
cells can differentiate into 
type I cells if required

•	 Responsible for the 
secretion of pulmonary 
surfactant, which reduces 
surface tension in the alveoli

•	 Are cuboidal in shape and 
possess many granules 
(for storing surfactant 
components)

•	 Comprise only a fraction of 
the alveolar surface (~5%) 
but are relatively numerous 
(~60% of total cells)

TABLE 28-1
Description and Function of Type I and Type II 
Pneumocytes

Surfactant is composed of six phospholipids and 
four proteins. The components of surfactant are 80% 
to 86% phospholipids, 8% neutral lipids, and 6% to 12% 
proteins (Figure 28-2).17–19 Saturated phosphatidylcho-
line (or lecithin) accounts for 70% of the phospholipid 
portion of surfactant, with dipalmitoylphosphatidyl-
choline (DPPC) accounting for 60% of the phosphati-
dylcholine.17 This desaturated phospholipid, DPPC, is 
critical for lowering the surface tension and can reduce 
it to almost zero.17 Although DPPC is the primary 
component for surface activity, alone it adsorbs poorly 
to the air–liquid interfaces within the alveoli. During 
exhalation, there is a reduction in surface tension and 
the monolayer becomes enriched with DPPC. The pres-
ence of the surfactant proteins and other unsaturated 
phospholipids aid in the adsorption and surface-active 
properties of surfactant.17 The amount of DPPC in 
the lungs is  dependent on lung development, with an 
increase seen at 22 weeks’ gestation.17 Sphingomyelin 
is a phospholipid seen in inverse proportions relative 
to phosphatidylcholine, with levels of sphingomyelin 
decreasing with lung maturity. In utero, the ratio of leci-
thin to sphingomyelin (L:S ratio) is used to determine 
lung maturity. An L:S ratio of greater than 2.0 to 2.5 is 
indicative of fetal lung maturity in most assays.20

Phosphatidylglycerol (PG) and phosphatidylinositol 
(PI) are acidic phospholipids that aid in DPPC adsorp-
tion, with the amounts of each of these substances 
affected by lung development and lung injury. They 
account for about 10% of total lipids.14 During initial 
surfactant development in the fetus, PI is the primary 
acidic phospholipid, with increases of PG seen in the 

FIGURE 28-2 Composition of mammalian surfactant.

10% specific associated proteins,
the Surfactant Proteins (SPs):

• SP-A
• SP-B

• SP-C
• SP-D

90% phospholipids
• Dipalmitoylphosphatidylcholine
 (DPPC) is the most abundant (≈40%)
• Phosphatidylglycerol (≈7%)
• Phosphatidylethanolamine (≈3.7%)
• Phosphatidylinositol and
 phosphatidylserine (≈5.4%)
• Sphingomyelin (≈6.8%)
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SP-A: 
Hydrophilic

SP-B: 
Hydrophobic

SP-C: 
Hydrophobic

SP-D: 
Hydrophilic

•	 Formation 
of tubular 
lattice

•	 Regulatory 
function

•	 Defense 
function

•	 Reformation 
of layer after 
compression

•	 Spreading 
function

•	 Regulatory 
function

•	 Defense 
function

TABLE 28-2
Function of the Four Unique Surfactant Proteins

Test Normal Value Significance

L:S ratio ≥2.0 FLM

Amniostat-FLM Positive FLM/phosphotidyl 
glycerol

Foams stability 
index

≥47 FLM

Microviscosity ≥55 mg/g FLM

Lamellar body 
count

≥32,000 mL FLM

OD at 650 nm ≥0.150 FLM

Bilirubin scan A 450 less 0.025 FLM

FLM = fetal lung maturity

TABLE 28-3
Tests Used to Evaluate Fetal Lung Maturity

more mature lung after 34 to 35 weeks’ gestation.17,21 
The presence of PG in the amniotic fluid is an impor-
tant determinate of lung maturity.

There are four unique surfactant proteins (SP-A, 
SP-B, SP-C, and SP-D) that have been identified in 
extracted lung fluid (Table 28-2). SP-A and SP-D are 
hydrophilic, related to the collagenous lectins, and, 
although not critical to surface activity, are involved 
with down-regulating the inflammatory response of 
the lung.15–17 SP-A, discovered in 1972, accounts for 
most of the surfactant proteins and functions as a host 
defense molecule in the alveoli, interacting with the 
immune cells of the lungs.17 It binds endotoxins as well 
as a wide range of gram-positive and gram-negative 
organisms and promotes phagocytosis by alveolar 
macrophages.17 In the presence of SP-B and SP-C, 
it plays a major role in promoting the adsorption of 
surfactant phospholipids at the air–liquid interface. 
SP-A plays a key role in the regulation of secretions 
and recycling of surfactant by alveolar type II cells and 
increases the resistance to surface inhibition.22 SP-D 
is similar to SP-A in structure and function, binding 
bacteria and fungi.17 Although it does not play a role 
in surface activity, SP-D plays an important role in 
phospholipid homeostasis and in lung defense against 
bacteria, fungi, and viruses.16,19 SP-B and SP-C are 
hydrophobic proteins that improve the surface activity 
of surfactant phospholipids and are thought to be a 
critical component of natural surfactants. Both of 
these proteins are important for the rapid spreading 
and adsorption of phospholipids onto the alveolar 
surface. SP-B and SP-A are essential for tubular 
myelin formation and, along with SP-C, promote 
the adsorption of DPPC.13,15,17 SP-B is critical for the 
stability of surfactant and, because of this stabilizing 
ability, an SP-B deficiency is fatal in infants.

The process of surfactant metabolism and recycling 
is complex. There are two types of alveolar cells. Type I  
cells are the gas-exchanging units, and type II cells 
are responsible for surfactant synthesis and release. 
About 90% to 95% of surfactant is recycled and repro-
cessed into the type II alveolar cells for continuous 
secretion.15,17 This is a dynamic process, and with the 

surface-area changes during the respiratory cycle, there 
is continual turnover of surfactant at the alveolar level.

Fetal Lung Maturity Testing
The pulmonary system is among the last of the fetal 
organ systems to mature, both functionally and struc-
turally. Advances in fetal lung maturity testing assist the 
medical world in determining the course of complicated 
as well as uncomplicated pregnancies. The fetus’s gen-
der and race/ethnicity appear to play a role in this pro-
cess; respiratory problems near term are more common 
among white male fetuses than among female fetuses, 
blacks, and South Asians.23,24

Because the immature pulmonary system may not 
oxygenate the neonate adequately, preterm birth can 
lead to significant neonatal morbidity or mortality. 
Therefore, fetal lung maturity is sometimes assessed 
before iatrogenic preterm delivery and can be a factor 
in determining the timing of delivery in these cases. 
Table 28-3 outlines the laboratory tests available for 
this purpose. All involve testing amniotic fluid and 
provide an indirect assessment of the likelihood of lung 
 maturity; direct studies of fetal lung function are  
not possible.

A test for fetal lung maturity is performed before 
39 weeks’ gestation when this information can be used 
to assess the maternal-fetal risks of continuing the 
pregnancy versus the maternal-fetal risks of preterm 
birth. This is an infrequent occurrence. In most clini-
cal settings, the test is omitted either because delaying 
delivery due to lung immaturity may place the mother 
or fetus at significant risk, or because the fetus would 
benefit from delaying delivery, even if lung maturity is 
documented, and delaying delivery does not place the 
mother at significant risk.25 However, these assessments 
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are not always black and white, and information about 
lung maturity may be helpful in the balance.26 Also, the 
information may be helpful in estimating the level of 
newborn care that will be required. Tests for fetal lung 
maturity are generally not performed before 32 weeks’ 
gestation, given the high prevalence of fetal pulmonary 
immaturity and the lower predictive value of a mature 
test result at this gestational age.26

There is another factor to consider when addressing 
the relevance of fetal lung maturity testing. The num-
ber of newborn deaths due to RDS has continued to 
decline because of improvements in the medical care of 
preterm infants. Most laboratories have noted a decline 
in the number of fetal lung maturity tests that they per-
form each year. This trend reflects the decreased use of 
the tests by obstetricians, many of whom indicate that 
the tests are no longer needed for patient care.27

Antenatal Steroids  
and Surfactant Production
Two main strategies are available for the prevention of 
neonatal RDS in cases of preterm delivery: antenatal 
administration of hormones that accelerate fetal lung 
maturation and prophylactic treatment with surfactant 
soon after birth. The efficacy of each of these therapeu-
tic regimens has been well documented in large ran-
domized clinical trials. Corticosteroids and surfactant 
operate by different mechanisms. Antenatal steroids are 
medications administered to the mother when preterm 
delivery is expected. They have been shown to reduce 
morbidity and mortality related to surfactant-deficient 
diseases.28 They have also been shown to have definite  
beneficial effects, even in conditions of preterm prema-
ture rupture of membranes.29 Dexamethasone and beta-
methasone are the corticosteroids used for the purpose,  
although the former is recommended over the latter 
based on its efficacy, safety, wide availability, and low 
cost in spite of some counter-logic.30 Betamethasone 
is preferred over dexamethasone because it is thought 
to have better prophylaxis of brain softening of the 
premature fetus30 (Table 28-4). Antenatal steroids are 
used with the intention to help the lungs of a prema-
ture fetus develop before birth occurs.1 They are given 
when the fetus is expected to be delivered within 24 to 
48 hours. Treatment can consist of 2 doses of 12 mg of 
 betamethasone given intramuscularly 24 hours apart or  
4 doses of 6 mg of dexamethasone given intramuscu-
larly 12 hours apart. Optimal benefit begins 24 hours 
after initiation of therapy and lasts 7 days.1 The time 
 between administration of steroids and delivery may 
alter the  effectiveness of the steroids.31

Antenatal steroids accelerate development of  
type I and type II pneumocytes, leading to structural 
and biochemical changes that improve both lung 
 mechanics (maximal lung volume, compliance) and 
gas exchange.30,31 The steroids stimulate production 

Antenatal Steroids

Betamethasone (Celestone) Dexamethasone (Decadron)

2 doses of 12 mg given 
24 hours apart

4 doses of 6 mg given 
12 hours apart

Given to mothers between 24–34 weeks’ gestation who are 
expected to go into labor within the next 7 days; if labor does not 
occur within 7 days, do not repeat.

TABLE 28-4
Dose and Frequency of Antenatal Steroid 
Administration

of surfactant phospholipids by alveolar type II cells, 
 enhance the expression of surfactant-associated 
proteins, reduce microvascular permeability, and 
 accelerate the overall structural maturation of the 
lungs.31 The increment in pool size of surfactant re-
sulting from  antenatal treatment with corticosteroids 
has been shown to be trivial relative to the dose of ex-
ogenous surfactant  required for successful prophylaxis 
at birth.31

Indications
Currently, the only approved clinical indication for sur-
factant replacement therapy is neonatal RDS, although 
additional indications are likely to be approved in the 
near future. RDS is characterized by the presence of 
acute respiratory distress with disturbed gas exchange 
in a preterm infant. A typical chest radiograph shows 
a ground-glass appearance, air bronchograms, and 
 reduced lung volume. The lungs of preterm babies with 
RDS are both anatomically and biochemically immature 
because they neither synthesize nor secrete surfactant 
well.31 Surfactant normally lines the alveolar surfaces in 
the lung, thereby reducing surface tension and prevent-
ing atelectasis.31 Surfactant replacement therapy, either 
as a rescue treatment or a prophylactic natural surfac-
tant therapy, reduces mortality and several aspects of 
morbidity in infants with RDS.30,31 Morbidities include 
deficits in oxygenation, the incidence of pulmonary air 
leaks (pneumothorax and pulmonary interstitial emphy-
sema), and prolonged duration of ventilatory support.30 
Infants treated with surfactants have shorter hospital 
stays and lower costs of intensive care treatment com-
pared with randomized control infants receiving no 
surfactants. The increase in survival is achieved with 
no increase in adverse neurodevelopmental outcome. 
 Surfactant replacement increases the likelihood of surviv-
ing without bronchopulmonary dysplasia (BPD), largely 
by improving survival rather than the incidence of BPD.

The following steps should be used to validate the  
indication for surfactant replacement therapy:32

■■ Assess lung immaturity prior to prophylactic 
 administration of surfactant by gestational age 
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and birth weight and/or by laboratory evaluation 
of tracheal or gastric aspirate.

■■ Establish the diagnosis of neonatal RDS by chest 
radiographic criteria and the requirement for 
 mechanical ventilation in the presence of short 
gestation and/or low birth weight.

The following should be used in assessing the outcomes 
of surfactant administration:32

■■ Reduction in FiO2 requirement
■■ Reduction in work of breathing
■■ Improvement in aeration, as indicated by chest 

radiograph
■■ Improvement in pulmonary mechanics  

(compliance, airways resistance) and lung  
volume  (functional residual capacity)

■■ Reduction in ventilator support (peak inspiratory 
pressure, positive end-expiratory pressure [PEEP], 
airway pressure)

■■ Improvement in ratio of arterial to alveolar PaO2 
and oxygen index

Preparations
Endogenous pulmonary surfactant is a phospholipo-
protein containing DPPC that is produced by type II 
pneumocytes or alveolar cells. The compound’s main 
function is to reduce surface tension within the alveoli 
of the lung, thus improving pulmonary compliance 
through reducing the work required to expand these  
alveolar units.33 In turn, this process drastically in-
creases the stability of the alveolar lining layer and ulti-
mately prevents its collapse.

Conversely, according to West and Luks,33 “surfac-
tant is formed relatively late in fetal life, and babies born 
without adequate amounts develop respiratory distress” 
characterized by reduced lung compliance, subsequent 
atelectasis of alveolar units, and resulting noncardio-
genic pulmonary edema. Therefore, it is imperative to 

FIGURE 28-3 Significant milestones in surfactant preparations and use in the care for neonates with RDS.
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understand the two primary preparations available for 
exogenous surfactant replacement therapy and the gen-
eral effectiveness of each method with  regard to revers-
ing the clinical manifestations of RDS.

Natural preparations of exogenous pulmonary sur-
factant used in surfactant replacement therapy are 
directly derived from animal sources. Human surfac-
tant consists of surfactant associated proteins, specifi-
cally SP-A, SP-B, SP-C, and SP-D, which function to 
enhance the effectiveness of human surfactant.34 SP-B 
has been shown to reduce surface tension within the 
 alveolar lining layer to a greater degree in compari-
son to SP-C.32 As a result, SP-B maintains the highest 
 degree of significance in the prevention and treatment 
of RDS in premature infants. Essentially, the protein 
functions to enhance the rate of adsorption of phos-
pholipids at the air–water interface and to retain anti-
inflammatory properties.35 Suitably, a major portion 
of animal-derived and naturally prepared surfactants 
consists of this specific surfactant protein, owing to 
the suggestion that natural surfactants maintain a 
greater efficacy over first-generation, synthetically 
produced surfactant that is protein-free.34 Figure 28-3 
provides a timeline of the availability of the different 
surfactant preparations.

The actual sources of naturally extracted surfactant 
are adapted or purified from either bovine (cow) or 
porcine (pig) lungs. Among those that are commer-
cially available are poractant alfa (Curosurf ) derived 
from minced porcine lung tissue, calfactant (Infasurf ) 
derived from lung lavage of newborn calves by cen-
trifugation or organic solvent extraction, and beractant 
(Survanta) derived from minced bovine lung tissue.36 
Of the three aforementioned preparations, Infasurf 
retains all the hydrophobic characteristics and compo-
sition that are present within human surfactant and is 
therefore more closely associated with human biologic 
surfactant produced by type II pneumocytes within 
the alveoli.
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However, Curosurf is made up of a larger portion of 
SP-B at 0.45 mg/mL within the 1.25 to 2.5 mL/kg dos-
age. Infasurf contains 0.26 mg/mL of SP-B within the 
2 mL/kg dosage and Survanta retains less than 1 mg/mL 
of SP-B within its 4 mL/kg dose.32 The literature reports 

that Curosurf reduces the need for repeat dosing, is 
 associated with fewer complications of administration, 
leads to better short-term oxygenation, and may reduce 
the risk of mortality compared to Survanta.34 Thus, both 
Curosurf and Infasurf are considered the most effective 
natural preparations of animal-derived surfactant.

As previously stated, these naturally extracted sur-
factants preserve a vital benefit over first-generation, 
protein-free synthetic surfactants in the retained com-
position of SP-B. Recent evidence suggests that natural 
surfactants offer several advantages when compared to 
synthetic surfactant preparations, which include more 
rapid supplemental oxygen weaning, lower mean airway 
pressures, reduced duration of mechanical ventilation, 
and decreased rate of mortality.36 Natural surfactants 
have also displayed a more substantial absorption by 
premature infants, significant lowering of alveolar sur-
face tension, and reduced risks of both pneumothorax 
and BPD in comparison to laboratory-derived synthetic 
surfactants.32

However, natural surfactants also maintain a vari-
able degree of concern. For instance, the actual amount 
of SP-B available within the dosages of natural surfac-
tants tends to vary considerably between formulations, 
specifically referred to as batch-to-batch variations.32 
Additionally, animal-derived surfactants contain for-
eign proteins that are potential immunogens, which 
can result in an immune response within premature 
infants that ultimately rejects the administered natural 
surfactant or possibly prion disease processes.36 Lastly, 
there are obvious religious and cultural considerations 
regarding the use of bovine or porcine natural prepara-
tions of surfactant, as some demographic groups of pa-
tients may completely refuse the administration of these 
formulations.

Apart from naturally prepared and extracted for-
mulations of surfactant, there is a variety of synthetic 
surfactant that is produced within the laboratory. 
First-generation synthetic surfactants are considered 
protein-free, lacking the vital SP-B that is a major 
component of animal-derived natural surfactants. For 
example, colfosceril (Exosurf ) contains the phospho-
lipid of DPPC yet lacks any protein component and 
has subsequently been discontinued.35 However, newer 
synthetic surfactants have been developed that are 
largely made of SP-B–mimicking proteins. Lucinac-
tant (Surfaxin) is a synthetic surfactant that consists 
of a 21-amino acid peptide known as KL4 that has 
recently been approved for the treatment of RDS in 
premature infants.35

A new synthetic surfactant described as CHF 5633 
is the first laboratory-derived surfactant that contains 
both SP-B and C analogs as well as DPPC.37 Through an 
animal study, a number of preterm lambs were admin-
istered either CHF 5633 or Curosurf. The  pulmonary 
structure of the preterm lambs treated with CHF 5633 
was considerably more compliant and maintained larger 
alveolar spaces with thinner alveolar walls in com-
parison to the group that was treated with Curosurf, 
indicating that this new synthetic surfactant expressed 
significant benefit over animal-derived surfactant.37 
However, the superiority of this synthetically produced 
surfactant still requires confirmation through an exten-
sive clinical trial outside of the animal model, although 
the results reported are undoubtedly promising.

Newer synthetic surfactants, such as Surfaxin, offer 
a particular benefit in comparison to animal-derived 
surfactants. Synthetic preparations may have better 
quality control than natural surfactants because the 
synthetic preparations lack batch-to-batch formulation 
variability.32

Recent evidence suggests that when compared 
with animal-derived surfactant, Surfaxin is as effica-
cious as a laboratory-derived synthetic surfactant in 
the treatment of RDS in preterm infants.35,36 Further 
research is required to explore the overall efficiency 
of these synthetically produced surfactants, especially 
those including CHF 5633, in this premature disease 
process in comparison to animal-derived surfactants. 
However, this most current research suggests that both 
naturally derived and newer synthetically derived sur-
factants maintain equivalent effectiveness in treating 
RDS in premature infants, and it is the responsibility 
of the clinician to ultimately compare the differences 
 between these two preparations of exogenous surfac-
tant. Table 28-5 provides a comparison of the different 
surfactant preparations that are currently available.

Administration
Administration of surfactant therapy depends on the 
strategy the medical team will use. That strategy will 
determine the setting and timing of surfactant adminis-
tered to the newborn.

Rescue Use versus Prophylactic Use
Two strategies for surfactant replacement therapy are 
available: rescue and prophylactic. However, whether 
surfactant should be given as soon as the infant is 
born or withheld until the infant has demonstrated 
 respiratory distress remains controversial. Prophylactic 
treatment is defined as surfactant given down an endo-
tracheal tube at initial resuscitation. Rescue treatment 
is when the surfactant is given to an intubated infant 
 several hours after birth, when RDS has been diagnosed.
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FIGURE 28-4 Timing of surfactant administration.
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Trade Name Survanta Curosuf Infasurf Surfaxin

Generic Beractant Poractant alfa Calfactant Lucinactant

Source Bovine Porcine Bovine Synthetic

Indication Prevention and treatment of RDS Treatment of RDS Prevention and treatment of RDS Prevention of RDS

Phospholipid 25 mg/mL 76 mg/mL 35 mg/mL 30 mg/mL

Dosage 100 mg/4 mL/kg 200 mg/2.5 mL/kg 105 mg/3 mL/kg 175 mg/5.8 mL/kg

Interval Not <q6 hr 1.25 mL/kg q12 hr 3 mL/kg q12 hr Not <q6 hr

Dosing 4 aliquots 2 aliquots 2–4 aliquots 4 aliquots

TABLE 28-5
A Comparison of Currently Available Surfactant Preparations

Timing
A prophylactic or preventive surfactant therapy strategy 
is often initiated in infants at high risk of developing 
RDS. The primary purpose for surfactant administra-
tion is to prevent worsening RDS rather than treatment 
of established RDS. Prophylactic surfactant administra-
tion is dosed in the delivery room before initial resus-
citation efforts begin, before the diagnosis of RDS has 
been identified, or after initial resuscitation but within a 
short the time frame after birth.

Rescue surfactant is given only to preterm infants with 
identified RDS. Rescue surfactant is most often adminis-
tered within the first 12 hours after birth, when specified 
threshold criteria of severity of RDS are met. Although 
there are no statistically significant benefits to prophylac-
tic use of surfactant when compared with prophylactic 
continuous positive airway pressure (CPAP), several 
studies have investigated whether administration of sur-
factant early in the course of respiratory insufficiency 
improves clinical outcomes. Early rescue is defined as 
surfactant treatment within 1 to 2 hours of birth, and late 
rescue is defined as surfactant treatment 2 or more hours 
after birth.6 Figure 28-4 outlines the timing of surfactant 
administration for prophylactic and rescue use.

Preparation and Dosage
Surfactant administration has been studied using  bolus, 
lavage, and aerosol delivery. Most of the surfactant 
studies calculate the dose or total volume of surfac-
tant to be given by patient body weight and use an 
intratracheal bolus in divided doses to administer the 
therapy.38 Administering the bolus of surfactant using 
an  endotracheal tube or catheter is effective and has 
fewer  reported adverse effects.39 A Bodai valve can be 
inserted between the endotracheal tube and the ventila-
tor circuit, which allows mechanical ventilation to be 

uninterrupted during surfactant administration. A cath-
eter is inserted through the value, into the endotracheal 
tube. The bolus of surfactant is administered through 
the catheter, and the catheter is withdrawn  after the 
surfactant bolus has completed.

Studies using aerosolized surfactant are still contro-
versial in nature. Lavage therapy uses larger volumes 
of dilute surfactant in a washing-out procedure, where 
surfactant is removed by suctioning at the end of the 
procedure.40
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Frequency of Administration
Repeat doses of surfactant are contingent upon the 
continued diagnosis of neonatal RDS. The frequency 
with which surfactant replacement is performed should 
depend upon the clinical status of the patient and the 
indication for performing the procedure. Additional 
doses of surfactant, given at 6- to 24-hour intervals, may 
be indicated in infants who experience increasing venti-
lator requirements or whose conditions fail to improve 
after the initial dose.

Patient Positioning
When surfactant is administered slowly (slow infusion 
and/or slow rate of ventilation) with the patient in an 
upright position, the distribution is dependent on the 
orientation of the airways with respect to gravity.41–43 

This could lead to overinflation of the parts of the lung 
receiving surfactant and result in lung injury.44 Improved 
homogeneity is achieved when the patient is positioned 
supine rather than upright during surfactant administra-
tion. Animal models also show greater epithelial cell in-
jury at slower propagating speeds.45 In a randomized  
controlled trial, there was no difference in clinical out-
comes when two fractional doses of surfactant were 
given in two different body positions, compared with 
four fractional doses given in four positions.46 The prac-
tical ways to improve distribution are to position the 
infant to minimize the effects of gravity and to give sur-
factant in a reasonable volume with sufficient ventilator 
support to quickly clear the airways of fluid.

Monitoring
Manufacturer recommendations for administering 
surfactant differ. Therefore, it is important to follow the 
procedures outlined by the manufacturer for the spe-
cific preparations of surfactant used.32 The equipment 
used to deliver surfactant and monitor the infant during 
surfactant administration are listed in Table 28-6.

Surfactant replacement therapy should be performed 
by healthcare providers who are proficient at administer-
ing surfactant and capable of handling adverse events. 
Staff should have an understanding of the proper use of 
the therapy and a mastery of the equipment and tech-
nical aspects of surfactant replacement therapy. It is 
also important for clinicians to have a comprehensive 
knowledge and understanding of ventilator management 
and pulmonary anatomy and pathophysiology. During 
administration, clinicians should continually assess the 
infant in order to respond to adverse reactions and/or 
complications during the procedure in a timely manner.

The following should be monitored as part of surfac-
tant replacement therapy:32

■■ Proper placement and position of delivery device 
and ETT

■■ FiO2 and ventilator settings

Administration Equipment

•	 Syringe containing the ordered dose of surfactant, warmed to 
room temperature or manufacturer’s recommendation

•	 Appropriately sized feeding tube or catheter, endotracheal tube 
(ETT) connector with delivery port, or closed catheter system

•	 Mechanical ventilator with tidal volume monitoring capability

Resuscitation Equipment

•	 Laryngoscope and appropriately sized ETT
•	 Manual resuscitator that is capable of providing positive 

end-expiratory pressure/continuous positive end-expiratory 
pressure (PEEP/CPAP) and airway manometer

•	 Blended oxygen source capable of delivering FiO2 of 0.21–1.0
•	 Suction equipment (i.e., catheters, sterile gloves, collecting 

bottle and tubing, and vacuum generator)
•	 Radiant warmer ready for use as applicable

Monitoring Equipment

•	 Tidal volume monitor, if available (if not within ventilator)
•	 Pulse oximeter
•	 Cardiorespiratory monitor

TABLE 28-6
Equipment Used during Surfactant Replacement 
Therapy

■■ Reflux of surfactant into the ETT
■■ Position of patient
■■ Chest wall movement
■■ Oxygen saturation by pulse oximetry
■■ Vital signs
■■ Pulmonary mechanics and tidal volumes
■■ Breath sounds

After administration, the following may be obtained:

■■ Invasive and/or noninvasive measurements of 
 arterial blood gases

■■ Chest radiograph

Clinical Considerations for Therapeutic 
Administration
The most important physiologic function of surfactant 
is the effect it has on lung mechanics. By lowering the 
surface tension within the alveolus at the air–liquid 
interface, there is stabilization of lung volumes at low 
transpulmonary pressures. Surfactant will prevent col-
lapse of the airways on expiration and allow for lower 
opening pressures to inflate the lung. Overall, there is 
less overdistension of alveoli, decreasing the risks of 
alveolar rupture as surfactant decreases the negative 
pressure needed to open the airways and reducing the 
work of breathing.47 Surfactant promotes gas exchange 
between the alveoli and capillaries and plays a role in 
host defense mechanisms through the action of SP-A 
and SP-D. It is essential to monitor the infant’s exhaled 
tidal volumes following surfactant replacement therapy. 

Antenatal Steroids and Surfactant Production 491



Procedural Complications Physiologic Complications

ETT plugging (during surfactant administration) Apnea

Transient hypoxemia Right-to-left shunting resulting in pulmonary hemorrhage

Hypoxemia-related bradycardia Increased shunting through a patent ductus arteriosus

Agitation due to reflux of surfactant in the endotracheal tube Marginal increase in risk for retinopathy of prematurity

Agitation-induced tachycardia Volutrauma risk (inattention to compliance changes and the need to 
reduce set inspiratory pressure)

Pharyngeal deposition during surfactant administration

Alterations in intracranial blood flowUnilateral deposition of surfactant due to an endobronchial 
intubation

Administering a suboptimal dose

Data from Agarwal, A. Respiratory Distress in New born. SlideShare. 2015. https://www.slideshare.net/dragarwalankit/respiratory-distress-in-new-born

TABLE 28-7
Complications of Surfactant Therapy

As pulmonary compliance improves, the infant’s tidal 
volumes will increase. To minimize overdistention, 
peak inspiratory pressures must be lowered. Adverse 
effects of surfactant therapy include transient decreases 
in blood pressure, cerebral blood flow velocity, and 
 oxyhemoglobin concentration and activity as well as an 
increase in intraventricular hemorrhage.18

The INSURE (INtubation, SURfactant, and Extuba-
tion) technique is a very effective and useful method 
that reduces the need for mechanical ventilation, 
 decreases side effects, shortens the hospitalization 
time, and eliminates extra hospital expenses. When 
the  INSURE technique is used, the infant is intubated 
to  administer the surfactant, then extubated to either 
CPAP or noninvasive ventilation.

Less invasive surfactant administration (LISA) is a 
method of surfactant administration that involves brief 
tracheal catheterization and has been extensively stud-
ied. The surfactant is administered through a flexible 
feeding tube and a semirigid vascular catheter while 
the infant receives nasal continuous positive airway 
pressure (nCPAP). The LISA method has been found to 
reduce the need for subsequent intubation and ventila-
tion and to improve short-term respiratory outcomes. 
 Despite the relatively small number of clinical trials 
involving LISA, this technique has found its way into 
clinical practice in some clinical facilities.

Minimally invasive surfactant therapy (MIST) is an 
alternative route for surfactant therapy. The current 
evidence regarding noninvasive surfactant delivery 
techniques in premature infants is limited to pilot data 
and feasibility studies. This is further complicated by 
varying delivery methods and availability of smaller  devices 
for use in very preterm infants. With the growing 
 interest in noninvasive respiratory support techniques, 

until conclusive data on superiority of approach is 
documented, the gold standard of respiratory support is 
 endotracheal intubation, administration of surfactant, 
and optimal mechanical ventilation.

Hazards/Complications
Complications can occur during or following surfac-
tant administration. Procedural complications result-
ing from the administration of surfactant include 
the following:32

■■ Plugging of the ETT by surfactant
■■ Hemoglobin desaturation and increased need for 

supplemental O2
■■ Bradycardia due to hypoxia
■■ Tachycardia due to agitation, with reflux of surfac-

tant into the ETT
■■ Pharyngeal deposition of surfactant
■■ Administration of surfactant to only one lung (i.e., 

right mainstem intubation)
■■ Administration of a suboptimal dose

Table 28-7 provides a comprehensive list of proce-
dural and physiologic complications of surfactant  
replacement therapy. Complications can be prevented 
by slowly administering the surfactant, by closely moni-
toring oxygenation and lung mechanics (i.e., SPO2, mean 
airway pressures, and exhaled tidal volume), and by  
adjusting ventilator parameters (i.e., FiO2 and PIP)  
following surfactant administration.

Limitations
Although surfactant replacement therapy has improved 
outcomes for preterm infants with RDS, there are some 
limitations. These include basic elements of bedside 
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care, such as the inability to suction the endotracheal 
tube after administration, positioning problems, and 
inadvertent administration of surfactant to the stomach 
or to only one lung.32

Suctioning should be avoided immediately after ther-
apy, and this could be a limitation in use for a patient who 
has a lot of secretions. Prophylactic administration may 
delay time to patient stabilization, and inability to closely 
monitor changes in pulmonary compliance and respond 
by reducing mechanical ventilatory support can lead to 
lung injury. Additionally, surfactant administered in the 
delivery room rarely has radiologic confirmation that the 
ETT is properly positioned. Esophageal and endobron-
chial  intubations reduce the effectiveness of therapy by de-
livering the surfactant to the stomach or to only one lung.

Because bradycardia is often associated with bolus 
administration, infants with a slower heart rate should 
be monitored closely while receiving treatment to mini-
mize the propensity for life-threatening bradycardia.35

The optimal method of surfactant administration has 
yet to be proven clearly after a few clinical trials.

Summary
The infants in the NICU require unique and special-
ized care. Surfactant treatment in preterm infants 
and term newborns with acute respiratory distress 
 syndrome–like severe respiratory failure has become 
part of an individualized treatment strategy in many 
NICUs around the world. These infants constitute di-
verse groups of gestational ages, lung maturity, under-
lying disease processes, and postnatal interventions. 
An understanding of the complex processing of sur-
factant is key to the management of RDS and surfac-
tant-deficient defects in the neonatal population. The 
 development of newer research and newer surfactant 
products hold much promise for improved outcomes 
in neonatology.

Case Study 1
A term (41 weeks) female weighing 3100 g was born 
to a 30-year-old healthy gravida 2 para 1 mother by 
cesarean. Apgar scores were 9 and 9 at 1 and 5 min-
utes. The infant was initially well until day 3 of life, 
when she presented with tachypnea and increased 
work of breathing, including retractions and nasal 
flaring. The infant was transferred to the NICU. A 
complete sepsis workup was done and antibiotics 
were given as protocol. The infant was placed on a 
nasal cannula for  oxygen saturations which ranged 
from 89-91%. A capillary blood gas was performed 
and revealed the following: pH 7.30, PaCO2 56 mm 
Hg, PaO2 45 mm Hg, HCO3 27 mEq/L, and BE 1. A 
chest radiograph showed mild hyperinflated lungs 
and mild perihilar interstitial markings. An echocar-
diogram was also ordered at this time, which showed 
an anatomically normal heart with no structural 
malformation. During the next 24 hours, the infant’s 
respiratory status worsened, with progressive in-
creases in work of breathing with increasing oxygen 
requirement. Continuous positive airway pressure 
was initiated by nasal mask at 6 cm H2O and an 
FiO2 of 0.50. A follow-up chest radiograph was per-
formed, which showed increasing haziness of both 
lung fields with air bronchograms.  Capillary blood 
gases obtained 12 hours after nasal CPAP therapy 

revealed the following: pH 7.19, PaCO2 80 mm Hg, PO2 
40 mm Hg, HCO3 29.5 mEQ/L, BE 1.8, and oxygen 
saturation 88%. Physical assessment revealed the 
following: temperature 37.1°C, heart rate 175 beats 
per minute, respiratory rate 90 breaths per minute, 
and blood pressure 70/40 mm Hg. The infant was 
intubated and mechanically ventilated with an in-
spiratory pressure of 20 cm H2O, PEEP 6 cm H2O, 
set rate of 60 breaths per minute, and FiO2 of 0.80. 
Systemic examination was unremarkable except for 
respiratory distress. There was no clinical evidence of 
pulmonary hypertension. A complete sepsis workup 
was repeated. The white blood cell count was un-
remarkable. Chest radiograph following intubation 
revealed diffuse ground-glass appearance with air 
bronchograms. The endotracheal tube was 2 cm 
above the carina.

1. What therapeutic recommendation would you 
make based on the infant’s clinical presentation 
and chest radiograph?

2. Given this presentation, what diagnosis should 
be considered for this infant?

3. What information obtained by chest radiograph 
would indicate that this infant may benefit from 
 surfactant replacement therapy?
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Case Study 2
You are called to the delivery room at 2:00 a.m. for a 
laboring gravida 1 para 0 mother at 28 weeks’ gesta-
tion. The mother had good antenatal care and had a 
normal integrated prenatal screening (IPS), normal 
20-week ultrasound, and protective serology, including 
rubella immune, human immonodeficiency virus 
(HIV) negative, venereal disease research laboratory 
(VDRL) negative, hepatitis negative. Group B Strep-
tococcus (GBS) status is unknown as the woman had 
not yet had swabs done. Social history was negative 
for tobacco, alcohol, or recreational drug use during 
the pregnancy. She has gestational diabetes mellitus, 
which was reasonably controlled by diet and exercise 
alone. You arrive to the delivery room moments before 
the baby is born and prepare equipment for a potential 
resuscitation, which includes oxygen, bag and mask, 
suction, towels to dry, and intubation equipment. At 
birth, the newborn cries spontaneously. She is placed 
on the warmer to be dried and stimulated; her heart 
rate is 120 beats per minute and her respiratory rate 
is 60 breaths per minute. The infant grunts intermit-
tently. At 4 minutes of age, the newborn has both 

subcostal and intercostal retractions, nasal flaring, 
and continuous grunting. Her respiratory rate is now 
82 breaths per minute and her heart rate is 190 beats 
per minute. Oxygen saturation by pulse oximetry is 
84% with blow-by oxygen. You begin providing CPAP 
at 6 cm H2O by mask with a t-piece resuscitator. A sys-
tolic murmur gr 2/6 is auscultated loudest at the left 
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diffuse ground-glass appearance with air broncho-
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Arterial blood gas reveals the following: pH 7.23, CO2 
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1. What is the first line of therapy for this 
 premature infant considering her presentation?

2. What are the chemical components that make 
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3. How does surfactant work in the lung?
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OBJECTIVES
1. List the specialty medical gases administered in neonatal 

and pediatric intensive care units.
2. Describe the rationale for heliox use with asthma, 

bronchiolitis, and upper airway obstruction.
3. Identify the role of endogenous nitric oxide.
4. List the indications, application, and limitations of inhaled 

nitric oxide.
5. Describe how inhaled carbon dioxide or nitrogen can 

be used to augment pulmonary vascular resistance in 
neonates with hypoplastic left heart syndrome.

6. Discuss the effect of anesthetic gases on the nervous 
system.

7. Explain how isoflurane might be helpful in managing 
intubated patients with status asthmaticus.
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Introduction
Oxygen has been the cornerstone of respiratory care 
since its first use to the present day. Although the ma-
jority of patients do not typically require administration 
of specialty medical gases, subsets of neonatal and pedi-
atric patients have etiologies and pathophysiologic con-
ditions whose treatment may be optimized by specialty 
gas therapy, such as helium–oxygen mixtures, inhaled 
nitric oxide, subambient oxygen concentrations, in-
spired carbon dioxide, and anesthetic gas mixtures. An 
understanding of the physiologic basis of action is im-
portant to the selection and concentration of specialty 
gas. Some gas mixtures are selected for their gas density 
and viscosity and for the effect the gas has on the move-
ment of gases during ventilation. The density of a gas 
can be calculated by the following equation:

p = M/V
where p = density, M = mass, and V = volume

Other gases are selected for their effect on pulmonary 
smooth muscle and the ability to alter pulmonary and 
systemic blood flow by manipulating pulmonary vascu-
lar resistance.

Helium–Oxygen Mixtures
Pediatric and neonatal patients have an assortment 
of physiologic conditions that may require adjunctive 
inhaled gases to treat a variety of conditions. Inhaled 
helium oxygen mixtures have been used to deliver gas 
to the lungs when pulmonary physiology is altered. It is 
important for clinicians to consider the therapeutic po-
tential, possible adverse effects, and technical aspects of 
delivering this gas mixture.

Gas Physics
Helium–oxygen mixtures are often referred to as heliox. 
Helium is a colorless, odorless, tasteless, inert gas. It  
has a molecular weight of 4 grams, and it occupies 
22.4 liters of volume under normal conditions.

Helium has a lower gas density than air and oxy-
gen (Table 29-1). According to gas physics, the lower 
the density of a gas, the greater the benefit to gas 
flow during ventilation under turbulent conditions.1 
 Helium also has a low viscosity. Viscosity describes the 

magnitude to which a fluid in motion resists flow. The 
higher a fluid’s viscosity, the stronger its resistance to 
flow. A concentration of 80% helium and 20% oxygen, 
often represented as heliox 80/20, has a viscosity of  
203.6 poise (µP).

Mechanism of Action
During heliox therapy, a conversion of turbulent gas 
flow to laminar flow occurs because of the administra-
tion of a gas with a low density. Reynold’s equation for 
turbulent flow explains this phenomenon. Reynold’s 
equation is the product of the velocity of gas flow, 
the diameter of the tube the gas is flowing through, 
and the gas density, divided by the viscosity of the 
gas. Solving this mathematical equation will yield a 
Reynold’s number (Re), whose value will determine 
whether flow is laminar or turbulent. An Re >4000 
describes turbulent flow through a tube while an Re 
<2000 represents laminar flow through a tube.1,2 Heliox 
has a lower Re, which facilitates laminar gas flow and 
reduces the pressure  required to ventilate or move air in 
and out of the lungs. Heliox administration reduces the 
overall load or work of breathing.

Effect on the Respiratory System
The tracheobronchial tree comprises the trachea, ca-
rina, left and right mainstem bronchi, lobar bronchus, 
segmental bronchus, bronchi, and the alveolar ducts 
and sacs. Each generation down the tracheobronchial 
tree provides a different challenge to airflow by means 
of airway caliber, angles, the density and viscosity of the 
inspired gas, and flow rate.3 The conducting airways 
for the trachea to the 10th generation of bronchi have 
a larger radius. During inspiration, the velocity of gas 
flow is higher in the conducting airways between the 
trachea and the 10th generation of bronchi and tends to 
travel in the center of the airway. Therefore, gas flow is 
more turbulent. As gas flows to the small airways and to 
the alveolar ducts and sacs, the radius of the airways is 
smaller; the velocity lessens and is more streamlined, or 
closer to the sides of the conducting airways, and char-
acterized as laminar. Heliox reduces the work of breath-
ing associated with conditions that exacerbate turbulent 
flow conditions in the lungs.

Safety
Helium is inert gas, meaning that it is not chemically 
reactive or toxic, even after prolonged exposure.1 He-
lium is never administered alone—it must be combined 
with oxygen for a mixture that is compatible with life. 
The two most commonly available helium–oxygen mix-
tures are found in Table 29-2. No major adverse events 
have been reported in any of the larger randomized 
controlled trials when commercially available gas mix-
tures are used as a therapeutic adjunct.4 Caution should 
be exercised when using 100% helium, 0% oxygen, and 

Gas Density (g/L) Viscosity (µP)

Helium 0.179 188.7

Oxygen 1.42 192.6

Air 1.29 170.8

TABLE 29-1
Comparison of the Gas Densities of Helium with 
Oxygen and Air
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100% oxygen, and/or air mixtures in a blending system. 
Failure of the air or oxygen gas source will result in the 
administration of 100% helium, which can result in pro-
found hypoxemia and/or death.

Indications
Helium–oxygen gas mixtures are used in the treat-
ment of a variety of conditions that impair normal gas 
flow through the airways. This specialty gas mixture 
facilitates laminar gas flow and reduces the pressure 
required to ventilate as well as the overall load or work 
of breathing.

Asthma
The role heliox plays in supplementing the treatment of 
asthma, particularly in the severe acute phase known as 
status asthmaticus, has been widely discussed. Severe 
acute asthma is the most common childhood respira-
tory condition responsible for pediatric intensive care 
unit (PICU) admissions yearly.5 Airways inflamma-
tion and bronchospasm cause airflow in the narrowed 
airways of children with an asthma exacerbation to 
become more turbulent. Patients presenting in status 
asthmaticus are refractory to standard bronchodilator 
and corticosteroid therapies. Heliox is used to allevi-
ate work of breathing while more definitive therapy is 
administered because it has a low density and allows 
gas flow to be delivered to the distal airways easier than 
with air or pure oxygen. Graham’s law explains this gas 
mixture’s mechanism of action: The flow rate of any 
gas is inversely proportional to the square root of its 
density. Based upon Graham’s law, medicated aerosol 
administered during the delivery of heliox therapy can 
theoretically result in faster aerosolized medication and 
more effective delivery through narrowed airways.6 Fur-
thermore, heliox in conjunction with conventional me-
chanical ventilation can lower peak inspiratory pressure 
and improve ventilation for intubated asthmatics.7

Upper Airway Obstruction
The anatomy of the neonatal and pediatric airway re-
sults in a greater susceptibility to respiratory distress 
than the adult airway, especially when upper airway 
obstruction occurs. Infants and young children have 
a narrower, funnel-shaped airway compared to the 

cylinder-shaped airway of an adult. Compared to an 
adult, the upper airway in an infant or child has a higher 
airway resistance and more turbulent flow. According 
to Poiseuille’s law, flow through a tube is directly related 
to the pressure difference between its two ends and its 
radius to the fourth power while inversely related to its 
length and viscosity of the fluid. Although heliox has 
a higher viscosity than air, it has a lower viscosity than 
oxygen and a lower density than both. Theoretically, gas 
will flow with greater ease through the more narrow 
airways of any child affected by postextubation stridor, 
croup, or any other form of upper airway obstruction. 
By decreasing airway turbulence, inhaled heliox as  
low as 60/40 has shown promise to alleviate increased  
work of breathing within minutes in the neonatal/ 
pediatric population.8 However, other trials have shown 
that it is not more effective than standard therapy with 
corticosteroids, humidified oxygen, and racemic epi-
nephrine.9,10 Currently, there is some evidence that is 
suggestive of short-term clinical benefits in children 
with moderate to severe croup who have also been 
given corticosteroids.11

Bronchiolitis
Bronchiolitis is the most common lower respiratory 
tract infection that affects infants. Approximately 90% 
of infants are affected within the first 2 years of life, 
mainly due to respiratory syncytial virus (RSV) and less 
commonly to parainfluenza, adenovirus, and  human 
metapneumovirus.12 The classic markers of this infec-
tion are airway edema, acute inflammation, broncho-
spasm, increased mucus production, sloughing, and 
necrosis of the epithelial lining of the small airways. 
This constellation of symptoms leads to the inevitable 
narrowing of the airways, which will create a higher 
resistance and turbulent flow in the infant’s airway.13 
Providing 80/20 or 70/30 heliox as an inhaled gas ther-
apy to an infant affected with bronchiolitis may lessen 
turbulent flow and in effect decrease the infant’s work of 
breathing. This may reduce the propensity for progres-
sive respiratory failure due to muscle fatigue. The lit-
erature reports that inhalation of a 70/30 concentration 
of heliox through a nonrebreather mask can improve 
the respiratory status of infants with RSV bronchiolitis 
within the first hour of treatment and shorten PICU 
lengths of stay.14 Studies have also shown that heliox 
therapy for RSV bronchiolitis more effectively reduces 
respiratory distress when compared with standard care, 
including supplemental oxygen, intravenous hydration 
therapy, and nebulized epinephrine.13

Delivery Devices
Helium–oxygen gas mixtures may be delivered to in-
fants and children who do not require mechanical ven-
tilatory support as well as to those receiving ventilatory 
assistance. Several common types of respiratory care 

Commercially Available 
Concentration

Oxygen 
Concentration 

Helium 
Concentration

70:30 30% 70%

80:20 20% 80%

TABLE 29-2
The Most Commonly Administered Commercially 
Available Heliox Concentrations
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equipment can be used to deliver this specialty gas mix-
ture. Some are more effectively used than others.

Nonrebreathing Mask
For spontaneously breathing patients, nonrebreathers 
are reliable delivery devices that can reduce room air 
entrainment and prevent an increase in gas density. 
Nonrebreathing masks are capable of delivering suf-
ficient gas flow to meet a child’s inspiratory flow de-
mands. However, this device has its limitations. Most 
young children do not tolerate a snug-fitting mask on 
their face, and the fit of the mask is vital to prevent air 
entrainment and to deliver accurate concentrations of 
this specialty gas mixture to the patient. Additions to 
a nonrebreathing mask can be made to facilitate con-
tinuous bronchodilator therapy in conjunction with 
heliox administration. Figure 29-1 illustrates the setup 
required to monitor oxygen delivery during heliox ad-
ministration in conjunction with continuous medicated 
bronchodilator nebulization. Pulse oximetry is a use-
ful method for monitoring oxygen status during heliox 
therapy. If a patient has a supplemental oxygen require-
ment, small-bore tubing can be connected to an oxygen 
source to change the oxygen concentration. Figure 29-1 
shows how the FiO2 can be monitored by placing an ox-
ygen analyzer inline. Because gas supplied to the patient 

is from a helium–oxygen tank, it is presumed that the 
oxygen analyzer will provide a measured FiO2 that is a 
reflection of the oxygen concentration in the tank and 
the additional oxygen administered through small-bore 
tubing into the system; thus, the balance of gas deliv-
ered to the patient is assumed to be helium. The heliox 
 concentration can be calculated by subtracting the FiO2 
from 100.

Example: FiO2 analyzed at 40%
Helium concentration = 100 – 40 = 60

Heliox concentration = 60:40

High-Flow Nasal Cannula
High-flow nasal cannula (HFNC) is another method of 
heliox delivery. The primary advantage of using HFNC 
to deliver heliox is based on this device’s ability to meet 
or exceed the patient’s inspiratory flow demand. With 
this method, the nasopharynx becomes a reservoir for 
gas, which conceptually limits room air entrainment 
and allows for more precise delivery.

HFNC systems can be modified to deliver heliox us-
ing an H cylinder of gas, a flowmeter, and O2 tubing to 
bleed heliox into the circuit. When using systems that 
require heated high-flow gas through a standard flow-
meter, a conversion factor must be used to determine 
the flow of gas that is actually delivered to the patient. 
This is because standard oxygen flowmeters are not cali-
brated for the delivery of gas that has a lighter density 
than oxygen. Table 29-3 provides an example of how to 
calculate gas flow with the two commercially available 
heliox concentrations using conversion factors.

There are commercially manufactured HFNC sys-
tems that are calibrated for heliox delivery and that 
provide a blender to adjust FiO2. It should be noted that 
whatever the FiO2 is set to, helium makes up the balance 
of the mixture (e.g., FiO2 of 0.4 would result in the deliv-
ery of a 60/40 heliox mixture).

Ventilator
Most mechanical ventilators are not calibrated for the 
administration of heliox. When using helium–oxygen 

Heliox Concentration

80/20 70/30

Conversion factor 1.8 1.6

Flow calculation formula 1.8 × set flow 1.6 × set flow

Example:
set flow = 10 L/min

= 1.8 × 10
= 18 L/min

= 1.6 × 10
= 16 L/min

TABLE 29-3
Conversion Factors for the Most Commonly 
Administered Commercially Available Heliox 
Concentrations

FIGURE 29-1 An illustration of the setup required to monitor oxygen 
delivery during heliox administration during continuous medicated 
aerosol administration.
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gas mixtures with ventilators that are not calibrated for 
this type of gas administration, there will be discrepan-
cies between the set tidal volume and the exhaled tidal 
volumes and minute ventilation. Helium–oxygen gas 
mixtures are lighter than oxygen or air, which allows gas 
to flow faster and more erraticly, which alters flow and 
volume calculations.15 Ventilators calibrated to deliver 
heliox have a special adaptor, allowing the gas to be de-
livered as a driving gas. Figure 29-2 shows the adaptor 
used to connect a high-pressure hose to a heliox tank 
and the 50 pounds per square inch (psi) air inlet on a 
ventilator. The clinician can then adjust the concentra-
tion of heliox delivered to the patient by adjusting the 
ventilator’s oxygen concentration control. Setting the 
ventilator’s oxygen control on 21% allows the clinician 
to deliver a heliox concentration equal to the concentra-
tion contained in the heliox tank. Increasing the oxy-
gen control will increase the concentration of oxygen 
and reduce the concentration of helium delivered to 
the patient.

Gas Mixtures
Heliox is commercially available in H and E cylinders. 
The most common mixtures are 80/20 and 70/30. 
High-pressure cylinders with a gas mixture of 60/40  
are also available.

Monitoring
A cardiorespiratory monitor should be used to continu-
ously evaluate the heart rate, respiratory rate, blood 
pressure, and oxygen saturation of patients receiving  
heliox therapy. End-tidal (ETCO2) or volumetric 
(VCO2) carbon dioxide monitoring and respiratory 
mechanics are helpful in determining intrinsic positive 
end-expiratory pressure (PEEP) and how well  intubated 
patients receiving this specialty gas mixture are 
ventilated.

Because high-pressure tanks are used to deliver 
heliox therapy, it is important to assess tank contents 
frequently. This will minimize an interruption in ther-
apy because the tank is empty. A spare tank should be 
stored in close proximity to allow for easy transition 
from the empty to the full tank.

Limitations
There are no large randomized controlled trials to 
further elucidate indications or to identify the therapy 
limitations. Heliox does not affect the underlying patho-
physiology responsible for airway obstruction. However, 
it may provide symptomatic relief in severe airway ob-
struction, and it is useful as an adjunct to more defini-
tive treatment.16

Hazards/Complications
The potential hazards of heliox delivery are generally re-
lated to the devices used to deliver therapy. Inappropri-
ately set flow rates may compromise nebulizer functions 
and affect drug delivery and particle size when heliox 
is used as the gas to power nebulizers.17,18 The use of 
heliox with mechanical ventilators not calibrated for 
heliox delivery should be avoided, as errors in delivered 
and measured volumes will occur, potentially impacting 
patient safety.19,20

Nitric Oxide
The clinical use of inhaled nitric oxide has increased 
over the past several decades. This specialty gas has a 
profound effect on pulmonary vascular tone with mini-
mal systemic adverse effects.

Gas Physics
Nitric oxide (NO) is a colorless, odorless gas consist-
ing of one nitrogen and one oxygen atom. NO is a 
free radical and highly reactive gas that is unstable 
in the presence of air and undergoes oxidation to 
form nitrogen dioxide (NO2), a toxic environmental 
pollutant.21

Mechanism of Action
The identification of NO as an endothelial-derived vaso-
dilator led to the investigation of inhaled nitric oxide (iNO)  

FIGURE 29-2 A special adaptor is used to connect a high-pressure 
hose to a heliox tank and the 50 psi air inlet on a ventilator.
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as a pulmonary vasodilator.22,23 A substantial amount 
of evidence exists suggesting that the regulation of 
vascular muscle tone occurs at the cellular level. NO is 
synthesized as a byproduct following the conversion of 
L-arginine to L-citruline by nitric oxide synthase. NO 
rapidly diffuses across cell membranes, where it comes 
in contact with smooth muscle and activates guanyl-
ate cyclase, resulting in increased cyclic guanosine 3', 
5'-monophosphate (cGMP).24 Increased cGMP levels 
are accompanied by decreased intracellular calcium 
and the concomitant relaxation of vascular smooth 
muscle. Exogenous iNO enters the alveoli, diffuses 
across the alveolar–capillary membrane to the pulmo-
nary smooth muscle cells, and results in vasodilation. 
iNO has a high affinity for hemoglobin, where it is 
bound and deactivated. It also has a very short half-
life of 3 to 5 seconds, making it a selective pulmonary 
vasodilator, which may limit the vasodilatory effects to 
ventilated lung regions and therefore limit the effects on 
systemic circulation.25–27

Effect on the Cardiopulmonary System
The physiologic effects of iNO on pulmonary  
hypertension (PH) are multifactorial. The patient’s re-
sponse to therapy depends on the underlying cause of 
the PH. In neonates with PH, iNO can reverse hypoxic 
vasoconstriction by improving the balance of ventila-
tion and perfusion (V/Q). The pulmonary vasodilatory 
effects decrease pulmonary vascular resistance (PVR), 
which in turn increases pulmonary blood flow to ven-
tilated lung areas. Reducing PVR and improving V/Q 
matching decreases the amount of intracardiac shunt-
ing through the ductus arteriosus and/or the foramen 
ovale.28,29 Physiologic responses to iNO typically occur 
within minutes of therapy initiation and are reflected in 
an increase in PaO2 and/or SpO2 and improved hemo-
dynamic stability.

Safety
Multiple randomized and quasi-randomized controlled 
trials have evaluated the efficacy and safety of iNO 
therapy in term or near-term newborns with hypoxic 
respiratory failure. Current evidence suggests that it is 
safe and reasonable to administer iNO with PH and hy-
poxic respiratory failure. The literature does not support 
the use of iNO with hypoxic respiratory failure second-
ary to congenital diaphragmatic hernia.30 The available 
evidence also does not support the routine or rescue 
use of iNO in premature infants <34 weeks’ gestational 
age (WGA), and some reports suggest deleterious neu-
rologic consequences.31 Despite potential adverse out-
comes and recommendations against using iNO  
therapy in infants <34 WGA, off-label use has in-
creased and accounts for nearly half of all iNO use in 
the United States.32–34

Indications
Currently, the treatment of term neonates with acute 
hypoxic respiratory failure associated with pulmonary 
hypertension is the only indication for iNO approved 
by the Food and Drug Administration (FDA). Any other 
use of this specialty gas is considered off-label. Off-label 
use of iNO will not be addressed in this chapter.

Persistent Pulmonary Hypertension  
of the Newborn
Persistent pulmonary hypertension of the newborn is 
characterized by the failure of the pulmonary circu-
lation to transition normally following birth, which 
results in PH. Intracardiac right-to-left shunting of 
blood across the foramen ovale and ductus arteriosus 
results in hypoxemia. Disorders that delay the normal 
 relaxation of the pulmonary bed may be primary  
(e.g., idiopathic) or secondary conditions, such as 
congenital diaphragmatic hernia, meconium aspira-
tion syndrome, and respiratory distress syndrome.35 
Methods of optimizing lung expansion include increas-
ing mean airway pressure, initiating high-frequency 
ventilation, and administering surfactant, which should 
be employed prior to initiating iNO. iNO has been 
approved only by the FDA for therapy in term and 
near-term neonates (>34 WGA) with hypoxic respira-
tory failure associated with persistent pulmonary hy-
pertension of the newborn and/or echocardiographic 
diagnosis of PH.36,37 Although multiple large studies 
have demonstrated that iNO improves oxygenation 
and reduces the need for extracorporeal membrane 
 oxygenation (ECMO), none has shown a decrease in 
mortality.36–38 It should be noted that approximately 
40% of neonates with persistent pulmonary hyper-
tension of the newborn do not respond or sustain a 
response to iNO. If oxygenation and hemodynamic 
parameters do not improve despite these interventions, 
ECMO should be considered.39

Acute Respiratory Distress Syndrome (ARDS)
Numerous trials have investigated strategies for im-
proving oxygenation and outcomes in pediatric ARDS. 
Despite the extensive adoption of lung-protective venti-
lation strategies, the mortality in pediatric patients with 
ARDS ranges from 22% to 35%.40–42 The therapeutic 
aim for iNO administration to pediatric patients with 
ARDS is to reduce PH and intrapulmonary shunting by 
diverting pulmonary blood flow to better-ventilated ar-
eas of the lung. In a study of adult patients with ARDS, 
iNO has been shown to improve oxygenation for 1 to 
3 days; however, these results were not sustained and 
did not have a beneficial impact on outcomes (e.g., du-
ration of ventilation or mortality).43 Similar to findings 
in adults, transient improvements in oxygenation were 
found when iNO was administered to pediatric patients 
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with ARDS, but these studies did not evaluate the im-
pact of iNO on morbidity or mortality.44,45 Bronicki 
et al.46 found that iNO decreased the duration of me-
chanical ventilation in pediatric patients with ARDS, 
which resulted in an improved survival rate without the 
use of ECMO. These results must be interpreted with 
caution: The sample size in this study was relatively 
small, and the study was terminated early for low en-
rollment.46 A recent meta-analysis found no beneficial 
effects of iNO on mortality in either adult or pediatric 
patients with ARDS, regardless of the degree of hypox-
emia. The routine use of iNO for acute hypoxic respi-
ratory failure due to ARDS is not recommended.47,48 
Considering that most patients with ARDS demon-
strate a short-lived response to iNO, administering this 
 therapy to patients with ARDS should be considered 
only as a bridge to alternative ventilator strategies  
and/or ECMO.49

Congenital Heart Disease
Although iNO is only FDA approved for treatment of 
persistent pulmonary hypertension of the newborn, the 
literature reports therapeutic benefits of using iNO dur-
ing the perioperative management of infants and chil-
dren with PH and hypoxia associated with congenital 
heart disease. Preoperatively, iNO is used in the cardiac 
catheterization lab to reduce pulmonary vascular resis-
tance, and response to therapy is used to delineate the 
operative plan and timing of corrective surgery.50–52

Clinically, PH is often described as the ratio of sys-
tolic pulmonary artery pressure relative to systolic sys-
temic artery blood pressure (e.g., more than half of the 
systemic blood pressure).55 A pulmonary hypertensive 
crisis occurs when the mean pulmonary artery pressure 
acutely exceeds the mean systolic arterial pressure.

In adults, PH has been defined as a mean pulmonary 
artery pressure (PAP) of ≥25 mm Hg, a pulmonary 
artery wedge pressure of ≤15 mm Hg, and an indexed 
pulmonary vascular resistance of >3 woods units.53,54 
Pulmonary hypertension in the pediatric perioperative 
patient is related to anatomic substrates that are not 
seen in adults, rendering these criteria less applicable.55 
Congenital heart disease is responsible for about 50% of 
PH cases in children, and the postoperative incidence of 
severe PH has been reported at 2% to 5%.56–58

The use of cardiopulmonary bypass during surgical 
repair of congenital heart defects has been associated 
with pulmonary vascular damage and the impairment 
of endothelial function, resulting in the transient loss of 
NO production and the presence of PH.59 The goal for 
using iNO in infants and children with congenital heart 
defects is to improve right ventricular function and 
cardiac output by decreasing pulmonary artery pressure 
and pulmonary vascular resistance.60,61

Postoperative risk of PH can be assessed based 
on the type of cardiac lesion and then can be loosely 

categorized into four causative mechanisms: (1) in-
creased pulmonary vascular resistance, (2) increased 
pulmonary blood flow, (3) combined increased pulmo-
nary blood flow and pulmonary vascular resistance, 
and (4) increased pulmonary venous pressure.62 PH 
is associated with high mortality and poor clinical 
outcomes. There are challenges in conducting large 
randomized controlled studies to evaluate the efficacy 
of using iNO before and after surgical correction of 
a congenital heart defect. The patient population is 
small, and there are ethical considerations with study 
design. As a result, most of the evidence base for iNO 
use in cardiac surgery stems from small observational, 
single-center randomized trials. A few studies have 
identified hemodynamic improvement with iNO ad-
ministration following the bidirectional Glenn and 
Fontan operations, but clinical benefits have been vari-
able.63–65 A Cochrane review concluded that routine 
iNO administration in the postoperative period did 
not show any significant benefit to treat PH in children 
with congenital heart disease.66 It was difficult to de-
rive valid conclusions because of the methodological 
quality, sample size, bias, and heterogeneity of the four 
studies included in the meta-analysis.66 Despite the 
lack of FDA approval and evidence in the literature, 
use of iNO to mitigate the effects of pulmonary vas-
cular reactivity and postoperative PH in patients with 
congenital heart disease continues.

iNO is contraindicated in infants who are dependent 
on a right-to-left ductal shunt, such as an unrepaired 
hypoplastic left heart syndrome or interrupted aortic 
arch, as lowering pulmonary vascular resistance in 
these cases may result in pulmonary overcirculation 
and decreased systemic perfusion. iNO should be used 
cautiously in patients with left-sided obstructive lesions, 
such as obstructed total anomalous pulmonary venous 
return or left ventricular failure, because the increase 
in pulmonary blood flow may cause pulmonary edema 
without improving cardiac output.67,68

Application
Currently, the iNOmax DSIR(Ikaria/Mallinckrodt 
Pharmaceuticals, Ellicott City, MD) is the only 
FDA-approved iNO delivery device. The iNOmax 
DSIR houses two aluminum canisters that contain 
pharmaceutical-grade NO (800 parts per million [ppm]) 
mixed with N2 balance gas. This delivery device is capa-
ble of delivering iNO doses ranging from 0.1 to 80 ppm 
with conventional, anesthesia, and high-frequency ven-
tilators. The iNOmax DSIR provides a constant dose of 
iNO to the inspiratory limb of the circuit through the 
use of a flow controller and injection module. Clinicians 
must be aware of the effects associated with using the 
iNOmax DSIR with various devices (e.g., conventional 
ventilation, anesthesia machines, and high-frequency 
ventilation), as each has subtle nuances to consider.
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Delivery Devices
iNO may be delivered to infants and children receiving 
conventional invasive or noninvasive mechanical venti-
latory support as well as high-frequency jet and  
high-frequency oscillatory ventilation. The nuances of 
proper equipment setup, patient monitoring, and safety 
considerations will be reviewed.

Conventional Ventilator
To assure accuracy of the iNO dose during delivery to 
mechanically ventilated patients, the manufacturer rec-
ommends positioning the injector module where there 
are minimal fluctuations in gas flow. Positioning the 
injector module between the inspiratory outlet and the 
dry side of the humidifier allows adequate mixing time 
along the inspiratory limb of the ventilator circuit and 
delivers a more stable dose to the patient.69

Oxygen dilution is inherent when delivering iNO to 
mechanically ventilated patients. Independent of the 
injection module position, the delivery system adds a 
proportional amount of NO gas based upon set dose 
and ventilator flow rate. As the iNO dose is increased, 
more gas is added to the inspiratory limb, resulting in a 
dilution of the O2 concentration. Table 29-4 illustrates 
the effect that increasing an iNO dose has on FiO2.70

There are synchrony and safety considerations when 
delivering iNO during mechanical ventilation. The de-
livery device’s monitoring system continuously samples 
gas at a rate of 230 mL/minute, which may affect trig-
ger sensitivity and/or cause discrepancies in inhaled 
versus exhaled volumes (tidal volume and minute 
volume) and PEEP. These disparities may be clinically 
insignificant in larger patients; however, it may be nec-
essary to adjust ventilator settings to adequately venti-
late neonates.

Should the iNOmax DSIR inadvertently fail, a backup 
delivery system and manual ventilation blender are 
available for short-term use until the delivery device can 
be replaced.

During manual ventilation with iNO delivery 
through a self-inflating bag, clinicians should be cog-
nizant of the potential for NO2 to build up within the 
manual resuscitation bag’s reservoir and tubing.

iNO Dose (ppm)
Percentage Oxygen Is Diluted from  

Its Intended Concentration

20 10

40 5

80 10

TABLE 29-4
Dilution Effect That Increasing iNO Doses Has on 
Delivered Oxygen Concentrations

FIGURE 29-3 Position of the iNO injector module when used with 
the Bunnell Life Pulse HFJV.
Courtesy of Bunnell Inc.

High-Frequency Ventilators
Both high-frequency jet ventilation (HFJV) and high- 
frequency oscillatory ventilation (HFOV) are com-
monly used in combination with iNO therapy. Typi-
cally, with HFJV, the jet ventilator is functioning in 
tandem with the conventional ventilator. The HFJV 
supports a majority of the patient’s minute volume 
while the conventional ventilator provides an exhala-
tion valve, intermittent mandatory ventilation (IMV) 
breaths, and PEEP. As the conventional ventilation has 
a minimal role in ventilation, place the iNO injector 
module before the HFJV humidifier to allow for ad-
equate time to mix with the gas delivered by the HFJV 
and to minimize exposure to pulsatile flow. Figure 29-3 
illustrates the position of the iNO injector module 
when used with the Bunnell Life Pulse HFJV (Bunnell 
Incorporated, Salt Lake City, UT). As the IMV rate on 
the conventional ventilator increases, air entrainment 
from the conventional ventilation circuit increases. 
HFJV strategy generally focuses on optimizing PEEP 
and minimizing the IMV rate to ≤5 breaths per min-
ute. An IMV rate of ≤5 breaths per minute may still 
result in fluctuations in iNO concentration; however, 
the literature reports this difference as ≤10% of the 
set concentration.71

The iNO injector module should also be placed on 
the dry side of the circuit, before the humidifier, dur-
ing HFOV. Because exhalation is active during HFOV, 
flow through the iNO injector module may move in a 
bidirectional manner. Placing a one-way valve between 
the injector module and the dry side of the humidifier 
will prevent retrograde flow and limit the potential for 
excessive iNO dose delivery to the patient. It is optimal 
to place the sampling line at the proximal port on the 
HFOV circuit as this allows for adequate mixing and 
provides more accurate monitoring.72
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Noninvasive Applications
The majority of published data focusing on the use of 
iNO during invasive ventilatory support assume there 
is a negligible difference between the set and delivered 
iNO dose.73,74 iNO delivery during noninvasive ventila-
tion (NIV) with a traditional or high-flow nasal cannula 
results in the entrainment of air through the mouth or 
nares, which can decrease the NO dose delivered to the 
patient by approximately one-half.75,76 Diblasi et al.77 
evaluated various NIV devices and occlusive nasal 
prongs to minimize leak during simulated iNO delivery 
and found a more accurate iNO delivery with nasal con-
tinuous positive airway pressure and NIV compared to 
delivery by HFNC. The HFNC has nonocclusive prongs, 
and the reduction in iNO dose delivery was outside of 
the recommended range by >20%.77 Given the variabil-
ity in NIV flow characteristics and leaks with patient in-
terfaces, clinicians cannot assume that the set iNO dose 
is always equivalent to the dose delivered to the patient.

Anesthesia Machine
iNO is frequently used in the cardiac catheterization lab 
and in the operating room during repair of congenital 
cardiac lesions. An anesthesia ventilator is typically 
used to deliver iNO in these situations. Anesthesia ven-
tilators employ a partial rebreathing circuit and a CO2 
scrubber to conserve the amount of anesthetic gas used. 
This results in partial rebreathing of fresh and exhaled 
gases that pass through the CO2 scrubber. When deliv-
ering iNO inline with an anesthesia ventilator circuit, 
place the injector module on the inspiratory outlet of 
the ventilator and then add 6 to 12 inches of corrugated 
tubing after the module. This will allow for adequate 
mixing prior to the sample line. It is imperative to de-
liver a fresh gas flow rate that is higher than the patient’s 
minute volume to avoid excessive recirculation of gases. 
Insufficient fresh gas flows will result in higher levels of 
NO and NO2 as well as reduced O2 concentrations.78

Dose Titration
Initial iNO doses between 2 and 80 ppm have been stud-
ied; however, most randomized clinical trials support  
20 ppm as a routine starting dose.30,39,79 iNO doses above 
40 ppm have failed to demonstrate improved oxygenation 
in patients who did not respond to therapy at 20 ppm.80 
Sustained treatment at 40 to 80 ppm has been associated 
with adverse effects.80 Typically, clinicians evaluate the ef-
fect of iNO 30 minutes after initiation of therapy. A posi-
tive response to therapy will result in an improvement in 
oxygenation and/or hemodynamic parameters. If the pa-
tient demonstrates a considerable clinical improvement, 
a stepwise reduction in iNO dose transpires. The iNO 
dose titration continues until the lowest dose maintaining 
the positive response to therapy is reached. If the patient 
fails to respond to therapy, titrate the iNO dose to a very 
low level and discontinue therapy.79

Monitoring
The INOmax system samples gas from downstream on 
the distal portion of the inspiratory limb, which allows 
gas concentrations of NO, NO2, and O2 to be continu-
ously monitored using electrochemical cells for each 
respective gas.

Nitric Oxide
High concentrations of NO are associated with poten-
tial toxic effects, including methemogloblinemia, NO2 
formation, and decreased platelet aggregation.81,82 The 
iNOmax DSIR is equipped with a safety mechanism that 
terminates drug delivery when the monitoring system 
measures an NO concentration of ≥100 ppm.

FiO2

To account for the O2 dilution that occurs during iNO 
administration, it is important to monitor and docu-
ment the FiO2 delivered by the iNOmax DSIR. The 
FiO2 monitored by the ventilator may not be accurate 
because the FiO2 is measured before NO is introduced 
into the circuit. As the iNO dose increases, discrepan-
cies between set and delivered FiO2 become more sig-
nificant, making it nearly impossible to deliver an  
FiO2 of 1.0.74

Nitrogen Dioxide
The combination of O2 and NO forms a toxic byproduct, 
NO2, which has been associated with airway damage 
and inflammation.83 NO2 production increases expo-
nentially when high FiO2 and iNO concentrations are 
used simultaneously. Bouchet et al.84 demonstrated that 
the use of an FiO2 of 0.9 during iNO delivery was ca-
pable of producing 5 ppm of NO2 in less than 2 seconds. 
The quantity of NO2 formed can also be influenced by 
the delivery system (e.g., self-inflating resuscitator) and 
the amount of time left for iNO to oxidize within the 
circuit (e.g., partial rebreathing anesthesia circuit).

Methemoglobinemia
Methemoglobin (MetHb) is formed when iNO binds 
with hemoglobin (Hb), which reduces the availability 
of Hb to transport O2. Factors associated with an in-
creased risk for the development of methemoglobin-
emia include concurrently using high concentrations of 
both iNO and FiO2 and iNO doses >20 ppm. Clinical 
trials report that MetHb levels peak approximately 
8 hours after initiation of therapy. Monitoring MethHb 
levels by co-oximetry 4 to 8 hours after the initiation of 
iNO therapy, and every 24 hours thereafter, can aid in 
the early detection of methemoglobinemia.37,39,79 Cya-
nosis and hypoxia can occur with MetHb concentra-
tions greater than 10%. However, levels exceeding the 
clinically accepted threshold of 5% are unlikely to occur 
with the administration of iNO doses ≤20 ppm. MetHb 

Nitric Oxide 505



levels ≤5% may be of little clinical significance and are 
often lower on follow-up measurements regardless of 
intervention (e.g., discontinuation or dose reduction) 
when doses are lower or therapy is discontinued.85

Weaning
Weaning of the iNO dose occurs after the patient dem-
onstrates a positive response to therapy (improved 
SpO2 and/or PaO2) and is hemodynamically stable. 
Weaning minimizes the cost of care and reduces the po-
tential for adverse effects. Typically, iNO is weaned by 
a series of stepwise dose reductions, such as a decrease 
in the iNO dose from 20 to 10 to 5 to 2.5 to 1 ppm, after 
which it is discontinued. Weaning protocols vary con-
siderably in the duration of treatment, dose reductions, 
and time intervals between iNO dose changes. The 
literature reports that a 4-hour time period between 
weaning steps is a safe titration method.37,86 It may be 
necessary to transiently increase the FiO2 when iNO 
reaches 1 ppm or is discontinued.86,87 Sildenafil has 
been shown to ameliorate rebound PH during wean-
ing and discontinuation of iNO therapy for neonates 
with  congenital heart defects who previously failed 
iNO weaning trials.87,88

Limitations
The primary disadvantages of iNO are the high cost of 
the gas and the complex delivery system required to 
deliver the therapy.89–91 iNO has a very short half-life, 
which requires continuous administration, making it 
difficult to administer as a long-term therapy. When 
used in conjunction with mechanical ventilation, it is 
very important to optimize alveolar recruitment during 
iNO administration, as poorly ventilated alveoli impede 
NO from passing through the alveolar–capillary mem-
brane, limiting the dilation effect on the pulmonary 
vasculature. Synergistic improvements in oxygenation 
have been observed when iNO was combined with re-
cruitment measures, optimal PEEP, and high-frequency 
ventilation.92–96

Hazards/Complications
Rebound PH after discontinuation of therapy can oc-
cur, especially when therapy is administered for a longer 
duration of time. This results from a down-regulation 
of endogenous NO production. Transient increases in 
pulmonary artery pressure and decreases in PaO2 have 
been observed shortly following discontinuation of iNO 
therapy, which lasts approximately 30 minutes before 
a new steady state is achieved. During this transitional 
period from 1 ppm to discontinuation, alternative 
 therapeutic interventions, including sildenafil adminis-
tration and increased FiO2, are effective in preventing 
rebound PH.87,97

Subambient Oxygen and Inhaled 
Carbon Dioxide
Hypercarbic gas mixtures have been used for their pul-
monary vasoconstrictive effects. This section describes 
the specialty gas mixtures that may be used to balance 
the pulmonary and systemic circulation in infants with 
certain congenital cardiac lesions.

Gas Physics
Nitrogen (N2) is an inert, colorless, odorless gas that ac-
counts for 78.09% of the Earth’s atmosphere by volume. 
Carbon dioxide (CO2) is colorless, odorless, and, under 
normal atmospheric conditions, has a concentration  
of 0.03%.

Mechanism of Action
The pulmonary vasculature is sensitive to acidosis and 
hypoxia, which increase pulmonary vascular resistance 
and limit pulmonary blood flow. Inspired nitrogen and 
carbon dioxide are gases that promote potent pulmo-
nary vasoconstriction and are used to limit pulmonary 
blood flow in the perioperative management of infants 
with single ventricle physiology. Although not widely 
used, these inhaled specialty gases are helpful in balanc-
ing pulmonary and systemic blood flows, preserving the 
function of a single right-ventricle function, maximiz-
ing oxygen delivery to the tissues, and minimizing the 
need for intubation prior to surgical correction of the 
cardiac defect.98

Nitrogen
Inspired N2 is used to dilute the concentration of oxy-
gen in inspired air or to deliver subambient gas mix-
tures. Subambient gas mixtures deliver FiO2 in the 
range of 0.14 to 0.20 to increase pulmonary vascular 
resistance by inducing hypoxic vasoconstriction.99,100

Carbon Dioxide
Inspired carbon dioxide, delivered in the range of 2% to 
5%, induces hypercarbia and increases pulmonary vas-
cular resistance, which limits pulmonary blood flow in 
neonates with hypoplastic left heart syndrome.99,100

Nitrogen versus Carbon Dioxide
Small interventional studies using a randomized cross-
over design compared the effectiveness of 17% inspired 
O2 versus ~3% inspired CO2 in neonates diagnosed with 
single ventricle physiology. Both methods reduced the 
ratio of pulmonary to systemic blood flow (Qp:Qs); how-
ever, systemic oxygen delivery increased during hyper-
carbia induced through inspired CO2.101 Inspired CO2 
was also found to improve cerebral oxygenation and 
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mean arterial blood pressure, whereas a subambient 
gas mixture, FiO2 of 0.17, did not have similar hemody-
namic benefits.102

Effect on the Cardiopulmonary System
In the structurally normal cardiovascular system, the 
pulmonary and systemic circuits are connected in 
series and managed by two pumps, the right and left 
ventricles. Neonates with hypoplastic left heart syn-
drome typify a variant of the univentricular heart that 
is characterized by a hypoplastic left ventricle, stenosis 
or atresia of the mitral and aortic valves, and severe 
aortic arch hypoplasia. These patients require corrective 
surgery (Stage 1 pallation) within the first week of life, 
which includes reconstruction of the aortic arch, atrial 
septectomy, and creation of a stable source of pulmo-
nary blood flow. Pulmonary blood flow is typically sup-
plied through a restrictive systemic to pulmonary artery 
shunt (Blalock-Taussig or Central shunt) or a right ven-
tricle to pulmonary artery shunt (Sano).

Because the hypoplastic left ventricle is essentially 
nonfunctional, the right ventricle manages cardiac 
output. The distribution of blood flow in infants with 
hypoplastic left heart syndrome is parallel and divided 
between the systemic and pulmonary circuits. One of 
the primary perioperative challenges in this patient 
population is maintaining a balance between Qp and 
Qs. Mathematical and simulation models of the uni-
ventricular heart have demonstrated that optimum sys-
temic oxygen delivery (DO2) occurs when the Qp and Qs 
are nearly equal. In contrast, a Qp:Qs of <1 may lead to 
insufficient Qp and potentially systemic hypoxemia103,104 
The Qp:Qs is dependent upon the relative vascular resis-
tances of both the pulmonary and the systemic circula-
tions. Decreases in pulmonary vascular resistance may 
result in too much pulmonary blood flow, or overcircu-
lation, at the expense of systemic perfusion. Decreased 
systemic perfusion can result in decreased coronary 
artery perfusion, multisystem organ failure, metabolic 
acidosis, and eventually cardiopulmonary collapse.105

Medical management focuses on maintaining an 
adequate balance of Qp:Qs and maximizing DO2 to the 
tissues. Mechanical ventilation is generally avoided 
preoperatively but may be required to support patients 
with apnea related to prostaglandin infusion, during 
interfacility transport to a quaternary care center, when 
respiratory failure is suspected. Mechanical ventila-
tion strategies typically employ low FiO2 (0.21–0.25), 
hypoventilation, and mild respiratory acidosis (e.g., CO2 
40–50) to achieve pulmonary vasoconstriction and im-
prove systemic perfusion Qs.106,107

Indications
When conventional strategies fail to limit high Qp:Qs, 
subambient oxygen concentrations or inspired CO2 may 

be used as temporizing adjuncts for patients with hypo-
plastic left heart syndrome who are at risk for hemody-
namic decompensation prior to surgery. Their use in the 
postoperative period following surgical correction and 
placement of a restrictive shunt as an optimal means of 
controlling pulmonary blood flow varies.108,109

Delivery Devices
Currently, there are no commercially available delivery 
devices for the administration of N2 or CO2.

Application
The administration of N2 or CO2 therapy can be de-
livered through a heated high-flow nasal cannula or a 
mechanical ventilator. Safety and monitoring are two 
important aspects to consider when N2 or CO2 gas mix-
tures are delivered to infants and children.

N2 Administration and Conventional Ventilator
Administration of subambient oxygen concentrations to 
patients receiving mechanical ventilation requires the 
connection of an N2 tank to the 50 psi air gas inlet of 
the ventilator. The ventilator’s internal oxygen analyzer 
must be turned off, or in some cases disconnected, to 
avoid continuous alarms during hypoxic gas administra-
tion. It is imperative to connect an O2 analyzer capable 
of measuring FiO2 ≤0.15 in order to provide accurate 
target FDO2 delivery (e.g., 0.15–0.19) and monitoring. 
FiO2 is incrementally adjusted on the ventilator while 
monitoring the O2 analyzer for the desired set FDO2 
level. FDO2 is then titrated to target oxygen saturations 
between 75% and 85%.

N2 Administration through a High-Flow  
Nasal Cannula
Subambient oxygen therapy can also be administered by 
a high-flow nasal cannula by titrating N2 into the HFNC 
circuit using small-bore tubing and a flowmeter. The 
blender, connected to the high-flow cannula, should be 
set at an FiO2 of 0.21. During N2 titration, an O2 ana-
lyzer capable of analyzing subambient concentrations 
of oxygen is used to target and monitor the FDO2. The 
nonocclusive prongs of the cannula allow for some  
air entrainment, making it difficult to set a precise 
FDO2 level.

Carbon Dioxide
When administered to mechanically ventilated patients, 
CO2 is bled into the humidifier or inspiratory limb of 
the conventional ventilator. An end-tidal CO2 moni-
tor may be used to monitor the delivered concentra-
tion of CO2. When used, the end-tidal CO2 monitor is 
placed after the humidifier to measure and monitor the 
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Gas Physics
Anesthetic gases are known as volatile liquids because 
they are easily vaporized at room temperature. Many 
exist that are most commonly used intraoperatively for 
sedation and include halothane, enflurane, isoflurane, 
desflurane, and sevoflurane. Although anesthetic gases 
are generally administered, they can also be used for 
their bronchodilator properties. Anesthetic gas mix-
tures may be used to treat patients with status asth-
maticus who fail to improve or continue to clinically 
deteriorate with conventional methods of treatment. 
Typically, when used for this indication, isoflurane is the 
safest anesthetic of choice.114

Mechanism of Action
The benefits that anesthetic gases have within respira-
tory care stems from stimulation of the beta-adrenergic 
receptors of the sympathetic nervous system.115 The 
stimulation of beta-1 receptors causes heart rate and 
contractility to increase. Beta-2 receptor stimulation 
causes bronchial and vascular smooth muscle relax-
ation. Anesthetic gases are not selective, and so both 
beta 1 and 2 responses occur.

Isoflurane is a clear, colorless liquid containing no 
additives or chemical stabilizers. This anesthetic gas has 
a mildly pungent, musty, ethereal odor and has a lower 
limit of flammability when used in an oxygen-rich en-
vironment. Isoflurane is used in the treatment of status 
asthmaticus for its bronchial dilation properties.

Effects on the Respiratory System
General anesthesia can increase the propensity for up-
per airway obstruction by relaxing pharyngeal muscles 
and can suppress respiratory function by decreasing 
airway protective cough and gag reflexes, decreasing 
minute ventilation, and stunting the peripheral che-
moreceptors in the brain’s response to hypercarbia.116 
Monitoring respiratory function is an essential part of 
safe administration. When used for bronchodilation, 
patients require intubation and mechanical ventilation. 
As the pharyngeal muscles are relaxed, the tongue can 
become displaced posteriorly and obstruct the airway.

Safety
Although anesthetic gases have been used in the treat-
ment of status asthmaticus, there are no randomized 
controlled studies available to determine efficacy, out-
comes, safety, or optimal timing of initiation compared 
to conventional treatment.

Indications
Inhaled isoflurane during mechanical ventilation is a 
modality used in the treatment of pediatric patients 
with status asthmaticus. The literature reports that 

concentration of CO2 delivered to the patient. Because 
the CO2 is bled into the ventilator circuit, ventilator 
parameter changes that affect minute ventilation may 
require titration of CO2 flow to maintain prescribed 
inspired CO2 levels. The targeted therapeutic range is 
generally 1% to 4% or 8 to 30 mm Hg, and adjustments 
are made in increments using the flow meter connected 
to the CO2 tank.110

Monitoring
Patients receiving supplemental N2 or CO2 require car-
diorespiratory monitoring and noninvasive monitoring 
of ventilation and oxygenation by capnography and 
pulse oximetry, respectively. Arterial blood gas sam-
pling can be used to assess pH, PaO2, mixed venous O2, 
CO2, and lactate. During subambient oxygen delivery, 
it is imperative to set the alarms on the O2 analyzer for 
a tight range to avoid potentially disastrous swings in 
Qp:Qs resulting from a delivery error. If no beneficial 
changes in hemodynamics are noted (e.g., improved 
cardiac output), hypoxic gas administration should be 
discontinued. Patients receiving supplemental CO2 
must be monitored closely by capnography to ensure 
that the appropriate fraction of inspired CO2 (FiCO2) 
is delivered. High- and low-inspired CO2 alarms on the 
ventilator (if applicable) should be set within 1 or 2 mm 
Hg of ordered inspired CO2 levels. 

Limitations
Both subambient oxygen delivery and inspired CO2  
are temporizing measures used on a short-term basis 
to limit overcirculation in the perioperative period. 
The efficacy of these therapies is supported by mid-  
to lower-grade evidence, and some controversy exists 
about the long-term effects and impact on cerebral 
blood flow.111–113 Using inspired CO2 to induce va-
soconstriction requires the patient to be intubated, 
sedated, and paralyzed to avoid stimulation of the 
 patient’s respiratory drive. A compensatory  metabolic 
alkalosis will develop over time in response to 
 exogenous CO2.

Hazards/Complications
The primary hazard using the aforementioned methods 
to increase pulmonary vascular resistance is the poten-
tial for error in gas delivery and subsequent effect on 
patient safety.

Anesthetic Gas Mixtures
Typically, inhalation is the primary route of anesthesia 
in the operating room. However, there are occasions 
when sedative and anesthetic medications are to pro-
vide anesthesia and amnesia to mechanically ventilated 
children in the ICU.
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when used for ventilatory failure refractory to conven-
tional asthma therapy, improvements in pH and PaCO2 
were seen within the initial few hours of beginning 
treatment, providing time for traditional treatment to 
take effect.117 Ventilation with lower peak inspiratory 
pressures and minimal renal toxicity were also real-
ized.118 Case reports of rapid recovery after the discon-
tinuation of the anesthetic gas and successful extubation 
have been reported.118

Delivery Devices
Isoflurane is administered through a machine approved 
to administer anesthetic gas. The Occupational Health 
and Safety Administration’s guidelines for workplace 
exposures state that specialty machines delivering an-
esthesia have two gas sources: a pipeline supply and a 
compressed gas cylinder supply. Gas sources used are 
typically oxygen, air, and/or nitrous oxide.119 A central 
piping system from bulk storage is a hospital’s main 
supply of anesthetic gases that connect to anesthesia 
machines at 50 to 55 psi through Diameter Indexed 
Safety System fittings. Compressed gas cylinders can 
be used but are generally reserved for emergency use, 
such as a central pipeline system failure. Compressed 
gas cylinders are attached to the back of the anesthesia 
machine by a hanger yoke assembly with the Pin Index 
Safety System. The Pin Index Safety System prevents ac-
cidental attachment of a cylinder to a yoke designed for 
another gas.

The anesthesia machine has ventilating capabili-
ties. Fresh gases enter the machine’s ventilator through 
an internal pipeline and travel to the vaporizer, where 
a concentration-calibrated specific agent is mixed 
with the fresh gas. Gas then exits a common gas out-
let and into the patient’s breathing circuit. Exhaled 
gases travel to the reservoir bag, then to the adjustable 
pressure-limiting valve, and exit into the scavenging 
system where waste gases are removed.

Titration
Anesthesia machines have vaporizers that are specifi-
cally labeled, color-coded, and calibrated for a specific 
anesthetic agent. Included on a standard vaporizer 
is a filling level sight glass to allow the operator to 
monitor the amount of liquid agent remaining dur-
ing delivery, a control dial with numerical markers 
measured in volume percentage for agent titration, 
and a filling container to pour the liquid agent into. 
End-tidal concentrations of isoflurane are typically 
titrated slowly, in doses ranging from 0.5% to 1.5%, 
until clinical or laboratory improvement is noted or 
hypotension ensues.117,120 In one large retrospective 
study, isoflurane was found to improve pH and PaCO2 
clearance within 4 hours in a series of patients with 
severe bronchospasm.121

Monitoring
A sample line placed into the inspiratory limb dur-
ing agent delivery allows the clinician to monitor FiO2, 
minimum alveolar concentration, FiCO2, agent volume 
percentage, and ETCO2. The minimum alveolar concen-
tration is the alveolar concentration of an inhaled anes-
thetic in which 50% of patients will no longer respond 
to painful or surgical stimuli.

Limitations
Administration of isoflurane in the intensive care unit 
poses human resources issues. The most commonly 
debated topic is which clinicians should assume respon-
sibility for filling the vaporizer, titration, and anesthetic 
delivery. The scope of practice defined by licensure 
may limit a respiratory therapist’s ability to manage the 
delivery of this anesthetic gas under the direction of a 
physician. The lack of evidence-based clinical practice 
guidelines and infrequent use of this therapy in the ICU 
warrants developing a comprehensive infrastructure in 
which roles and responsibilities are defined and guide-
lines established for the safe administration of isoflu-
rane under the supervision of an anesthesiologist.

Hazards/Complications
Anesthetic gas delivery can result in operator and/or 
patient decompensation. Volatile liquid spills are harm-
ful to the operator, especially when the spill occurs in a 
poorly ventilated workplace environment. Spills can be 
contained by immediately covering the liquid with towels 
and absorbents and evacuating the area until properly 
trained personnel can effectively clean the spill.119 Dur-
ing the containment and cleaning of a spill, staff handling 
volatile anesthetic gases and bystanders in the confined/
affected area must wear personal protective equipment.

Clinicians must be knowledgeable of the signs and 
symptoms of adverse reactions during isoflurane gas 
 delivery. Hypotension is the most commonly reported 
side effect, which is typically managed with vasoac-
tive medications and fluid boluses.118,121 Malignant 
hyperthermia, caused by an excess release of calcium 
to the body’s skeletal muscles, can also occur.122 Pa-
tients experiencing malignant hyperthermia are in a 
hypermetabolic state resulting from increased oxygen 
consumption and anaerobic metabolism and may also 
experience tachycardia and respiratory acidosis.123 Ma-
lignant hyperthermia may be identified early in its onset 
by a sudden rise in ETCO2. Continuous temperature 
monitoring is an important component of the care of 
patients receiving isoflurane in the ICU setting. When 
malignant hyperthermia is suspected, it is essential to 
disconnect the patient from the breathing circuit and to 
provide manual ventilation with 100% oxygen. Cardio-
respiratory monitoring is also essential, as hypotension 
and cardiac arrhythmias can also occur.114
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Case Study 
A 3-year-old boy presented to the emergency depart-
ment (ED) with sudden onset of cough and difficulty 
breathing that woke him from sleep. He has a history 
of mild intermittent asthma, and he had never been 
hospitalized. Vital signs in the ED were as follows: tem-
perature 38.9°C, heart rate 110 beats per minute, blood 
pressure 90/60 mm Hg, respiratory rate 30 breaths per 
minute, and oxygen saturation by pulse oximetry 98% 
on room air. Exam is remarkable for stridor at rest, 
tracheal tug, and moderate intercostal retractions. The 
boy appeared fatigued and he refused to speak. Upon 
auscultation, breath sounds were clear with decreased 
aeration throughout. A mild scattered erythematous 
rash was noted on his chest and arms. A chest X-ray 
and respiratory viral panel were ordered. Racemic epi-
nephrine 0.5 mL of nebulized 2.25% solution, diluted 
in 3 mL of normal saline was administered by small 
volume nebulizer. A dose of dexamethasone was also 

administered at that time. The patient was noted to 
have decreased stridor and decreased work of breath-
ing following the racemic epinephrine treatment. 
Within 30 minutes the child had more notable stridor 
and noticeable increase in his work of breathing. The 
physician ordered heliox gas treatment at 80/20 mix-
ture composition by heated high-flow nasal cannula. 
Within a few minutes, the child’s work of breathing 
lessened, as did his stridor. The patient was admitted 
to the intensive care unit on the gas mixture and aero-
solized racemic epinephrine every 2 hours.

1. Why was heliox indicated in this case?

2. Describe the reasoning for using an 80/20 mix-
ture instead of a 70/30 in this case.

3. Name another oxygen delivery device that you 
could have used in this case to deliver the heliox 
mixture.
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Introduction
Extracorporeal membrane oxygenation (ECMO) is a 
form of mechanical circulatory support that incorpo-
rates an artificial lung or membrane oxygenator and is 
used to support neonates, infants, and children with 
severe cardiac, respiratory, or cardiorespiratory failure.1 
The technique requires vascular access, to which a cus-
tomized circuit is connected, and blood is circulated by 
means of a pump while artificial gas exchange occurs in 
the membrane oxygenator. ECMO systems are essen-
tially adaptations of devices used for cardiopulmonary 
bypass, but they have evolved into more streamlined 
systems designed to provide prolonged support in a 
critical care setting.2 The aim of this chapter is to de-
scribe the technical aspects, clinical application, physi-
ologic effects, patient monitoring, and complications 
associated with ECMO.

Background
In 1977, Bartlett and colleagues3 first described the 
lifesaving potential of ECMO and its ability to support 
newborns with respiratory failure. In the mid-1980s and 
over the subsequent decade, the role of ECMO in the 
management of newborns with hypoxemic respiratory 
failure was confirmed as several studies demonstrated 
safety, efficacy, and improved survival.4–6 During this 
time, ECMO centers were being developed around the 
United States and Europe, and ECMO became an im-
portant adjunct in newborn intensive care.

In 1989, the Extracorporeal Life Support Organiza-
tion (ELSO) was formed with the mission to coordinate 
clinical research in extracorporeal techniques, to de-
velop guidelines, and to maintain a database of ECMO 
cases. This organization continues to expand with the 
addition of international affiliates, and the ELSO regis-
try has maintained data and compiled statistics for over 
69,000 cases.7

By the mid-1990s, less invasive techniques, including 
surfactant replacement therapy, high-frequency venti-
lation, and inhaled nitric oxide, also contributed to a 
decrease in neonatal mortality, and the need for ECMO 
declined.8 Despite this decreased use, extracorporeal 
technology continued to evolve and other indications 
for ECMO were being considered, including support 
for such conditions as congenital heart disease and res-
piratory failure in children (Table 30-1). In the present 
decade, the application of ECMO continues to broaden 
as catheters and vascular access techniques have im-
proved, and ECMO systems continue to be refined and 
their safety enhanced.9

Clinical Application
The fundamental role of ECMO is to provide well- 
perfused blood and to preserve organ function until the 
patient recovers from the underlying condition and is 

able to transition to more conventional critical care 
management or until alternative medical or surgical 
options can be pursued. ECMO should not be consid-
ered a therapeutic or curative option; it benefits pa-
tients most when the condition is reversible, but it has 
emerged as an important rescue measure when quite 
often the alternative outcome is mortality, and it has 
also become a viable option as a bridge to organ trans-
plantation.10 Because ECMO is being offered to a more 
heterogeneous population, historic indications and con-
traindications are not as strictly adhered to, provided 
that the risks of ECMO are carefully considered.

Selection Criteria
As ECMO is quite invasive and has associated risks, cli-
nicians have strived to identify clear indications and to 
develop objective criteria, including the oxygenation  
index (OI).11 The OI is a calculation that helps gauge 
disease severity. Mean airway pressure (mPaw) and 
FiO2 information obtained from the mechanical ventila-
tor are used to calculate the OI, which is determined as 
follows: OI = mPaw × (FiO2 / PaO2) × 100. An OI in 
excess of 40 while using conventional mechanical venti-
lation has been associated with mortality risk greater 
than 80%.12 When high-frequency oscillatory ventilation 

Type of 
Support Goals of Therapy Clinical Conditions

Respiratory Support organ 
function, normalize 
gas exchange, 
and allow time for 
recovery

Meconium aspiration 
syndrome

Congenital diaphragmatic 
hernia

Sepsis, refractory septic 
shock

Persistent pulmonary 
hypertension

Respiratory failure 
refractory to other 
therapies

Pneumonia
Pulmonary air leaks
Acute respiratory distress 

syndrome
As a bridge to lung 

transplantation in 
chronic respiratory 
failure

Cardiac Augment cardiac 
function in 
conditions resulting 
in low cardiac 
output or to provide 
complete support 
when there is no 
native cardiac output

During resuscitation 
(extracorporeal 
cardiopulmonary 
resuscitation)

Cardiac failure
Severe and complex 

congenital heart disease 

TABLE 30-1
Indications for ECMO in Infants and Children
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(HFOV) is the mode of support, an OI greater than 60 
is the threshold where the risk of mortality increases as 
higher mean airway pressures are used.

The decision to initiate ECMO is considered when 
the patient does not respond to maximum medical 
management, there is no associated morbidity, and the 
underlying condition is reversible. As an example, a 
newborn with severe respiratory failure associated with 
meconium aspiration that continues to be hypoxemic 
despite HFOV and inhaled nitric oxide, who has an  
OI >60 for several hours, would be a good candidate for 
ECMO. Broad indications for ECMO include respira-
tory failure in the newborn, acute respiratory failure in 
infants and children, cardiac disease, and chronic res-
piratory failure.

Newborn Respiratory Failure
A number of conditions affecting newborns may be un-
responsive to standard treatment—conventional mech-
anical ventilation, high-frequency ventilation, inhaled 
nitric oxide—and can progress to severe respiratory 
failure. These conditions include persistent pulmonary 
hypertension of the newborn (PPHN), meconium aspir-
ation syndrome (MAS), sepsis, pneumonia, respiratory 
distress syndrome, pulmonary air leak, and congenital 
diaphragmatic hernia (CDH). In these conditions, the 
application of ECMO supports organ function, normal-
izes gas exchange, and allows time for recovery  
(Table 30-1). As an example, with PPHN there is failure 
of the transitional circulation leading to right-to-left 
shunting, hypoxemia, and eventual right heart failure, 
but support with ECMO allows time for the pulmonary 
hypertension to reverse. When ECMO is used to sup-
port pulmonary conditions, such as MAS or air leaks, 
the lungs are given time to heal as lung-protective 
ventilator strategies are employed. Over the past dec-
ade, the average number of newborn respiratory failure 
cases reported in the ELSO registry is around 500, with 
a  survival rate of 82%.7

Newborns with CDH have varying degrees of res-
piratory insufficiency, which is primarily influenced 
by the magnitude of lung hypoplasia and pulmonary 
hypertension.13 In the most severe cases, ECMO may 
be used with the goal of promoting lung rest, lessening 
pulmonary hypertension, and improving right heart 
function.14 The number of CDH cases reported to the 
ELSO registry averages about 250 each year, and sur-
vival rates averaging around 50% have not significantly 
changed since ECMO was first used in this population.7

Pediatric Respiratory Failure
There has been a steady increase since 2001 in the 
number of pediatric respiratory failure cases reported 
in the ELSO registry, with an average of about 250 per 
year and an increasing annual survival rate approaching 
70%.7 This increase is due in part to improvements in 

ECMO technology, which affords longer durations with 
fewer complications, and a willingness of clinicians to 
explore the boundaries of advanced medical-surgical 
options.15 The principal diagnoses that have been re-
ported are infectious pneumonia and acute respiratory 
distress syndrome. In 2009, the influenza A (H1N1) 
pandemic compelled hospitals to develop emergency 
preparedness measures that ranged from basic support-
ive care to advanced measures, including ECMO.16 Dur-
ing this time, there was a renewed interest in developing 
ECMO programs and, since then, there has been an an-
nual increase in the number of centers reporting data to 
the ELSO registry, now topping 250 worldwide.7

Following the success of ECMO in newborns, 
pediatric intensivists attempted to identify a popu-
lation that would benefit from ECMO, but clinical 
trials and research efforts were difficult to conduct. 
In 1996, a multicenter trial was undertaken and the 
Pediatric Risk of Mortality Score (PRISM) was used to 
stratify which patients would receive ECMO.17 PRISM 
is a prognostic scoring system used to determine the 
risk for mortality. This tool, derived from 14 physiologic 
variables, assesses mortality risk for pediatric patients 
during their first 24 hours of care in the intensive care 
unit (ICU). There were 38 patients in the ECMO group 
of this multicenter study, which suggested that ECMO 
was more beneficial.17 The evidence for using ECMO in 
pediatric respiratory failure has largely been described 
in case series and retrospective reviews, including cases 
of refractory septic shock18 and, although somewhat 
controversial, patients with immunocompromised 
conditions.19

ECMO has generally been considered a rescue mo-
dality for acute and reversible respiratory failure, but 
it has become an acceptable mode to support children 
with chronic respiratory failure as a bridge to lung 
transplantation.20 The goals of this approach are to min-
imize sedation and promote mobility, including ambula-
tion and physical therapy, which may improve the rate 
of recovery following lung transplantation.21

In general, the use of ECMO in the management 
of respiratory failure in children should be reserved 
for patients with a reversible condition or if suitability 
for lung transplantation has been determined, and if 
lung-protective ventilator strategies fail to provide clini-
cally acceptable gas exchange.22

Cardiac Support
The use of ECMO to support infants and children with 
cardiac failure continues to evolve, with over 1000 cases 
reported to the ELSO registry annually.7 The goals of 
ECMO are to augment cardiac function in conditions 
resulting in low cardiac output or to provide complete 
support when there is no native cardiac output  
(Table 30-1). Infants with severe and complex congeni-
tal heart disease may be supported with ECMO in the 
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preoperative period as surgical strategies are being 
contemplated and as an extension of cardiopulmonary 
bypass in the postoperative period.23

The rapid initiation of ECMO during resuscitation is 
known as extracorporeal cardiopulmonary resuscitation  
(ECPR); it is considered early in the resuscitative pro-
cess, when it is clear that standard measures may be 
unsuccessful.24 ECPR requires readily deployable sys-
tems and coordinated clinical teams to establish quick 
surgical access and mechanical circulatory support as 
advanced cardiac life support is simultaneously pro-
vided. Favorable outcomes are dependent on the quality 
of CPR, and survival rates approaching 40% have been 
reported by ELSO.25

Types of ECMO Support
The method of ECMO support is chosen based on a 
number of factors, including the patient’s size, under-
lying condition, and severity and type of illness. ECMO 
is typically described by the route of drainage, which is 
always the venous system, and the route of reinfusion, 
which can either be the venous system or the arterial 
system; accordingly, the two main modes of ECMO 
support are venous-arterial and venous-venous26 
(Table 30-2).

Venuous-Arterial
Venous-arterial (VA) is the original approach to ECMO 
support and is the most commonly used.27 The classic 
configuration for VA support in newborns and infants 
is cannulation of the right internal jugular vein, from 
where deoxygenated blood is drained, and the right 
common carotid artery, where oxygenated blood is re-
turned. Because the patient’s blood exits the body on 
the venous side and reinfuses on the arterial or systemic 
side, this type of ECMO provides both cardiac and res-
piratory support. One drawback to this approach is 
carotid ligation, which is tolerated in newborns, but 
the potential neurologic sequelae in older patients are 

less understood. VA ECMO can also be accomplished 
through the femoral vein and artery or direct cannula-
tion of the aorta and right atrium, referred to as central 
or transthoracic cannulation. Because reinfused blood 
is returned to the systemic circulation, VA ECMO can 
augment and even substitute for cardiac function.

A disadvantage of VA ECMO is the potential for 
poorly oxygenated blood being ejected from the left 
ventricle and delivered to the coronary arteries as the 
blood flow from the reinfusion cannula is in the distal 
aortic arch. This mainly occurs because blood that re-
mains in the native pulmonary circulation may not be 
well oxygenated as it returns to the left side of the heart 
due to poor gas exchange in the lungs.

Venous-Venous
The venous-venous (VV) form of support involves the 
drainage and reinfusion of blood by way of the venous 
system or right side of the heart. This mode provides 
pulmonary support only and requires the patient to 
have sufficient cardiac function. VV support is es-
tablished through various cannulation techniques, 
including the use of a venous-venous double-lumen 
cannula, referred to as VVDL, which is inserted in the 
right internal jugular vein. VVDL cannulae are ori-
ented such that blood returning to the right atrium is 
directed toward the tricuspid valve, thus introducing 
well-oxygenated blood into the pulmonary circula-
tion (Figure 30-1). One drawback of this approach is 
recirculation, or the tendency of reinfused oxygenated 
blood to mix with venous blood, reducing the overall 
amount of oxygen delivered.28 This is typically managed 
by ensuring a gradient between SvO2 and SpO2, by as-
sessing cannula and patient position, and by adjusting 
ECMO pump flow rates. The use of one catheter to ac-
complish both drainage and reinfusion is attractive, as 
carotid ligation is not required. Although VVDL is the 
preferred form of support for infants with pulmonary 
disease, conversion to VA is sometimes required if lung 

Type Cannulation Sites
Type of 
Support Hazards/Disadvantages

Venous-arterial Right internal jugular vein (deoxygenated blood is drained) and 
right common carotid artery (oxygenated blood is returned)

Femoral vein and artery 
Direct cannulation of the aorta and right atrium 

Respiratory
cardiac

Potential neurologic sequelae with 
carotid ligation

Potential for lower systemic PaO2

Reduced pulmonary blood flow

Venous-venous Double-lumen cannula inserted into the right internal jugular vein
Bi-caval dual-lumen cannula inserted into the right internal 

jugular vein
Cannulation of one or both femoral veins for drainage purposes 

and a catheter placed in the right internal jugular vein for 
reinfusion

Respiratory Patients must have sufficient cardiac 
function

Tendency of reinfused oxygenated 
blood to mix with venous blood

Conversion to venous-arterial is 
sometimes required 

TABLE 30-2
Comparison of the Two Modes of ECMO
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function is significantly impaired, pulmonary hyperten-
sion is resulting in decreased right ventricular function, 
or cardiac output is insufficient.

Similar to a VVDL catheter is a bi-caval dual-lumen 
cannula, which is also inserted into the right internal 
jugular vein and also provides the routes for drainage 
and reinfusion but contains two drainage ports located 
at the level of the inferior and superior vena cava.29 The 
availability of this catheter has expanded the use of VV 
ECMO to older patients and has been an important 
advancement as long-term ECMO support has become 
more feasible, with femoral vessels, historically used to 
provide VV support, being spared and allowing for im-
proved patient mobility, including ambulation.20

Femoral VV ECMO entails the cannulation of one or 
both femoral veins for drainage purposes and a catheter 
placed in the right internal jugular vein for reinfusion. 
This may be suitable for shorter-duration ECMO and 
can typically be accomplished with a percutaneous 
technique.30

ECMO Circuits and Systems
The displacement of blood through an ECMO circuit  
is achieved by two types of mechanical pumps:  
roller pumps, which are occlusive, and centrifugal  
pumps, which are nonocclusive.31 During the early 

development of ECMO systems, roller pumps were 
primarily used as they were commonly used in car-
diopulmonary bypass devices, were widely available, 
and centrifugal technology was not well developed. 
In the most recent decades, centrifugal pump design 
has improved and has become prevalent in many 
institutions.

Roller Pumps
Blood is displaced with a roller pump by means of two 
spinning rollers that glide over a segment of tubing 
positioned in the pump head, commonly referred to as 
the raceway. The rollers are positioned opposite each 
other, with one roller always in contact with the raceway 
so that the tubing is always compressed or occluded. 
The rotating pump head and the spinning rollers propel 
blood forward and establish the blood flow rate or out-
put of the ECMO system.

The output of a roller pump is influenced by three 
variables: the number of rotations of the pump head; 
the raceway diameter; and the degree of compression, 
or occlusion, of the rollers on the tubing. Roller pumps 
are typically calibrated to the diameter of the raceway, 
which is most commonly 3/8 inch, and the displayed 
output is reflected in liters per minute. This displayed 
output is used to gauge the degree of support that the 
patient is receiving and is fixed unless the rotations are 
manipulated. One drawback of roller pumps is the po-
tential for the tubing to split or rupture, which may be 
minimized by using tubing with a higher durometer, or 
durability factor, and periodically shifting the raceway 
so that the rollers are not in constant contact with the 
same section of tubing.

Roller pumps provide a constant output that does 
not vary with changes in patients’ hemodynamics or 
changes in circuit resistance, as the rotations are fixed. 
Thus, unless properly monitored, excessive pressure 
can develop on the pump outlet, leading to circuit rup-
ture. Additionally, the inlet of the pump must be closely 
monitored to ensure that the blood being drained from 
the patient is sufficient; otherwise, excessive negative 
pressure could develop. To ensure adequate venous 
drainage, compliant reservoirs with integral pressure 
monitoring are incorporated, which signal the pump 
to automatically slow down in the presence of reduced 
drainage, thus prompting the clinician to investigate the 
cause of the decreased venous return. Likewise, pres-
sures measured on the outlet side of the pump inform 
the clinician of circuit resistance.

Centrifugal Pumps
In contrast to roller pumps, centrifugal pumps are non-
occlusive and respond to changes in circuit resistance 
and patient hemodynamics. Centrifugal pumps operate 
by entraining blood into the pump head by a vortex ac-
tion produced by spinning impeller blades or rotating 

FIGURE 30-1 Schematic of a venous-venous dual-lumen cannula 
placed in the right internal jugular vein and positioned in the right 
atrium.
Reproduced from Rais-Bahrami K, VanMeurs KP. Venoarterial versus venousvenous ECMO for 
neonatal respiratory failure. Seminars in Perinatology. 2014;38(2):71–77, with permission 
of Elsevier.
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cones. These impellers or cones are magnetically paired 
with an electric motor, and the rotation of the motor 
causes a pressure differential that urges the forward 
flow of blood—the higher the revolutions per minute, 
the higher the output or flow rate. The energy created 
by the pump creates active drainage, pulling blood into 
the pump head, unlike roller pumps, in which drainage 
is passive and by gravity. The impellers or cones also do 
not create any occlusion, so flow will vary in the pres-
ence of resistance and is preload and afterload depend-
ent. As an example, in the presence of a reduced preload 
or decreased venous drainage, flow will decrease. Flow 
will also decrease with increased afterload due to in-
creased systemic vascular resistance.

One of the perceived benefits of centrifugal pumps is 
the ability to create shorter and more compact ECMO 
circuits as compared to roller pumps, as a fair amount 
of the drainage limb can be eliminated.32 Further ad-
vances in ECMO technology have yielded more com-
pact and portable devices that incorporate enhanced 
safety features, improved blood compatibility, and a 
unique integrated centrifugal pump head and artificial 
membrane oxygenator.33

Extracorporeal Physiology
The ECMO circuit consists of tubing that joins the 
drainage and reinfusion cannulas and a membrane 
oxygenator. The pump circulates venous blood drained 
from the patient through the membrane where artificial 
gas exchange occurs, whereupon oxygenated blood exits 
and is returned to the patient (Figure 30-2).

Membrane Oxygenators
The principal membrane oxygenator used for many 
decades contained a silicone sheet arranged in a spool 

that separated blood and gas compartments. Gas ex-
change across the silicone sheet was dependent on the 
driving pressures of oxygen and carbon dioxide, and it 
was influenced by the composition of the supply gas, re-
ferred to as sweep gas; the degree of desaturation of the 
blood; and the rate at which it flowed through the mem-
brane. These membranes were available with different 
surface areas to accommodate the full range of patients 
but were somewhat difficult to de-air and had fairly high 
resistance in the blood path.

Although the silicone membrane was the mainstay 
of the ECMO circuit, microporous or hollow-fiber 
membranes were being used during cardiopulmonary 
bypass, with ease of preparation and low resistance be-
ing the main attributes.34 Because of these benefits, the 
microporous membrane was incorporated into ECMO 
circuits, but one drawback was that the fibers would 
degrade and leak plasma over time, necessitating re-
placement. The small woven fibers used in microporous 
membranes have improved with the addition of a poly-
methylpentene coating that preserves the fibers’ integ-
rity and minimizes oversaturation and leaking of fluid.35 
Gas exchange in these membranes occurs by diffusion, 
with gas running through the fibers and blood running 
adjacently and outside of the fibers.

Blood Pathway and Gas Exchange
Blood traverses the ECMO circuit in a continuous and 
closed loop, with venous blood entering the circuit by 
gravity if a roller pump is being used or actively by the 
negative draw of a centrifugal pump. Blood then passes 
through the membrane oxygenator where oxygen and 
carbon dioxide are exchanged, which occurs by the 
driving pressures and gradients between gas and blood 
compartments. The membrane oxygenator is supplied 
with a fresh gas source, called sweep gas. The sweep 
gas flow rate and oxygen concentration are titrated to 
achieve clinically acceptable blood gases—for example, 
increasing the sweep gas flow rate will cause more CO2 
to be removed. Depending on the patient size in rela-
tion to oxygenator surface area, carbon dioxide may 
need to be added to the sweep gas to lessen the  
driving pressure for CO2; thus, the composition is 
a mixture of oxygen and carbon dioxide commonly 
known as carbogen.

The rate and concentration of the sweep gas primar-
ily affect the patient’s PaCO2, whereas oxygenation is 
more influenced by the blood flow rate and the contri-
bution of the patient’s native cardiopulmonary function. 
Oxygen delivery is the product of the oxygen-carrying 
capacity and cardiac output and is supplemented by the 
ECMO support in which the hemoglobin concentration 
and the ECMO blood flow can be manipulated to aug-
ment oxygen delivery and to ultimately restore tissue 
perfusion and preserve end-organ function, the princi-
pal benefits of ECMO.

FIGURE 30-2 Schematic of a venous-arterial ECMO circuit with a 
centrifugal pump.
Reproduced from Rais-Bahrami K, VanMeurs KP. Venoarterial versus venousvenous ECMO for 
neonatal respiratory failure. Seminars in Perinatology. 2014;38(2):71–77, with permission 
of Elsevier.
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Clinical Management
Once ECMO support is established and the patient is 
stabilized, all physiologic functions are closely evaluated 
through ongoing hemodynamic monitoring, laboratory 
and radiologic tests, and physical examination to ensure 
that the ECMO circuit is functioning properly, that the 
goals of support are being attained, and that complica-
tions are avoided.

Anticoagulation
The interaction of blood with the nonendothelial sur-
face of an ECMO circuit results in thrombosis and 
requires anticoagulation to be established, typically ac-
complished with the use of unfractionated heparin, an 
antithrombotic mediator that inhibits the activation of 
clotting factors in the intrinsic pathway of the clotting 
cascade.36 As blood is introduced into the ECMO cir-
cuit, a layer of protein adheres to the foreign material of 
the ECMO circuit and the generation of a thrombus oc-
curs, activating both intrinsic and extrinsic coagulation 
pathways of the clotting cascade.

Managing anticoagulation is an important aspect of 
monitoring the ECMO circuit, as areas of stagnation 
may be prone to clotting. Anticoagulation has been 
monitored through a variety of tests, including activated 
clotting time (ACT), prothrombin time, activated par-
tial thromboplastin time, and the anti-factor Xa assay.37 
ACT is one of the most common tests used to adjust 
unfractionated heparin dosages, typically to maintain 
an ACT range of 160 to 180 seconds. A more complete 
assessment of unfractionated heparin dosing may be 
determined by evaluating the anti-factor Xa with the 
cofactor antithrombin III (ATIII).38 Unfractionated 
heparin exerts its anticoagulant effect by binding to 
antithrombin, a natural anticoagulant that plays an im-
portant role in hemostasis by inhibiting thrombin and 
factor Xa and greatly accelerating the neutralization of 
the coagulation proteins. With this mechanism of ac-
tion, a deficiency of antithrombin will greatly reduce the 
effect of unfractionated heparin on coagulation.39

Patient Monitoring
Ongoing evaluation of the patient requiring ECMO 
support is focused on the preservation of organ func-
tion, recovery from the illness, and the mitigation of 
complications and uses standard and systematic critical 
care assessments and management.

Because of the potential for bleeding, hematologic 
parameters are closely monitored to determine which 
blood components need replacement. Hematologic and 
coagulation studies are used in tandem to assist with 
bleeding and thrombosis.40

Pulmonary support during ECMO is generally 
aimed at providing lung-protective ventilation, particu-
larly if the reason for support is a primary respiratory 

condition, an approach that is often referred to as 
lung rest.41 This approach allows the bulk of the gas 
exchange to occur through the membrane oxygenator 
and allows the reduction of ventilator settings to min-
imal levels, which vary depending on the underlying 
condition and the trajectory of the illness. One ap-
proach is to maintain a constant distending pressure 
by applying positive end-expiratory pressure (PEEP) of 
10 to 12 cm H2O, a method that theoretically prevents 
complete lung collapse. Another strategy is to provide 
phasic ventilation with a low mean airway pressure. No 
specific approach has been shown to be superior.

When the reason for ECMO usage is primarily for 
cardiac support, lung function is essentially normal, in 
which case the ventilator strategy is focused on main-
taining lung function near normal or at the patient’s 
baseline. Increased PEEP levels may be indicated if the 
reason for ECMO was heart failure and subsequent 
pulmonary edema and is usually needed short term 
once the heart is supported and the pulmonary edema 
clears.

Cardiovascular monitoring is accomplished by 
routine continuous hemodynamic monitoring, includ-
ing heart rate, blood pressure, and sometimes central 
venous and pulmonary artery pressures in certain 
cardiac conditions. The main objective is to maintain 
a stable blood pressure, which is influenced by the na-
tive cardiac output, vasoactive medications, electrolyte 
derangements, preload and afterload, and the ECMO 
pump rate when using VA support.

Treatable causes of hypertension include patient 
discomfort, increase in afterload, neurologic changes, 
and increases in ECMO flow rate. Hypotension can be 
caused by a decrease in afterload; acute changes, such 
as cardiac tamponade or tension pneumothorax; or 
changes in volume status, such as increased urine out-
put or bleeding. Hypotension can also be caused by an 
inadvertent wean of ECMO flow, a loosening of roller 
pump occlusion on the ECMO tubing, or excessive 
hemofiltration.

Neurologic evaluation of the ECMO patient is 
often limited, as sedation and in some cases muscle 
relaxation may preclude a complete neurologic evalua-
tion, but some standard bedside diagnostic techniques 
are available, including electroencephalograms, head 
ultrasounds for newborns and small infants, and 
near-infrared spectroscopy.42 Additionally, portable 
computerized tomography scans are available and can 
provide critical information.43

Maintaining appropriate levels of analgesia and se-
dation are important in maintaining patient comfort 
and in minimizing patient movement to prevent a mal-
positioning of cannulae and interruption ECMO flow. 
Historically, patients supported with ECMO have been 
heavily sedated and even muscle relaxed, but this has 
shifted to the use of minimal levels of sedation without 
muscle relaxation. This change has been predominantly 
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in patients being supported for chronic conditions as a 
bridge to recovery or transplantation in order to sup-
port rehabilitative activities, including ambulation.10

Standard doses of medications may not be sufficient 
during ECMO as pharmacokinetics may vary due to 
volume distribution of the ECMO circuit. Even with 
more biocompatible circuits and coated membranes, 
drug sequestration occurs.44

Renal function can be impaired during ECMO and 
is associated with a decrease in renal perfusion and 
inflammatory damage.45 Often, patients become fluid 
overloaded, which is attributed to fluid resuscitation 
prior to ECMO and the need for blood product replace-
ment during ECMO.46 Hemofiltration or continuous 
renal replacement therapy may be incorporated into the 
ECMO circuit and when used judiciously can assist with 
maintaining appropriate fluid balance.47

Weaning and Separation from ECMO
As the patient’s condition begins to improve, assess-
ing their readiness to be separated from ECMO be-
comes the priority. This assessment can be approached 
in two ways: by weaning or by periodic separation 
trials. Weaning encompasses the gradual reduction of 
ECMO flow rates as mechanical ventilator support is 
increased, a process that may occur over several days. 
Periodic trials occur later in the ECMO course and as 
signs of disease reversal are apparent. In this method, 
ECMO flow rates are reduced and ventilator support is 
increased in a much shorter time frame, typically over 
a couple of hours, following which the ECMO circuit 
is isolated from the patient. These methods are well 
suited to assessing patients requiring ECMO for a pri-
mary  respiratory condition where improvement can be 
gauged by evaluating chest radiographs and dynamic 
lung compliance.

Patients requiring ECMO for a primary cardiac 
problem have similar weaning techniques; however, 
the return of heart function is used to determine wean-
ing readiness. Gradual weaning may allow the heart to 
recondition and transition to the patient’s native cir-
culation. Echocardiograms are often used to assess the 
functionality of the heart during ECMO, while weaning, 
and during the trial of separation. If the heart has good 
function with acceptable hemodynamics, the patient 
meets the criteria for separation.

Despite the technique used, the decision to dis-
continue ECMO is made based on these trials and the 
trajectory of the patient’s illness. If trial separation is 
unsuccessful, which may be indicated by poor cardiac 
function or the need for nonprotective ventilator sup-
port, then more time on ECMO may be indicated; 
alternative strategies also may need to be considered, 
such as organ transplantation. Rarely do patients re-
quire a second ECMO course, which is associated with 
poor outcomes.48

Complications
Complications associated with ECMO can be categor-
ized as either patient complications or mechanical 
complications. Bleeding continues to be the most preva-
lent complication reported in the ELSO registry, with 
cannula and surgical site bleeding rates of 15% and 
29%, respectively, in cardiac ECMO cases.49 The risk of 
bleeding is high because anticoagulation is required to 
maintain ECMO circuit patency.

Neurologic complications may occur during ECMO, 
particularly in the neonatal population as the risk of 
intracranial hemorrhage is higher. The incidence of in-
tracranial hemorrhage in infants less than 30 months of 
age is 7% to 10%.49 Additional neurologic complications 
include clinical seizures and ischemic stroke.

Infection is another complication to be considered 
during extracorporeal support, seen most in patients 
who require ECMO for >14 days.50 Infection risk is 
minimized with proper aseptic technique while ac-
cessing the patient and the circuit as well as antibiotic 
therapy.

Mechanical complications associated with ECMO in-
clude the failure of components, such as the membrane 
oxygenator, or adjunct equipment. One of the principal 
duties of an ECMO specialist is to closely monitor the 
function of the ECMO circuit, be able to identify prob-
lems, and employ well-rehearsed troubleshooting pro-
cedures. This includes periodic inspections of the entire 
ECMO system and monitoring thrombus formation.

Fleming and colleagues51 reviewed complications in 
over 28,000 ECMO cases and found mechanical com-
ponent failure had occurred in about 15% of cases, with 
oxygenator failure occurring in 6.5%, air in the circuit in 
4.3%, pigtail cracks in 2.3%, and pump failures in 1.8%.

Outcomes
As of early 2016, the overall rate of survival to  discharge, 
determined from over 42,000 patients in the ELSO 
registry, was 58%.7 Infants supported with ECMO had 
a survival rate of 74% if the primary diagnosis was res-
piratory in nature and 41% with cardiac conditions.7 In 
the pediatric category, in patients between the ages of 
30 days and 18 years, survival rates were 58% and 51% 
for respiratory and cardiac diagnoses, respectively.7

Factors influencing mortality include primary di-
agnosis, the need for cardiopulmonary resuscitation, 
bleeding complications, and the weight of the pa-
tient.49,52 Direct comparisons of outcomes between con-
ventional therapy and ECMO demonstrate improved 
survival for neonates but are lacking for pediatrics.21,53 
Despite the application of ECMO for an increasingly 
acute and complex patient population across all age 
groups from 1993 to 2007, survival has remained un-
changed, at approximately 68% for neonates and 57% 
for pediatrics.21
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Case Study 1
A 9-year-old girl weighing 32 kg with a diagnosis of 
aplastic anemia was an inpatient on the oncology 
floor of a large pediatric hospital. She received a he-
matopoietic stem cell transplant. At that time, she 
developed an acute myocarditis that resulted in car-
diorespiratory failure and secondary chemotherapy 
using cyclosporine and cyclophosphamide. Vital signs 
are as follows: respiratory rate of 36 breaths per 
 minute, heart beat of 130 beats per minute, and blood 
pressure 90/55 mm Hg. She was subsequently trans-
ferred to the pediatric intensive care unit. Laboratory 
tests showed an increased N-terminal pro-B-type na-
triuretic peptide level of 10,000 pg/mL (normal, <125 
pg/mL) and hyperlactemia (4.2 mmol/L). Dobutamine 
was administered intravenously. A chest radiograph 
showed bilateral diffuse pulmonary infiltrates and 

pleural effusions. The hemodynamic state of the pa-
tient  rapidly deteriorated with progressive hypoten-
sion (85/50 mm Hg), tachycardia (155 beats/min), and 
hyperlactemia (8.1 mmol/L) despite increasing doses 
of dobutamine. Arterial blood gas analysis revealed 
the following: pH 7.46, PaCO2 32 mm Hg, PaO2 80 mm 
Hg, HCO3 27.2, and base excess –1. The patient was 
intubated and mechanically ventilated. Echocardiog-
raphy showed severe left ventricular hypokinesis with 
an ejection fraction of 30%. To support her worsening 
cardiorespiratory failure, she was placed on VA ECMO.

1. Explain the difference between VV ECMO and VA 
ECMO.

2. Why is VA ECMO indicated for the patient?

3. Describe one disadvantage of VA and VV ECMO.

Case Study 2
A Caucasian male weighing 4950 g, born of vaginal 
 delivery at 40 weeks gestation, presented with severe 
respiratory insufficiency due to meconium aspiration 
syndrome (MAS). He was immediately transferred to 
the neonatal intensive care unit for supportive care. 
There he was treated for a left-sided pneumothorax 
with a water-sealed chest tube. He was intubated and 
received mechanical ventilation on the following set-
tings: peak inspiratory pressure 25 cm H2O, PEEP 8 cm 
H2O, mandatory rate 60 breaths per minute, inspira-
tory time 0.4 seconds, and FiO2 of 1.0. The mean air-
way pressure as measured at 20 mm Hg. Arterial gas 
analysis showed the following: pH 7.29, PaO2 39.4 mm 
Hg, PaCO2 52.7 mm Hg, HCO3 24.5 mEq/L, BE -1.5, and 
oxygen saturation 84%. The echocardiogram showed 
severe pulmonary hypertension. Inhaled nitric oxide 
was started at 20 ppm. Cranial ultrasound scanning 
and blood coagulation tests yielded normal results. 
Dopamine and dobutamine were administered due to 
low blood pressure and impaired peripheral perfusion. 
After 12 hours of treatment, a number of ventilator 

changes were made to improve respiratory status, 
and inhaled intric oxide was increased to 30 ppm, 
but there was no improvement of the patient’s res-
piratory status. Because no improvement in oxygen-
ation or ventilation occurred, ECMO was considered. 
Venous-arterial ECMO by roller pump was initiated. 
The initial ECMO flow was 120 cc/kg and reduced ac-
cording to the child’s tolerance. The objective was to 
maintain PaO2 between 70 and 90 mm Hg and PaCO2 
between 40 and 50 mm Hg. Mechanical ventilator 
settings were minimal to rest the lungs. The patient 
received ECMO for 6 days, was successfully weaned 
from ECMO support, and discharged home a month 
later.

1. List two clinical conditions of the newborn that 
may be unresponsive to standard treatment.

2. Calculate the oxygenation index (OI) for this 
patient.

3. Describe the two types of ECMO circuits and 
systems.
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OBJECTIVES
1. Distinguish between rigid bronchoscopy and flexible airway 

endoscopy.
2. Discuss the benefits of flexible airway endoscopy 

compared to rigid bronchoscopy in children.
3. List common indications for performing flexible airway 

endoscopy in children.
4. List the equipment and supplies used during flexible airway 

endoscopy.
5. Discuss clinical factors to consider when evaluating a child 

for flexible airway endoscopy.

6. Discuss recommendations for personnel safety during 
flexible airway endoscopy.

7. Describe the routes for entering the pediatric airway with a 
flexible endoscope.

8. List common medications used during flexible airway 
endoscopy procedures.

9. Discuss the various diagnostic and therapeutic techniques 
for airway endoscopy.

10. Recognize possible complications of flexible airway 
endoscopy.

11. Define high-level disinfection and explain its importance 
regarding rigid bronchoscopes and flexible airway 
endoscopes.

KEY TERMS
airborne infection 

isolation room
airway biopsy
airway brushing
bronchoalveolar 

lavage (BAL)
bronchoscopy
conscious sedation
endoscope
flexible airway endoscope

flexible airway 
endoscopy (FAE)

hemoptysis
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Introduction
Bronchoscopy is a procedure that allows direct visu-
alization and assessment of upper and central airway 
anatomy for diagnostic, therapeutic, or research pur-
poses.1 The procedure was once limited to the use of 
rigid bronchoscopes that accommodated only adult 
patients, but technology has evolved significantly. Now 
permanent flexible bronchoscopes of varying sizes are 
available so that even very small children may undergo 
the procedure. The instrument contains an eyepiece 
through which the bronchoscopist may directly visual-
ize the airways. Most systems today connect to a cam-
era source that displays the image of the airways on a 
computer screen for even better assessment.

Endoscope is the general term for an instrument 
with a slim, flexible tube attached to a camera source 
used to look somewhere inside the body.2 There are 
various types of endoscopes, with the one used to evalu-
ate the lungs referred to as a flexible airway endoscope. 
The procedure of evaluating the lungs with this instru-
ment is called flexible airway endoscopy (FAE), often 
interchangeably referred to as bronchoscopy. Both per-
manent and disposable bronchoscope systems with data 
management programs are readily available.

Indications for Bronchoscopy
Rigid bronchoscopy and FAE are complementary  
procedures, with each having advantages and 
disadvantages.3

Rigid Bronchoscopy
As illustrated in Figure 31-1, rigid bronchoscopy is per-
formed by inserting the scope into the mouth, along  
the base of the tongue. It is then passed through the 
vocal cords and into the trachea. Pediatric-size rigid 
bronchoscopes provide a large working channel and 

the ability to optimally manage the child’s airway and 
ventilation requirements during the bronchoscopy 
procedure. Rigid bronchoscopy also allows evaluation 
of suspected lesions in the intra-arytenoid portion of 
the glottis and better visualization of the subglottis 
than FAE.1 However, as a surgical procedure requiring 
general anesthesia, rigid bronchoscopy is not preferred 
when FAE can safely meet the objectives of the pro-
cedure.1,4 Rigid bronchoscopy is indicated mainly for 
retrieval of a foreign body and for control of massive 
hemoptysis.1

Flexible Airway Endoscopy
The flexible endoscope can be inserted either through 
the nose or mouth, as illustrated in Figure 31-2, 
where it is then passed through the vocal cords 
and into the trachea. FAE can be performed under 
conscious sedation, making it preferred over rigid 
bronchoscopy whenever feasible. Flexible endoscopes 
range from 2.8-mm outer diameter (OD) to 6.3-mm OD 
with internal working channels ranging from 1.2 mm to 
3.2 mm. An endoscope with a 4.4-mm OD may be the 
largest size practical in pediatrics. This larger scope has 
the benefit of a 2.0-mm internal working channel, but 
the OD may be too large even for some adolescents. All 
sizes allow visual inspection of the anatomy and dynam-
ics of the upper and central airways while the internal 
working channels provide the ability to obtain samples 
of secretions or tissue from the lower airways.1,4

According to the American Academy of Pediatrics, 
the most common indications for FAE are stridor or 
noisy breathing, chronic wheezing, persistent atelecta-
sis, and recurrent radiographic densities.1 Table 31-1 
lists a number of anatomic or infection-related issues 
that may be evaluated with bronchoscopy as well as di-
agnostic and therapeutic indications.1,5

FIGURE 31-1 Rigid bronchoscopy. FIGURE 31-2 Flexible airway endoscopy.

Flexible airway
endoscope

Trachea
Light Bronchi
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Preparing for Flexible Airway 
Endoscopy
The equipment and supplies needed to perform flexible 
airway endoscopy may vary slightly depending upon the 
objective of each procedure. Table 31-2 lists the com-
mon items needed during FAE.

Lack of informed consent is the only contraindica-
tion for performing FAE.5 Regardless of the child’s 
clinical presentation, a thorough medical history helps 
determine if the benefit of FAE outweighs the potential 
risks. Table 31-3 lists the factors that must be consid-
ered when evaluating a child for FAE.

The room in which FAE is performed is typically a 
bronchoscopy suite or intensive care unit. It should be of 
adequate size and location for personnel and patient safety 
during the procedure, including the multitude of activities 
that occur should emergency treatment be necessary.

As with all patient care procedures, safety precau-
tions for personnel must be observed. Personal  
protective equipment (PPE) must be worn by all staff in-
volved at the bedside during the FAE. This includes face 
masks and eye protection, nitrile gloves, and gowns. As 
a general safety precaution for personnel, the use of an 
airborne infection isolation room is the optimal choice 
at any time, but it is especially recommended when tu-
berculosis is suspected. In such cases, a PPE face mask 
with maximal particulate filtration should be worn by 
all personnel.

Performing Flexible Airway 
Endoscopy
Despite it being an invasive procedure, FAE is safe when 
performed by competent medical personnel. Several 

TABLE 31-1
Indications for Performing Pediatric Flexible Airway 
Endoscopy

Stridor or noisy breathing
Chronic wheezing
Recurrent or persistent atelectasis
Recurrent radiographic densities
Congenital anomalies
Recurrent pneumonia
Mucus plugging
Respiratory failure
Failure to extubate
Suspected foreign body
Hemoptysis
Pulmonary hemorrhage
Inhalation injury
Interstitial lung disease
Unexplained cough
Tracheostomy evaluation
Post-lung transplantation
Suspected airway compression

TABLE 31-2
Equipment and Supplies Used during Flexible Airway 
Endoscopy

Appropriate-size flexible airway endoscope with transportation 
container

“Clean” and “Dirty” biohazard endoscope bags
Manufacturer-approved external lubricant for endoscope insertion 

tube
Airway medications for upper and lower airway anatomy
Nonbacteriostatic normal saline for specimen lavage
Suction
Specimen traps
Disposable cytology brushes
Biopsy forceps
Bite block
Ventilator, if indicated
Bronchoscopy system with data and imaging capabilities
Bedside heart monitor with pulse oximetry
Emergency response equipment and supplies
Bedside cleaning supplies
High-level disinfection supplies and equipment
Personal protection equipment for personnel

TABLE 31-3
Evaluation of the Child Prior to Flexible Airway 
Endoscopy

Current symptoms
Clinical status
Current medications
Allergies
History of airway disorders
Pulmonary function test results
Arterial blood gas analysis
Chest radiography/CT scan/MRI results
Clotting factor results
Previous bronchoscopy findings

techniques are used to examine airway anatomy and to 
obtain samples from the airways, yielding information 
that aids in the diagnosis of airway disease.

Personnel
A bronchoscopist who is trained and certified to meet 
the institution’s credentialing requirements will perform 
the procedure. Pediatric specialists who commonly per-
form bronchoscopy include pulmonologists, intensiv-
ists, trauma surgeons, and ear, nose, and throat (ENT) 
specialists. The American Thoracic Society (ATS) Tech-
nical Standards for FAE in Children describe a number 
of core competencies recommended for the pediatric 
bronchoscopist.5 These competencies prepare the physi-
cian for all aspects of the procedure, including patient 
safety and management considerations, recognition of 
both normal and abnormal airway anatomy and func-
tions, and cleaning and disinfection of equipment. The 
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remaining personnel involved in performing the FAE 
are typically nonsurgical healthcare professionals.

Each bronchoscopy requires an anesthesia or sedation 
provider. In some cases, the bronchoscopist may be cre-
dentialed for conscious sedation while some institutions 
require a second provider to handle sedation or anesthe-
sia needs. Collaboration between these two providers is 
essential to plan the procedure, decide the best choice of 
sedation for the child’s clinical condition and goals of the 
procedure, and manage subsequent patient care needs.

The FAE team also includes a respiratory therapist 
and a nurse. Performing within their scopes of practice 
and institutional policies, these team members help 
ensure patient safety and optimal performance of the 
procedure.5 The respiratory therapist manages airway 
medications, lavage, and specimens while also perform-
ing computer tasks and video imaging during the pro-
cedure. The nurse’s role is to assist in monitoring the 
child and to administer sedation.

FAE team members are skilled in managing the air-
way and ventilation, providing emergency response, 
cleaning and disinfecting equipment, and maintaining 
accurate records of these processes. Meticulous mon-
itoring of the bronchoscopy process and timely updates 
are paramount to patient safety and quality of care.6 
Periodic competency evaluations (e.g., annually) should 
be required to demonstrate maintained skills.

Examining the Airway
The upper airway, nasopharynx, oropharynx, hypo-
pharynx, and larynx are evaluated and cultured during 
FAE.1 While viewing the larynx, vocal cord function is 
assessed during phonation by the child.4 FAE supports 
evaluation of the anterior glottis, but a rigid scope is 
required to view the intra-arytenoid area of the glottis. 
FAE also allows for examination of the trachea, main 
and lobar bronchi, and segmental and subsegmental 
bronchi. Although passing the endoscope through an 
endotracheal or tracheostomy tube bypasses the upper 
airway anatomy, it still allows for assessment of artificial 
airway placement and the central airway structures as 
well as allowing bronchoalveolar lavage (BAL) or other 
therapeutic treatments.

Insertion of the endoscope into the child’s airways 
may be accomplished through the nose or mouth (with 
a bite block in place), an endoscopy mask, a laryngeal 
mask airway, a tracheostomy tube, or an endotracheal 
tube.5 Artificial airways must be of adequate size to 
accommodate the OD of the flexible endoscope while 
allowing sufficient working space around its insertion 
tube. Patient circumstances will vary, so the bronchos-
copist will determine the optimal size scope that per-
mits proper ventilation of the child.

In addition to conscious sedation drugs, medications 
often used for patient safety and comfort are listed in 
Table 31-4.5

Flexible Airway Endoscopy Techniques
A number of methods may be used to obtain samples 
of airway secretions or tissue for clinical laboratory di-
agnostic studies or therapeutic interventions.5 The sus-
pected underlying pathology helps determine which of 
the following techniques to employ in each procedure.

■■ Bronchoalveolar lavage (BAL) is used to obtain 
samples of airway secretions to diagnose infec-
tion.1 After wedging the tip of the scope into distal 
airways, premeasured aliquots of nonbacteriostatic 
saline are instilled through the channel of the 
scope. Subsequent suctioning of the saline collects 
the sample for lab analysis.

■■ Airway brushing is performed by inserting a 
specimen brush through the working channel and 
gently scrubbing the airway mucosa. The brush-
ing sample can be used to identify pulmonary 
dyskinesia or to enhance a lung biopsy performed 
to identify pulmonary dyskinesia. Airway lesions 
may be brushed to examine for cytology and may 
also be processed for cultures.1

■■ An airway biopsy is obtained by inserting a biopsy 
forceps through the working channel of the bron-
choscope and obtaining a sample of airway tissue.

■■ A lung biopsy is performed by inserting biopsy for-
ceps through the working channel and into the air-
way wall to obtain a sample of transbronchial lung 
tissue. In children it is used primarily post-lung 
transplantation and is the gold standard in diagnos-
ing acute cellular rejection.1 Biopsies are obtained 
under fluoroscopy for histologic examination. They 
may also be cultured if infection is suspected.1

■■ Therapeutic lavage involves systematically instill-
ing large volumes of solutions throughout the 
lungs or into a particular area of interest followed 
by thorough suctioning. This technique helps 
remove mucous plugs and airway clots and may 
help relieve atelectasis.5

■■ Other therapeutic procedures include instillation 
of medications, endoscopic intubation, airway 
stent placement, balloon dilation of the airway, 
endobronchial ultrasound, and laser therapy with 
electrosurgery.1

TABLE 31-4
Medications Delivered to the Airway during Flexible 
Airway Endoscopy

Beta-2 agonists: Administered prior to endoscopy
Injectable lidocaine, 1% or 2%: Applied to the vocal cords and/or 

carina to reduce incidence of cough and bronchospasm
Nasal decongestant: Administered to nares when indicated
2% lidocaine jelly: Administered to nares when indicated
Epinephrine: Administered for potential airway bleeding
Nonbacteriostatic normal saline: Administered when obtaining 

bronchoalveolar lavage specimens
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Postprocedure Care
Children are closely monitored during the postseda-
tion recovery phase of FAE. This includes monitoring 
their heart rate and rhythm, respiratory rate, oxygen 
saturation, and blood pressure. They are also observed 
for possible postprocedure complications. Upon satis-
factory recovery, the child’s caregivers are instructed 
to observe for delayed complications at home, such as 
hemoptysis, fever, or infections, and advised of the ap-
propriate steps to take if such occur.

Complications Associated with 
Flexible Airway Endoscopy
As with any invasive procedure, the decision to per-
form FAE should be based on the benefits outweighing 
the risks. However, when performed by well-trained 
personnel who observe a detailed protocol, FAE is a 
relatively safe procedure with infrequent complica-
tions.1 Complications related to instrumentation or 
inadequate topical anesthesia can occur on occasion. 
Possible complications during and after FAE are listed 
in Table 31-5.1,5

Infection Control
The level of disinfection required for contaminated 
medical devices is based on the Spaulding Classification  
Scheme. This system, developed by Dr. Earle H. 
Spaulding, classifies medical devices as noncritical, 
semicritical, or critical. The classification is based on 
the amount of risk the patient has of being contami-
nated by the device. Bronchoscopes are classified as 
semicritical equipment. This requires a minimum of 
high-level disinfection (HLD) after every use.6

The two common methods of HLD for broncho-
scopes include automated reprocessing, in which 
peracetic acid is used to disinfect the equipment, and 
manual reprocessing, where the disinfectant is 2% glu-
taraldehyde. Whichever method is used, ensuring strict 
adherence to manufacturer’s instructions for high-level 

During Procedure Postprocedure

Excessive coughing
Laryngospasm
Oxygen desaturation
Bronchospasm
Epistaxis
Pneumothorax
Hemorrhage
Nausea

Hemoptysis
Fever
Infection

TABLE 31-5
Complications of Flexible Airway Endoscopy

Case Study
A 2.5-year-old male weighing 9 kg was referred to the 
pulmonary clinic with a history of recurrent episodes 
of fever, cough, and respiratory distress. Viral labs 
and a variety of blood tests were done, but all were 
negative. Chest radiograph was performed, which 
showed left lower lobe consolidation. A CT scan of 
the chest showed 4-mm intraluminal soft tissue in 
the left main bronchus, causing atelectasis of the 
medial basal segment and air trapping in the rest of 

the lower lobe. A foreign body was suspected by the 
pulmonologist; an ENT surgeon was consulted to 
perform an urgent bronchoscopy. The preoperative 
evaluation revealed a heart rate of 136 beats per min-
ute, blood pressure of 100/60 mm Hg, a respiratory 
rate of 36 breaths per minute, and oxygen saturation 
of 94% on room air. On auscultation, course breath 
sounds were present bilaterally. Air entry was de-
creased in the left lower base. Retractions and nasal 

disinfection is imperative. The Centers for Disease Con-
trol and Prevention provides detailed recommendations 
for the cleaning and HLD processes in healthcare facili-
ties. These may be helpful in establishing protocols.

Thorough records regarding each HLD event should 
be maintained for such purposes as outbreak investi-
gations and site visits by regulatory bodies.5 In some 
institutions, the HLD process is provided by a central 
sterile processing department while in others it is the 
responsibility of the respiratory therapist, nurse, or 
other personnel.

Summary
Over time, advances in the design of appropriately sized 
bronchoscopes, along with airway management op-
tions, have improved the feasibility and safety of pedi-
atric bronchoscopy. Other contributing factors include 
improved anesthesia drugs, established national and 
international recommendations by expert panels, and 
advancement in professional skills for respiratory thera-
pists and nurses. Although these developments promote 
the benefits of pediatric bronchoscopy, the number of 
controlled studies in this population remains limited 
and warrants further investigation and collaborations 
for the future.5

(continues)
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flaring with increased work of breathing were present. 
The child’s hemoglobin was 13 g/dL; all other param-
eters were within normal limits. His condition was 
explained to the parents at length, as were all the 
risks of having a bronchoscopy procedure. The par-
ents signed a high-risk consent document. On  arrival 
in the surgery suite, the child was prepped for the 
procedure and all standard monitors were  attached. 
A 5-mm rigid bronchoscope was introduced into the 
trachea after he was fully anesthetized.  Anesthesia 
was maintained on oxygen, air, and sevoflurane at 
2%, which was given through the side port of the rigid 
bronchoscope. A foreign body was visualized in the 

left main bronchus. After repeated attempts, the ENT 
surgeon was able to use the forceps to remove the 
foreign body. The child tolerated the procedure well 
and recovered in the postanesthesia care unit. He was 
admitted as an inpatient overnight for observation 
and discharged the following day.

1. Why was a rigid bronchoscope used in this case?

2. In what clinical situations would a flexible 
airway endoscopy be preferred over a rigid 
bronchoscopy?

3. What types of techniques can be used to obtain 
specimens and labs using a bronchoscope?

Case Study (continued)
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OBJECTIVES
1. Describe the mechanism of action and side effects for the 

bronchodilators indicated for bronchospasm prophylaxis.
2. Compare the side effects of administering systemic 

corticosteroids and inhaled corticosteroids to children.
3. Discuss the indications, mechanism of action, and side 

effects of dornase-alfa.
4. Explain how leukotriene modifiers are used for the 

prophylaxis and treatment of asthma in children.
5. Discuss the antibiotics that are given to children through 

nebulizer therapy.
6. Explain the use of skeletal muscle relaxants in children.

KEY TERMS
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leukotriene modifiers
long-acting beta-agonists 

(LABAs)

methylxanthines
mucolytics
neuromuscular blocking 
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short-acting beta-agonists 

(SABAs)
skeletal muscle relaxants
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Introduction
Key concepts in pharmacology are knowing what a drug 
does and understanding the consequences of admin-
istration of a drug. In neonatal and pediatric patients 
especially, dosing is difficult because there are few tri-
als establishing safety and efficacy in a population so 
young and variable. The substantial changes in growth 
and development of infants and children impact the 
effectiveness of a drug and make this population more 
vulnerable to adverse drug reactions. Drug therapy can 
be paramount in improving outcomes, but careful con-
sideration is required regarding dosing and side effect 
profiles when providing patient care. Patient monitoring 
and selection of appropriate agents for treatment based 
on the individual patient is paramount in a successful 
intervention.1

Bronchodilators
Bronchodilators are used in infant and pediatric care to 
both prevent and treat bronchospasm. They are divided 
into the following classifications:

■■ beta-adrenergic receptor agonists
■■ anticholinergics
■■ methylxanthines

Indications
Beta-adrenergic receptor agonists, such as albuterol, 
are indicated for both the treatment and the prophylaxis 
of acute bronchospasm.2 Methylxanthines, such as the-
ophylline and aminophylline, are indicated for asthma, 
neonatal apnea, and status asthmaticus.3,4 Racemic epi-
nephrine is indicated for the use of laryngotracheobron-
chitis, also known as croup.5

Beta-Adrenergic Receptor Agonists
The two types of beta-adrenergic bronchodila-
tors are short-acting beta-agonists (SABAs) and 
long-acting beta-agonists (LABAs). SABAs are for 
acute exacerbations and to prevent exercise-induced 
bronchospasm. LABAs are for maintenance therapy to 
control symptoms. Beta-agonists activate adrenergic re-
ceptors of the smooth muscle in the lungs and vascula-
ture supplying the skeletal muscle system, which relaxes 
the bronchial and tracheal smooth muscles to relieve 
bronchospasms.2 Beta-adrenergic receptors are ex-
pressed mostly in the alveolar region but also on many 
proinflammatory and immune cells. On the cellular 
level, beta-adrenergic receptors are activated by beta-
agonists, which stimulate adenylcyclase and increase 
intracellular cyclic-3’,5’-adenosine monophosphate 
(cAMP). Increased cAMP leads to the activation of 
protein kinase A, which inhibits the phosphorylation of 

myosin and lowers intracellular ionic calcium concen-
trations, resulting in relaxation of the smooth muscles 
of the airway.6

Both SABAs and LABAs are administered via oral 
inhalation. Although albuterol is available as a tablet 
and syrup, it is mostly used with a nebulizer or as an in-
haler. Short-acting beta-2-selective drugs are preferred 
via the inhaled route and should be used only as needed 
in all patients. Long-acting beta-2-agonists should be 
used as adjunctive therapy in asthma patients who are 
currently receiving an inhaled corticosteriod but whose 
symptoms are not adequately controlled (Box 32-1).3,6 
Dosages are listed in Table 32-1.

The most common side effects associated with 
SABAs are bronchospasm, excitability, palpitations, 
sinus tachycardia, headache, infection, nausea, phar-
yngitis, rhinitis, throat irritation, and tremor.2 The 
most common side effect associated with LABAs is 
headache.8

Alpha-Adrenergic Receptors
Racemic epinephrine stimulates alpha-adrenergic 
receptors, leading to the constriction of precapillary 
arterioles and reduction in airway edema.9 It is admin-
istered via oral inhalation and is available as a nebulizer 
solution. Dosages are listed in Table 32-2.

Palpitations and, in one case report, ventricular 
tachycardia and myocardial infarction in a previously 
healthy patient who received three doses of nebulized 
epinephrine in 1 hour are side effects of racemic epi-
nephrine administration.11

Anticholinergic Bronchodilators
Anticholinergic bronchodilators block muscarinic 
cholinergic receptors, which hinders the action of 
acetylcholine. This decreases the formation of cyclic 
guanosine monophosphate, which results in de-
creased contractility of the smooth muscle.12,13 These 
bronchodilators are administered via oral inhalation. 
Ipratropium bromide is available in a metered dose 
inhaler and nebulizer solution. Dosages are listed 
in Table 32-3.

Dry mouth, upper respiratory tract infections, cough, 
and bitter taste are side effects of anticholinergic bron-
chodilator use.13

BOX 32-1 Beta-Agonists

 � SABAs are used as needed in all patients with 
asthma.

 � Most albuterol inhalers have 200 puffs/inhaler.

 � LABAs are used for maintenance therapy in con-
junction with inhaled corticosteroids.
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Inhaled 
Beta-2-Agonists

Route of 
Administration Dosage Maximum Dosage

Albuterol (inhalation 
solution)

Small-volume nebulizer Initial: 0.15 mg/kg per dose every 20–30 minutes for 
three doses, then 0.15–0.3 mg/kg every 30 minutes to 
4 hours as needed

Initial: 5 mg/dose, then 
10 mg/dose thereafter

Albuterol (inhalation 
solution)

Large-volume nebulizer 
for continuous use

0.5 mg/kg per hour or by weight:
5–10 kg = 7.5 mg/hour
10–20 kg = 11.25 mg/hour
>20 kg = 15 mg/hour

20 mg/hour

Albuterol  
(90 mcg/actuation)

Metered dose inhaler 
with spacer

One-fourth to one-third actuation/kg or 4–8 actuations 
every 20–30 minutes for three doses, then every 
1–4 hours as needed

8 actuations per dose

Levalbuterol  
(45 mcg/actuation)

Metered dose inhaler 
with spacer

90 mcg (2 actuations) every 4–6 hours; 45 mcg  
(1 inhalation) every 4 hours may be sufficient

2 actuations per dose

Levalbuterol (0.31-mg, 
0.63-mg, and 1.25-mg 
vials)

Small-volume nebulizer 1 unit-dose vial every 6–8 hours as needed 1.25 mg three times 
daily

Data from National Asthma Education and Prevention Program Expert Panel 3. Guidelines for the Diagnosis and Management of Asthma: Expert Panel Report 3. 
Bethesda, MD: National Institutes of Health and National Heart, Lung, and Blood Institute; 2007; 07-4051; and Global Initiative for Asthma (GINA). Global Strategy 
for Asthma Management and Prevention. Updated 2017.

TABLE 32-1
Dosing of Inhaled Beta-2-Agonist Bronchodilators3,7

Alpha-Adrenergic 
Bronchodilators Route of Administration Dosage Comments

Racemic epinephrine 
(inhalation solution)

Small-volume nebulizer 2.25% solution: 0.05 mL/kg up to a 
maximum of 0.5 mL per dose

Given over 15 minutes

May be repeated every  
15–20 minutes, as needed 

Data from Ledwith C, Shear L, Mauro R. Safety and efficacy of nebulized racemic epinephrine in conjunction with oral dexamethasone and mist in the outpatient 
treatment of croup. Ann Emergo Med. 1995;25:331-337; and Bjornson C, Russell K, Vandermeer B, et al. Nebulized epinephrine for croup in children. Cochrane 
Database Cyst Rev. 2013;CD006619.

TABLE 32-2
Dosing of Inhaled Alpha-Adrenergic Bronchodilators10,11 

Anticholinergic 
Bronchodilators Route of Administration Dosage Comments

Ipratropium bromide

(17 mcg/actuation)

Metered dose inhaler with 
spacer

Severe exacerbation (0–12 years): 
4–8 actuations every 20 minutes as 
needed for up to 3 hours

Severe exacerbation: ipratropium is 
added to short-acting beta-2 agonist

Use holding chamber and face mask 
for children ≤4 years old

Ipratropium bromide 
(inhalation solution)

Small-volume nebulizer Severe exacerbation (0–12 years): 
0.25- to 0.5-mg inhalations via 
nebulizer every 20 minutes for 
3 doses, then as needed

Data from National Asthma Education and Prevention Program Expert Panel 3. Guidelines for the Diagnosis and Management of Asthma: Expert Panel Report 3. 
Bethesda, MD: National Institutes of Health and National Heart, Lung, and Blood Institute; 2007:07-4051.

TABLE 32-3
Dosing of Inhaled Anticholinergic Bronchodilators3 
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Methylxanthines
Route of 
Administration Dosage Comments

Theophylline IV Loading dose:

Neonates: 5–8 mg/kg IV infused over 30 minutes

Maintenance dose:

Postnatal age up to 24 days: 1 mg/kg every 12 hours

Postnatal age after 24 days: 1.5 mg/kg every 12 hours

Total daily dose (mg) = [(0.2 3 age in weeks) + 5] 3 (body 
weight in kg) every 8 hours

Therapeutic range:

5–15 mcg/mL

Dosing is based on ideal 
body weight

Aminophylline IV Loading dose:

Neonates: 4--6.4 mg/kg IV infused over 30 minutes

Maintenance dose:

Postnatal age up to 24 days: 0.8 mg/kg every 12 hours

Postnatal age after 24 days: 1.2 mg/kg every 12 hours

Aminophylline contains 
80% theophylline

IV = intravenous

Data from Theophylline in 5% dextrose IV injection, theophylline in 5% dextrose IV injection [package insert]. Deerfield, IL: Baxter Healthcare; 2003.

TABLE 32-4
Dosing of Methylxanthines15 

BOX 32-2 Methylxanthines

 � Theophylline has several drug–drug interactions.

 � Methylxanthines follow zero order kinetics, so a 
small dose increase can result in a large concen-
tration increase.

Methylxanthines
Methylxanthines inhibit phosphodiesterase and his-
tone deacetylase-2 activation, causing an increase in 
cAMP and resulting in the deactivation of inflamma-
tory genes, which leads to bronchodilation. Theophyl-
line may be useful as an add-on therapy, but its use is 
limited due to decreased effectiveness, adverse effects, 
and drug interactions.14 The methylxanthine broncho-
dilators are available to use in an intravenous formula-
tion or as a syrup, tablets, and capsules. Dosages are 
listed in Table 32-4.

Side effects include gastrointestinal upset, headache, 
tachycardia, insomnia, tremor, and nervousness. Signs 
of toxicity include persistent vomiting, ventricular 
tachycardia, and seizures.16 Theophylline levels should 
be monitored to determine optimum blood levels and 
to avoid toxicities (Box 32-2).

Corticosteroids
Corticosteroids are anti-inflammatory drugs that are 
frequently used in the treatment of respiratory disease 
in neonatal and pediatric patients. They are the most  
effective anti-inflammatory medications for asthma. 
Systemic corticosteroids are given orally and by injec-
tion. Inhaled corticosteroids are available as pressurized 

metered dose inhalers, dry powder inhalers, and in liq-
uid form for nebulization.

Indications
Corticosteroids are indicated for the maintenance treat-
ment of asthma. They are the first-line treatment for 
long-term control of persistent asthma of any age. In-
haled corticosteroids are not indicated for the treatment 
of acute bronchospasm. They are also not indicated for 
the immediate treatment of status asthmaticus due to the 
delayed onset of relief, which can range from hours to 
days. However, short courses of systemic corticosteroids, 
or steroid “bursts,” are used in asthma exacerbations.7,17

Mechanism of Action
Corticosteroids inhibit the inflammatory response by 
depressing the cell types and mediators involved in in-
flammation. Specifically, corticosteroids slow the migra-
tion of polymorphonuclear leukocytes and fibroblasts 
and inhibit the release of mediators associated with the 
inflammatory response, leading to attenuated mucous 
secretion and suppression of inflammatory processes. 
Consequently, corticosteroids reduce bronchial hyper-
responsiveness, block late phase reaction to allergens, 
and improve lung function.18

Systemic Corticosteroids
Short courses of systemic corticosteroids may be used 
to establish control when beginning therapy or during 
a period where there is gradual deterioration in the pa-
tient’s clinical status. In patients with long-term severe, 
persistent asthma, low doses of systemic corticosteroids 
may be used daily or every other day.3 Dosages are listed 
in Table 32-5.
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When corticosteroids are used for less than 1 month, 
side effects include weight gain, fluid retention, emo-
tional instability, insomnia, and indigestion. Higher 
doses of short-term corticosteroids can cause increases 
in blood pressure and blood glucose. When corticoste-
roids are used for greater than 1 month, side effects may 
include Cushing syndrome, hypokalemia, sodium and 
water retention, hyperglycemia, weight gain, immuno-
suppression, glaucoma, growth retardation, acne, and 
gastrointestinal bleeding.19

Inhaled Corticosteroids
Inhaled corticosteroids are the mainstay for mainte-
nance therapy in asthma. Many of the inhaled corti-
costeroids have no established usage in patients aged 
4 years and younger who are unable to provide sufficient 
inspiratory flow for adequate lung deposition. A trial 
period of 4 to 6 weeks may be warranted to determine 
maximum benefit. Once control is achieved, the fre-
quency of dosing may be reduced.3 Dosages are listed in 
Table 32-6.

Side effects of inhaled corticosteroids are fewer when 
compared with systemic corticosteroids, as inhaled 
corticosteroids have limited systemic absorption. Side 
effects include difficulty speaking, hoarse voice, oral 
candidiasis, and cough (Box 32-3).3

Mucolytics
Mucoactive agents, or mucolytics, are drugs that change 
the biophysical properties of secretions. They are ca-
pable of modifying mucus production, secretion, nature 
and composition, and interactions with mucociliary 
epithelium.27 Dornase alfa reduces the viscosity of in-
fected sputum. It is indicated for the management of 
mucus in patients with cystic fibrosis who have a forced 
vital capacity that is ≥40% of the predicted value. It 
has been shown to reduce the risk of respiratory tract 

infections requiring parenteral antibiotics in these pa-
tients.28 This drug is Food and Drug Administration 
approved for patients older than age 5 years; however, 
some small studies suggest that its use may be extended 
to patients as young as 3 months old at the same dose as 
patients 5 years and older, resulting in similar safety and 
efficacy profiles.29

Dornase alfa is a recombinant human enzyme, de-
oxyribonuclease I (rhDNase), that hydrolyzes the DNA 
in sputum found in cystic fibrosis patients and reduces 
sputum viscosity and surface adhesiveness. The DNA 
released from broken-down neutrophils increases mu-
cus viscosity, which obstructs the airway. Dornase alfa 
promotes airway clearance and thins mucus by degrad-
ing this extracellular DNA.30

Dornase alfa is available for nebulization as a 
preservative-free solution that should be kept refriger-
ated prior to use. Dosages are listed in Table 32-7, with 
a frequency of once per day. However, some patients 
may benefit from twice daily dosing.

Side Effects
The most common side effect is cough. Chest pain,  
fever, rash, dyspnea, and infection may also occur.28

Systemic Corticosteroid Route of Administration Dosage Maximum Dosage

Prednisone/prednisolone PO 1–2 mg/kg for the first dose, and then  
0.5–1 mg/kg twice daily for subsequent doses 
starting the following day for 3–10 days

60 mg/day

Methylprednisolone IV 1–2 mg/kg 125 mg/day

Dexamethasone PO
IV
IM

0.6 mg/kg 16 mg/day

PO = by mouth; IV = intravenous; IM = intramuscular

Data from PredniSONE tablets, USP (prednisone) [package insert]. Salisbury, MD: Cadista Pharmaceuticals Inc.; 2016; Solu-medrol® IV, IM injection 
(methylprednisolone sodium succinate IV, IM injection) [package insert]. New York, NY: Pharmacia & Upjohn Co.; 2011; and Keeney G, Gray M, Morrison A, et al. 
Dexamethasone for acute asthma exacerbations in children: A meta-analysis. Pediatrics. 2014;133:493–499.

TABLE 32-5
Dosing of Systemic Corticosteroids19–21

BOX 32-3 Corticosteroids

 � To prevent oral candidiasis after use of a steroid 
inhaler, rinse the mouth and throat with warm 
water and wipe the inside of an infant’s or child’s 
mouth with a wet cloth. 

 � If a mask is used, wash the skin around the 
mouth after use of a steroid inhaler with a face-
mask spacer.

 � Use a spacer or holding chamber if inhalation is 
with a pressurized metered dose inhaler.
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Inhaled 
Corticosteroid

Low Daily 
Dosage Low Daily Dosage

Medium 
Daily 
Dosage

Medium Daily 
Dosage

High Daily 
Dosage High Daily Dosage

Age in years 0–4 5–11 0–4 5–11 0–4 5–11

Beclomethasone 
HFA 40 or  
80 mcg/actuation

NA 40 mcg/actuation,  
1–2 actuations 
twice daily 

NA 40 mcg/actuation, 
2–4 actuations twice 
daily
80 mcg/actuation, 
1–2 actuations twice 
daily

NA 80 mcg/actuation, 
3–4 actuations twice 
daily

Budesonide DPI
90 or  
180 mcg/inhalation

NA 90 mcg/inhalation, 
1–2 inhalations 
twice daiy

NA 180 mcg/inhalation, 
1–2 inhalations twice 
daily

NA 180 mg/inhalation, 
3–4 inhalations 
twice daily

Budesonide 
nebulization 
suspension
0.25 mg/2 mL, 
0.5 mg/2 mL, or 
1 mg/2 mL

0.25–0.5 mg  
once daily or 
as 2 divided 
doses

0.5 mg once daily 
or as 2 divided 
doses

0.75–1 mg 
once daily 
or as 2 or 
3 divided 
doses

1 mg once daily or as 
2 divided doses

1.25–2 mg 
once daily or 
as 2 divided 
doses

2 mg once daily or 
as 2 divided doses

Fluticasone DPI
50, 100, or 
250 mcg/inhalation

NA 50 mcg/inhalation, 
1–2 inhalations 
twice daily

NA 50 mcg/inhalation, 
3–4 inhalations twice 
daily
100 mcg/inhalation, 
1 inhalation in AM and 
2 inhalations in PM to 
2 inhalations twice daily

NA 100 mcg/inhalation, 
2 inhalations in AM 
and 3 inhalations 
in PM
250 mcg/inhalation, 
1 inhalation twice 
daily

Mometasone 
aerosol DPI  
(breath activated)
110 or  
220 mcg/inhalation

NA 110 mcg/inhalation, 
1 inhalation once 
daily

NA 110 mcg/inhalation, 
2–3 inhalations once 
daily

NA 110 mcg/inhalation, 
4 inhalations once 
daily or 2 inhalations 
twice daily
220 mcg/inhalation, 
2 inhalations once 
daily or 1 inhalation 
twice daily

NA = not applicable
HFA = hydrofluoroalkane
DPI = dry powder inhaler

Data from QVAR® (beclomethasone dipropionate HFA) [package insert]. Horsham, PA: Teva Specialty Pharmaceuticals LLC; 2008; Pulmicort Flexhaler™ 
(budesonide inhalation powder) [package insert]. Wilmington, DE: AstraZeneca LP; 2008; Pulmicort Respules™ (budesonide inhalation suspension) [package insert]. 
Wilmington, DE: AstraZeneca LP; 2008; Flovent Diskus (fluticasone propionate inhalation powder) for oral inhalation. [package insert]. Research Triangle Park, NC: 
GlaxoSmithKline; 2017; and Asmanex® Twisthaler (mometasone furoate inhalation powder) [package insert]. Whitehouse Station, NJ: Merck & Co, Inc.; 2011.

TABLE 32-6
Dosing of Inhaled Corticosteroids22–26

Mucolytics Route of Administration Dosage Comments

Dornase alfa (Pulmozyme) Nebulizer 2.5 mg once daily Do not mix with any other drug in 
nebulizer

Data from  Pulmozyme® (dornase alpha) [package insert]. San Francisco: Genentech; 2014.

TABLE 32-7
Dosing of Mucolytics28 
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Leukotriene Receptor 
Antagonist

Route of 
Administration Dosage Comments

Montelukast Tablet Ages 1–5 years: 4 mg once daily

Ages 6–14 years: 5 mg once daily

Ages 15 years and older: 10 mg 
once daily

Administer in the evening

Zafirlukast Tablet Ages 5–11 years: 10 mg twice daily

12 years and older: 20 mg twice 
daily

Take 1 hour before or 2 hours after 
meals

Store in the original container

Data from Accolate® (zafirlukast) [package insert]. Wilmington, DE: AstraZeneca; 2013; and Accolate® oral tablets (zafirlukast oral tablets) [package insert]. 
Wilmington, DE: AstraZeneca Pharmaceuticals LP; 2011.

TABLE 32-8
Dosing of Leukotriene Receptor Antagonists32,33 

Leukotriene Modifiers
Leukotriene modifiers are used for the prophylaxis and 
chronic treatment of asthma in adults and children. 
Zafirlukast is indicated for the prevention and chronic 
treatment of asthma in pediatric patients 5 years of age 
and older. Montelukast is indicated for the prevention 
of exercise-induced bronchoconstriction in patients 
15 years of age and older, in pediatric patients with 
asthma 12 months of age and older, and in pediatric 
patients 2 years of age and older for symptom relief of 
allergic rhinitis.

Leukotriene receptor antagonists inhibit the forma-
tion of leukotrienes, which are proinflammatory media-
tors produced from arachidonic acid. This inhibition 
helps decrease bronchoconstriction, vasoconstriction, 
and inflammation.31

Leukotriene modifiers are administered in tablet 
form, and the dosage frequency is dependent upon the 
medication (Table 32-8).

Headache is the most common side effect. Other side 
effects reported include dizziness, abdominal pain, and 
muscle weakness.32,33

Antimicrobials
The upper respiratory tract harbors a broad spectrum 
of potential pathogens, including Streptococcus pneu-
moniae, Haemophilus influenzae, Moraxella catarrhalis, 
and Staphylococcus aureus, which all have the potential 
to cause infection.34 Antimicrobials, also known as antibi-
otics, fight infection either by destroying the bacteria or 
preventing it from growing and multiplying. The disease 
state being treated is indicative of the bacteria that is be-
ing targeted by the antimicrobial therapy. Cystic fibrosis 
patients are susceptible to infections caused by a broader 
range of bacteria that include Pseudomonas aeruginosa. 
Studies suggest that nebulized antibiotics are better than 

no treatment for early infection with P. aeruginosa, but 
there is still insufficient evidence supporting which strat-
egy is more effective for the eradication of P. aeruginosa 
in cystic fibrosis.35

Inhaled Antibiotics
Tobramycin is an aminoglycoside with antipseudo-
monal activity and is the first-line treatment for patients 
with this infection.36 Tobramycin is bactericidal and 
works by binding to the 30 S ribosomal subunit of sus-
ceptible bacteria and interfering with messenger RNA, 
resulting in a defective bacterial cell membrane.37 To-
bramycin is indicated for patients 6 years and older for 
patients colonized with P. aeruginosa to reduce infec-
tion and hospitalization. The side effects associated with 
tobramycin include ototoxicity, tinnitus, voice altera-
tion, dizziness, and bronchospasms.38

Aztreonam lysine is a monobactam that has prop-
erties like beta-lactams. Aztreonam is bactericidal 
and inhibits bacterial cell wall synthesis by binding to 
penicillin-binding proteins located within the bacte-
rial cell wall. The inhaled formulation of aztreonam 
is indicated to improve respiratory symptoms in 
cystic fibrosis patients with P. aeruginosa. This drug 
is recommended for patients older than 7 years for 
the inhalation formulation, but it can be also used 
intravenously in patients 9 months and older for the 
treatment of pulmonary exacerbations in cystic fi-
brosis. The side effects associated with aztreonam are 
allergic reactions, bronchospasms, decrease in forced 
expiratory volume at 1 second (FEV1), fever, wheezing, 
cough, and chest discomfort.37 Dosages are listed in 
Table 32-9.

Oral Antibiotics
Azithromycin is a macrolide antibiotic that binds to 
the 50 S ribosomal subunit of bacterial ribosomes and 
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Antimicrobial Route of Administration Dosage Comments

Tobramycin inhalation 
solution

Nebulizer or podhaler TOBI, Bethkis, Kitabis Pak: 300 mg via 
nebulizer every 12 hours for 28 days, 
followed by a 28-day off cycle

TOBI Podhaler: 112 mg via podhaler every 
12 hours for 28 days, followed by a 28-
day off cycle

Doses should be at least 6 hours 
apart

Do not use if FEV1 is <40% predicted,

FEV1 is >80% predicted, or colonized 
with B. cepacia

Aztreonam lysine 
inhalation solution

Nebulizer Cayston: 75 mg 3 times daily for 28 days, 
followed by a 28-day off cycle

Doses should be administered at least 
4 hours apart

Use Altera nebulizer system

Delivers dose in less than 3 minutes 

FEV1 5 forced expiratory volume in 1 second

Data from Cayston® (aztreonam) inhalation solution [package insert]. Foster City, CA: Gilead Science, Inc; 2014;  Mogayzel J, Peter J, Naureckas E, et al. Cystic 
fibrosis pulmonary guidelines. Chronic medications for maintenance of lung health. Am J Respir Crit Care Med. 2013; 87:680–689; TOBI® Podhaler (tobramycin) 
[package insert]. East Hanover, NJ: Novartis Pharmaceuticals Corporation; 2014; TOBI® (tobramycin inhalation solution) nebulizer solution [package insert]. East 
Hanover, NJ: Novartis Pharmaceuticals Corporation; 2015; and Kitabis™ Pak (tobramycin inhalation solution) for oral inhalation use [package insert]. Midlothian, VA: 
PARI Respiratory Equipment, Inc; 2014.

TABLE 32-9
Dosing Information for Inhaled Antimicrobials39,40,42–44 

inhibits protein synthesis in bacterial cells. Azithro-
mycin is indicated for cystic fibrosis patients 6 years 
and older who are chronically colonized with P. aeru-
ginosa to improve pulmonary function. It is primarily 
used to decrease inflammation and reduce exacer-
bations. Side effects associated with azithromycin 
include diarrhea, abdominal cramping, tinnitus, and 
nausea (Box 32-4).40,41

Skeletal Muscle Relaxants
Neuromuscular blocking agents (NMBAs) are indi-
cated for the induction of neuromuscular blockade and 
provide skeletal muscle relaxation during surgery or 
mechanical ventilation. These agents do not provide 
analgesia or sedation and should be administered only 

BOX 32-4 Antimicrobials

 � Tobramycin is not indicated for patients colo-
nized with Burkholderia cepacia.

 � Azithromycin is not indicated for patients  
with nontuberculous mycobacteria lung 
infections.

BOX 32-5 Muscle Relaxants

 � Succinylcholine is the only depolarizing agent.

 � Patients must be sedated and analgesia must be 
provided prior to administration of NMBAs.

after the patient is sedated and after analgesia is pro-
vided (Box 32-5).45

NMBAs can be divided into two categories:  
depolarizing and non-depolarizing. Succinylcholine  
is the only depolarizing agent available; all other  
agents are non-depolarizing. Succinylcholine works  
by binding to and activating acetylcholine receptors, 
producing a Phase I block, desensitizing the ion chan-
nels to further action potentials.46 The non-depolar-
izing agents directly compete with acetylcholine and 
bind to the acetylcholine receptors on the motor-end 
plate, preventing neurotransmitters from binding to 
the receptor.45

Flushing, bradycardia, hypotension, tachyarrhyth-
mia, and rash are side effects seen with administration 
of skeletal muscle relaxants.47–50 Dosages are listed in 
Table 32-10.
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Skeletal 
Muscle 
Relaxant Dosage Comments Action

Initial Maintenance Onset Duration

Succinylcholine Neonates and infants up to 
6 months: 2 mg/kg IV

6 months and older: 
1 mg/kg IV

Not used for maintenance 
due to risk of malignant 
hyperthermia

Use in children 
should be limited 
to emergency 
intubation

Short-acting

45–60 seconds 4–10 minutes

Atracurium Age 1 month to 2 years: 
0.3–0.4 mg/kg IV

Ages 2 years and older: 
0.4–0.5 mg/kg IV bolus

Age 1 month and older: 
0.08–0.1 mg/kg IV bolus 
20–45 minutes after  
initial dose, then every 
15–25 minutes as needed

5–9 mcg/kg/min (range 
2–15 mcg/kg/min) 
continuous IV infusion after 
initial dose, upon early 
evidence of spontaneous 
recovery

Independent of 
renal and hepatic 
function for 
metabolism

Intermediate-acting

1–4 minutes 20–35 minutes

Cisatracurium Age 1–23 months: Initial, 
0.15 mg/kg IV over 
5–10 seconds 

Initial continuous IV infusion 
of 3 mcg/kg/min to rapidly 
counteract spontaneous 
recovery from initial bolus 
dose; thereafter, 1–2 mcg/
kg/min continuous IV 
infusion

Independent of 
renal and hepatic 
function for 
metabolism

Intermediate-acting

2–3 minutes Up to 70 minutes

Pancuronium Test dose of 0.02 mg/kg  
IV to measure 
responsiveness

Initial: 0.04–0.1 mg/kg IV 
(endotracheal intubation, 
0.06–0.1 mg/kg IV); later 
incremental doses starting 
at 0.01 mg/kg may be 
used 

May accumulate 
in renal or hepatic 
dysfunction

Long-acting

4–6 minutes 120–180 minutes

Vecuronium Ages 10–16 years:  
0.08–0.1 mg/kg IV bolus

Ages 10–16 years:  
0.01–0.015 mg/kg IV  
25–40 minutes after  
initial dose, repeat every 
12–15 minutes as needed

Doses should be 
individualized, 
patients ages 
1–10 years may 
require a higher 
initial dose and 
more frequent 
supplemental doses

May accumulate 
in renal or hepatic 
dysfunction

2–3 minutes 45–60 minutes

IV = intravenous

Data from Atracurium besylate injection, USP (atracurium besylate) for intravenous injection [package insert]. Bedford, OH: Bedford Laboratories; 2010; 
Pancuronium bromide injection (pancuronium bromide) [package insert]. Irvine, CA: Gensia Sicor Pharmaceuticals; 2003; CISATRCURIUM intravenous injection 
solution (cisatracurium besylate intravenous injection solution) [package insert]. Lake Zurich, IL: Fesenius Kabi USA (per DailyMed); 2015; and Vecuronium bromide 
intravenous injection lyophilized powder for solution (vecuronium bromide intravenous injection lyophilized powder for solution) [package insert]. Lake Zurich, IL: 
Fresenius Kabi USA (per DailyMed); 2016.

TABLE 32-10
Dosing of Skeletal Muscle Relaxants47–50

Skeletal Muscle Relaxants 541



Case Study 1
A 10-year-old boy presented to a new pulmonary 
physician for evaluation. His mother stated that his 
primary condition was asthma. He had developed 
respiratory symptoms at 2 months of age, had been 
seen by many specialists, and had been on multiple 
medications since that time. The pregnancy was un-
eventful. When he was 2 months old, he developed 
a recurrent cough. He was started on albuterol and 
then, at 6 years of age, switched to levalbuterol hy-
drochloride. At various times he has also been treated 
with cromolyn sodium, fluticasone proprionate and 
salmeterol, and montelukast as well as with a short 
course of prednisolone for exacerbations. His last 
course of oral steroids was 9 months ago. The hall-
mark of his illness was that a cold would always trig-
ger his asthma. He had approximately one emergency 
department visit per year, but he had never been 
hospitalized. His asthma symptoms would typically 
worsen with the weather changes in the spring and 
fall; the cold winter months were often particularly 
difficult. In addition to his asthma, his medical history 

was remarkable for several events of otitis media, 
seasonal mold allergies, occasional headaches, and 
croup. One or more of the events occurred about 
three times a year, lasting approximately 3 days for 
each episode. His current medications include 1 in-
halation of combination fluticasone proprionate and 
salmeterol in the 250/50 strength twice daily and 2 to 
4 inhalations of levalbuterol as needed. This visit was 
scheduled in the hopes of decreasing this child’s epi-
sodes of illness, assessing the current medication reg-
imen, and discussing new treatment opportunities.

1. What is the difference between albuterol and 
levalbuterol?

2. What is the mechanism of action of montelu-
kast, and should it be a part of this child’s daily 
medication regimen?

3. What role does fluticasone proprionate and sal-
meterol serve in controlling this child’s asthma 
symptoms?

Case Study 2
A 9-year-old female with cystic fibrosis presented 
to the pulmonary clinic with persistent exertional 
dyspnea and cough with scant sputum production. 
Physical examination revealed normal vital signs, but 
she had an oxygen saturation of 91% while breath-
ing room air. Her weight had fallen from 68.2 kg 
to 65.5 kg over the last 3 months. Cardiovascular 
exam was completely normal. Lungs demonstrated 
coarse breath sounds bilaterally and were moder-
ately decreased. The abdomen was normal, extremi-
ties demonstrated mild clubbing, and there was no 
peripheral edema. FEV1 had decreased from 70% 
to 50%. The chest radiograph resembled baseline 
findings with no obvious infiltrate or pneumotho-
rax. Her standard inhaled treatment regimen was 
albuterol, 7% hypertonic saline, dornase alfa, and 

Flovent followed by vest therapy twice daily. She was 
prescribed a month-long course of azithromycin, 
aztreonam, and inhaled tobramycin for suspected 
pulmonary exacerbation with an acute superinfec-
tion. One month later she returned to the clinic for 
a follow-up visit. Physical exam revealed moderate 
improvement in dyspnea as well as her FEV1, which 
now was back to baseline, and her oxygen saturation 
improved to 95% on room air. 

1. Why do you think multiple antibiotics were pre-
scribed for this child?

2. What is the mechanism of action of dornase 
alfa?

3. What is the advantage of an inhaled corticoste-
roid versus oral systemic administration?
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Introduction
Complex ill and injured children and infants present 
with distinctly different anatomic, physiologic, and  
behavioral needs than their adult counterparts. Region-
alization of neonatal and pediatric specialty services has 
necessitated the development of specialized interfacility 
transport services to transfer critically ill infants and 
children to hospitals equipped to care for their distinct 
needs. In the United States, hospital-based transport 
teams emerged in the 1960s for transport of neonatal 
patients and have grown to include specialty pediatric 
transport. In this chapter, we summarize some key ele-
ments of neonatal and pediatric critical care transport.

Transport Team
Critical care transport teams are designed to meet  
local needs for interhospital transfer. Transport teams 
generally complement the emergency medical services 
(EMS) and local nonpediatric hospitals, providing con-
tinued care of the injured/ill child in need of transport 
to a higher level of care. In certain circumstances, such 
as traumatic injury, it is clinically preferable to stabilize 
the infant and/or child and to provide prompt transfer 
from the scene. The majority of sick or injured pediatric 
patients benefit from a more methodical approach to 
transport that is focused less on speed of return to the 
tertiary hospital and more on rapidity of response to the 
bedside, clinical stabilization, and ongoing resuscita-
tion prior to and during transport. The neonatal/pedi-
atric patient population can be diverse and can range 
from premature newborns to late adolescents and even 
young adults receiving long-term care for a childhood 
disease. Although the transport environment may have 
some constraints, the same level of care provided to 
critically ill or injured children at a tertiary/quaternary 
care facility should be provided during transport. An 
evolving belief is that access to a skilled neonatal/pediatric 
transport team is optimal for the critically injured/ill 
pediatric patient being treated at institutions with fewer 
resources, and development of specialized teams should 
be tailored to meet the needs of the region served.1 In 
a single-center study, Orr et al.1 reported that infants 
and children transported by a pediatric specialty team 
had fewer unplanned events during transport when 
compared to an adult nonspecialty transport team (61% 
versus 1.5%) and had a lower in-hospital mortality, even 
after adjustment for illness severity (23% versus 9%). It 
was speculated that the pediatric specialty team’s prior-
ity around stabilization and advanced early intervention 
at the referring facility perhaps minimized the risks of 
deterioration and/or unplanned events during trans-
port, subsequently impacting the hospital mortality. A 
study evaluating adherence to sepsis resuscitation prior 
to admission to a regional children’s hospital affirms 
this association of better preadmission resuscitation 
and better survival.2 This notion of improved outcomes 
for specialty pediatric transport teams, commonly 

debated among the nonspecialty critical care transport 
services, was also studied in a 2016 report by Meyer 
et al.3 Although the cohort of patients transported by 
the specialty pediatric transport cohort were younger 
and more acutely ill, the researchers found no difference 
in adjusted severity of illness or mortality 48 hours after 
admission to the pediatric intensive care unit (PICU). 
The evidence remains unclear on whether the use of a 
dedicated team proficient in pediatric and neonatal crit-
ical care is an important aspect of improved patient out-
comes. Less debate exists around the fact that specialty 
pediatric/neonatal teams and nonspecialized teams must 
function within a developed transport system having 
the following essential components: (1) online medical 
control by qualified physicians, (2) ground and air am-
bulance capabilities, (3) a coordinated communications 
system, (4) written clinical and operational guidelines, 
(5) a comprehensive program for quality and perfor-
mance improvement, (6) a database to track  activity and 
permit patient follow-up, (7) medical and nursing lead-
ership, (8) administrative resources, and (9) institutional 
endorsement and financial support.4

Crew Configuration
Critical care transport team composition varies widely 
by region, patient population, availability of resources, 
financial support, and other considerations, such as 
weight limitations during air medical transport.  
Several models of neonatal/pediatric specialty teams 
exist and more often are hospital-based teams sup-
ported by the receiving hospital; these include the use 
of either dedicated team members or the use of on-duty, 
unit-based staff. Each model for team composition has 
advantages and disadvantages, including costs, mobili-
zation times, and personnel used. Crew configuration 
varies and is typically based on the institution’s internal 
and regional resources and patient volume. Studies 
examining team types and team personnel describe 
crews to include the following caregivers: physicians, 
physicians in training, advanced nurse practitioners, 
critical care pediatric and/or neonatal nurses, respira-
tory therapists, paramedics, or basic emergency medical 
technicians (EMTs).5,6 There is little evidence to sup-
port improved outcomes with the use of a physician, 
and the financial implications may preclude teams from 
using the physician resource. In a recent study, van 
Lieshout et al.7 showed no difference in critical events 
during transport when non-physician-led critical care 
transports were compared to physician-led critical 
care transports (16.3% versus 15.2%). Many pediatric/ 
neonatal teams with a high volume of transports pri-
marily function without the use of an onboard physician 
and reserve the use for the very select and extremely 
critical patient transports. Local and state regulations 
may influence team composition, but it is essential 
that the crew maintain expertise in the management 
of pediatric respiratory conditions, as this is primarily 
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the most common problem encountered. All transport 
teams should have staff with expertise in establishing 
and maintaining a neonatal/pediatric airway, advanced 
assessment skills, vascular access skills, resuscitation, 
and knowledge of dosing and administration of high-
risk medications. The team members must also have 
in-depth knowledge of physiology, appropriate safety 
training, and exceptional communication skills. Regard-
less of the crew configuration, the literature supports 
the importance of training in reducing adverse events; 
specifically, adverse events during transport occurred 
in only 2%, or 1 in 49, of pediatric transports by a spe-
cialized team compared to 20%, or 18 of 92, of children 
transported by a nonspecialized team.8

Team Requirements
Team requirements include the type of clinical experi-
ence the respective team member must have before 
he/she is hired into a transport position as well as the 
clinical and safety training requirements. Team require-
ments depend on the population served (adult versus 
pediatric specialty), type of transport provided (scene 
versus intra-facility), accrediting body requirements, 
and mode of transport the crew will use (air, ground).

Clinical Experience
The selection of team members is best determined by 
the team’s mission profile and patient clinical needs. 
Current Commission on Accreditation of Medical 
Transport Systems (CAMTS) accreditation standards 
recommend that team members have a minimum of 
3 years’ relevant critical care experience.9 Although it 
is not clear if 3 years of critical care experience is su-
perior to 2 years or inferior to 5 years, it is reasonable 
to believe that the practice of critical care medicine in 
the off-campus/highly stressed setting of critical care 
transport would benefit from a solid foundation of crit-
ical care expertise. Additionally, transport teams that 
respond to scene runs will benefit from prehospital 
experience. All personnel should meet certain physical 
requirements and will generally be evaluated in the  
pre-employment period on the ability to perform cer-
tain physical tasks, such as lifting heavy equipment and  
mobility in and out of the transport vehicles.

Transport team members, depending on demo-
graphics of the population the team serves, should have 
successful completion of certification courses, such as 
Pediatric Advanced Life Support (PALS), Advanced Car-
diac Life Support (ACLS), and Neonatal Resuscitation 
Program (NRP). Completion of a trauma course with 
advanced skills lab, such as Transport Nurse Advanced 
Trauma Course (TNATC), Pediatric Fundamentals of 
Critical Care Support (PFCCS), or an audit of Advanced 
Trauma Life Support (ATLS), are worthy considerations 
for augmentation of transport-specific clinical care.  
Additional certifications may be necessary, such as EMT 
certification for the registered nurse and/or respiratory 

therapist, and should be guided by mission profile, state 
licensure for ambulances, and accreditation standards.

The CAMTS requires crew members to attain spe-
cialty credentials to validate their more advanced skills. 
The commission will accept the specialty credential for 
clinicians working in transport, Certified Neonatal Pe-
diatric Transport (CNPT), or Certified Flight Registered 
Nurse (CFRN). Credentials validating special critical 
care skills, such as Certified Critical Care Registered 
Nurse (CCRN) or Neonatal Pediatric Specialist (NPS), 
are also among the credentials CAMTS will accept.

Aside from the descriptions in the team composition 
section and the certifications listed earlier, some intan-
gibles are consistently found in the outstanding critical 
care transport clinician. Commonly observed person-
ality traits include independence, leadership, flexibility, 
adaptability, initiative, intelligence, the ability to prob-
lem solve, and utility of sound clinical judgment. Team 
members must also have excellent communication and 
interpersonal skills and must have the ability to diffuse 
tense and stressful situations. These are important be-
cause a majority of the clinical work the crew provides 
is on the scene or at a referral hospital, where resources 
are limited. Collectively, all selected personnel should 
be sufficiently trained and knowledgeable to assume the 
role of the team leader, and each member of the team 
must understand the principles of one another’s roles in 
order to assist and complement one another during the 
transport.

Training Requirements
Guidelines for training are succinctly described by the 
American Academy of Pediatrics (AAP) Guidelines for 
Air and Ground Transport of Neonatal and Pediatric 
Patients and include cognitive, procedural, communi-
cation, and other skills.10 Transport personnel are typ-
ically selected from experienced providers and have 
already acquired the extensive variety of necessary 
certifications. Generally, new transport personnel need 
to gain additional training to enhance their knowledge 
base to include advanced assessment, such as labora-
tory analysis, radiologic interpretation, and diagnostics, 
often not  expected in their current job role. Although 
this text will not thoroughly address concepts of adult 
learning theory or other strategies to impart knowledge 
and skills for staff, common mechanisms for developing 
cognitive and procedural skills include didactic training 
in the classroom environment, self-learning modules, 
and individualized one-on-one instruction. The prevail-
ing skill that must be reinforced in the new transport 
personnel is the ability to recognize and differentiate be-
tween “sick” and “not sick” pediatric/neonatal illnesses. 
The ability to recognize and predict the most common 
causes of patient deterioration and then appropriately 
intervene is only obtained through initial training, sig-
nificant experience, and ongoing education. Procedural 
skills that are potentially lifesaving interventions, such 
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as vascular access, advanced airway management, and 
needle decompression, are important in the transport 
environment.10,11

Competency-Based Training
Most critical care transport programs conceptualize 
training and competency in two categories: initial and 
ongoing competency. Initial competency represents 
the body of knowledge, procedural skill, and teamwork 
that is new and transport specific. Ongoing competency 
represents the body of knowledge, skill, and teamwork 
that requires retraining or simply practicing to ensure 
expertise when that knowledge, skill, and teamwork 
need to be applied. The field of critical care transport 
has been early to adopt strategies for initial and on-
going competency. As a result, there is a terrific amount 
of experience in the transport field regarding venues 
to optimize knowledge and skill acquisition, including 
simulation, cadaver labs, animal labs, or in the operating 
room under direct supervision.12–16

Initial competencies are often guided by an orienta-
tion pathway for the new neonatal/pediatric transport 
team member. Initial competencies vary widely among 
programs, so much so that in a recent analysis of   
pediatric/neonatal transport listserv posts, the topic of 
education of staff was a “top five” category.17 Samples 
of orientation pathways are available, although it is im-
portant to understand that initial competency training 
should prepare the transport team personnel to func-
tion in the local environment, so orientation should 
be to specific equipment (isolette, IV pumps), vehicles 
(rotor and fixed wing, ground mobile intensive care 
unit [MICU]), and physical locations (frequently visited 
referral hospitals, emergency, inpatient, and neonatal 
resuscitation areas). Another vital initial competency 
often focuses on teamwork and communication. Trans-
port members must be taught the ability to clearly 
communicate the plan of care with the treatment team 
members in what is often a highly emotional environ-
ment. Communication skills can be taught through a 
crew resource management (CRM) course in addition 
to practicing with closed-loop communication in simu-
lation and certification courses.18 CRM has a focus on 

leadership, interpersonal communication, and decision 
making and was developed in 1979 from the NASA 
training workshops. Maintaining ongoing competency 
is somewhat more difficult, as it is resource intensive, 
and where orientation is often a full-time proposition, 
maintaining competencies must fit in around the work 
of transport. Content for ongoing competencies can 
also be difficult to identify and prioritize, although, 
generally, ongoing competency training prioritizes 
low-frequency but high-risk situations (e.g., cricothy-
roidectomy, transcutaneous pacing), high-frequency 
events (intubation, ventilator setup/management), and 
communication or even recent cases (run review to 
inform simulation  content). Accreditation standards 
also exist for additional guidance on maintaining 
competency.9

Safety
Most hospitals have heard the call from the Institute  
for Healthcare Improvement to make hospitals safer  
for patients and have built cultures targeting safety and 
high-reliability behaviors.19 Although the airline  
industry and the nuclear power industries are the most 
commonly shared examples of high reliability, the 
 critical care transport field is not. Most ambulance and 
 helicopter EMS incidents and accidents can be attrib-
uted to human factors and systems designs that can lead 
to poor decision making. Air ambulance accidents  
occur at an unfortunate rate of 8.3 to 12.75 accidents per 
year and result in a 30% fatality rate.20 Data regarding 
ground ambulance accidents is less accurate, as there is 
no official reporting mechanism, but are estimated to 
be more prevalent and with a wide variety of injuries to 
the crew/patients. Safety is defined by the International 
Civil Aviation Organization as “the state in which the 
possibility of harm to persons or of property damage is 
reduced to, and maintained at or below, an acceptable 
level through a continuing process of hazard identifica-
tion and safety risk management.”21 A commonly used 
transport tool is a safety management system (SMS). 
An SMS is vital to create a culture of safety that sup-
ports risk assessment, accountability, professionalism, 
and organizational dynamics. SMSs integrate safety risk 

Component Goals

Safety policy Establishes senior management’s commitment to continually improve safety.
Defines the methods, processes, and organizational structure needed to meet safety goals.

Safety risk management Determines the need for, and adequacy of, new or revised risk controls based on the assessment of acceptable risk.

Safety assurance Evaluates the continued effectiveness of implemented risk control strategies.
Supports the identification of new hazards. 

Safety promotion Includes training, communication, and other actions to create a positive safety culture within all levels of the workforce.
Promotion of safety is everyone’s responsibility. 

TABLE 33-1
The Four Functional Components of a Safety Management System
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management and safety assurance concepts into repeat-
able, proactive systems. SMS is all about safety decision 
making throughout the organization and is composed 
of four functional components, which are listed in 
Table 33-1.

Safety Management Training Academy is provided 
through the Association of Air Medical Services; it of-
fers a certification as a Certified Medical Transportation 
Safety Professional (MTSP-C) and provides a compre-
hensive foundation in the science and application of the 
discipline of safety systems for leaders in the medical 
transport industry. Programs with a robust SMS often 
identify a safety officer to promote best safety prac-
tices, systematically track and trend data in an effort to 
reduce emerging problems, and identify and mitigate 
threats to transport safety.

Environmental factors and fatigue can influence 
the safety of the transport environment. Air medical 
vendors operate under federal weather minimums that 
influence the decision to complete a mission; however, 
the same standards do not exist for ground ambulances. 
Ice, snow, and heavy rain can negatively impact the road 
safety of the crew, and a risk assessment tool can help 
provide objective guidance for the crew to determine the 
safety of the ground mission. Sleep deprivation, lengthy 
shifts, and night shifts can influence crew alertness and 
can affect the overall safety of the transport environ-
ment. Attention should be taken to minimize day-to-
night shift rotations and to ensure adequate rest time 
between shifts for the pilots, drivers, and medical crew.

Despite mature safety management systems, safety 
events may still occur. Safety training should  include 
vehicle breakdown, scene safety, and  survival training. 
Drills should be conducted to test the safety system  
for all modes of transport. A developed post accident  
incident plan (PAIP) can guide staff, management, dis-
patch, and local law enforcement in the process in the 
event of an accident or incident. Finally, it is intended 
that safety management integrate with the quality man-
agement systems to contribute to the organization’s 
safety performance as a result of using defined pro-
cesses to identify and mitigate safety hazards and risks.

Transport Modes
Critically ill children are transported by ground critical 
care ambulances, rotor wing or helicopters, or fixed 
wing planes. The nature of the injury or illness, distance 
traveled, and environmental conditions are considered 
when determining the mode of transport.

Ground
Ground ambulance is the most commonly used mode 
for interfacility and prehospital transport (Figure 33-1).  
The advantages include low costs, high availability, and 
ability to respond in most weather conditions. Ground 
ambulances offer multiple levels of service, such as criti-
cal care, advanced life support, and basic life support, 

and are typically readily available. The interior of the 
ambulance is more spacious and provides easier ac-
cess to the patient to perform clinical interventions. 
With the larger cabins, ambulances can accommodate 
up to four crew members and often a parent or family 
member. Ambulances have the ability to be configured 
for special pediatric/neonatal circumstances, such as 
transporting twins or siblings. Unlike helicopters, there 
are no weight limitations and more equipment can be 
carried in the ambulance. Ground ambulances provide 
door-to-door service, and there is no need for a helipad 
or runway. Disadvantages can include traffic condi-
tions, long travel times, and weather conditions. The 
ground speed of the ambulance is limited, and detours, 
inclement weather, and poor road conditions can delay 
or stop a ground transport. A functional service range 
for ground is between 0 and 150 miles, although any 
distance over 100 miles may become costly, time con-
suming, and inefficient. Another limitation to ground 
ambulances is the high potential for a rough ride to 
cause painful bouncing and the  possibility of  motion 
sickness. Despite the limitations, they  currently remain 
the dominant vehicle in patient transport and are often 
the most preferred modality for critical care pediatric/
neonatal patients.

Rotor Wing
According to the Association of Air Medical Services, 
there are approximately 400,000 rotor wing or helicopter 
transports annually in the United States.22 The advan-
tages include the speed of the helicopter, the ability to 
cover long distances, access into remote locations, and 
even the ability to bypass ground traffic in busy urban 
locales. A helicopter, as shown in Figure 33-2, can 
 decrease travel times by one-third to one-fourth of that 
required for equal distance traveled by a ground ambu-
lance and offers a typical range is up to 150 miles from 
the base of operations. The helicopter has the ability to 
provide door-to-door service, but it requires either a 
helipad or a clear 100-feet × 100-feet landing area free 

FIGURE 33-1 An example of a neonatal/pediatric specialty ground 
ambulance. The ambulances are equipped to be mobile ICUs.
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of obstructions. Weather can impact helicopter oper-
ations more profoundly than other transport modalities, 
with specific limitations of visibility, precipitation, icing, 
and wind. The cabin of the helicopter is considerably 
smaller and more limiting than a ground ambulance and 
can make in-flight clinical interventions very difficult. 
Weight and balance is extremely important in helicop-
ters and can limit the amount of equipment onboard 
and the size/configuration of the medical crew. Helmets 
and headsets are necessary for the crew to provide both 
hearing protection and to facilitate communication over 
the loud aircraft; methods to provide hearing protection 
to the patient are essential, as there is a large amount of 
noise. Altitude and flight physiology are factors associ-
ated with the use of a helicopter, and the crew must be 
educated on these factors. The costs associated with the 
use of a helicopter are significantly higher than ground 
transport. The cost effectiveness and overuse have been 
called into question for both adult and pediatric pa-
tients and should be monitored closely by the program 
administrators.

Fixed Wing
There are approximately 150,000 fixed wing (airplane) 
transports annually in the United States.22 The use of 
fixed wing transport is typically reserved for long dis-
tances often greater than 150 miles, building on ability 
to cover greater distances and travel at high speeds. 
Additional advantages include a pressurized cabin, 
lessening the risk of high altitudes. The cabin space 
is relatively large and can accommodate specialized 
equipment and several crew members. Fixed wing  
aircraft can often fly in weather conditions that are sub-
optimal for helicopters. The most notable disadvantage 
of fixed wing transport is the need to land at and depart 
from an airport, requiring a secondary patient transfer, 
usually using a ground ambulance, to and from the lo-
cation of the patient. Additionally, fixed wing transport 
often requires more extensive time to mobilize and  
initiate the transport.

The Role of Medical Control
Although many transport teams may function without a 
physician or mid-level provider on board, medical con-
trol of the team during transport is critical. The medical 
control physician helps to guide decisions for mode of 
transport (in collaboration with the referring facility) and 
provides medical leadership and oversight for clinical care.

Triage and Mode of Transportation
Critical care transport of the neonatal or pediatric  
patient is generally initiated in one of two circum-
stances: scene transport or interfacility transport. Scene 
transport calls are generally initiated by the EMS crews 
at the scene of the accident or injury. Triage of scene 
transports is generally managed by local EMS proto-
cols or recommendations of national EMS agencies.23 
Table 33-2 outlines the most succinct policy statement 
on the use of air medical helicopters, although not spe-
cific to infants or children, which was put forth by the 
American College of Emergency Physicians.24

More commonly, neonatal and pediatric transports 
are interfacility in nature. The intake or triage of refer-
rals from community hospitals or ambulatory care 
facilities is often fielded through a centralized com-
munication center. The centralized communication 
center is usually staffed with a communication special-
ist, often with nursing or EMS training, who serves as 
the valuable communication link among the referring 
facility, the receiving facility, the medical team, the 
 pilots, and the medical control physician.25 The referral 
call generally results in direct communication between 
the receiving medical control physician and the refer-
ring clinician, allowing the medical control physician 
to understand the nature of the clinical care that may 
be necessary for the patient, understand the resources 
that may be necessary to provide the clinical care upon 

Patient has a significant potential to require high-level life support 
available from an air medical helicopter, which is not available by 
ground transport.

Patient has a significant potential to require a time-critical 
intervention, and an air medical helicopter will deliver the patient  
to an appropriate facility faster than ground transport.

Patient is located in a geographically isolated area, which would 
make ground transport impossible or greatly delayed.

Local EMS resources are exceeded.

Data from American College of Emergency Physicians. Air Medical Transport 
Section. https://www.acep.org/how-we-serve/sections/air-medical-transport/. 
Accessed September 1, 2018.

TABLE 33-2
Appropriate Reasons to Use an Air Medical 
Helicopter in the Out-of-Hospital Setting24

FIGURE 33-2 An example of a branded neonatal/pediatric air 
ambulance. Although equipped for specialized transports, the exterior 
appears friendly and nonintrusive.
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return to the receiving facility, and provide additional 
clinical management recommendations. Furthermore, 
the nature of the referral can help facilitate decisions 
around the use of air transport or ground transport. The 
primary decision around preferred mode of transporta-
tion is managed by the referring clinician, specifically 
that the transfer must be made with qualified personnel 
and the appropriate medical equipment.

Medical Control Communication
After the initial triage communication between the refer-
ring facility and the medical control physician or accept-
ing physician, the role of the medical control physician 
transitions to the oversight of the clinical management 
of the care for the transferred patient. In many instances, 
appropriately trained residents in emergency medicine 
or pediatrics, fellowship trainees, or even  attending 
physicians provide direct, hands-on medical control as a 
member of the transport team. Commonly, however, the 
medical control physician is simply the remote clinical 
oversight for the critical care transport team who is at 
the bedside of the patient. In those instances, immediate 
availability of the medical control physician is expected 
to provide clinical guidance and to make treatment rec-
ommendations in accordance with critical care transport 
clinical protocols that govern the team’s care. In order to 
optimize this role of the remote medical control physi-
cian, some teams have adopted video telemedicine to 
augment either the initial triage conversation or the 
ongoing medical control communication.26,27 The med-
ical director may sometimes serve as medical control 
physician, although the medical director’s responsibil-
ities extend further and include development of clinical 
protocols, quality improvement activities, oversight of 
training and competencies, and clinical case reviews.

Equipment
Transport teams should be equipped with medications 
and supplies to be self-sufficient. Dedicated supplies 
for the care for injured or ill pediatric/neonatal patients 
should be organized and ready for quick access. State 
regulations in most instances identify the minimum 
needs for licensure as a mobile intensive care unit; how-
ever, critical care teams typically exceed those needs 
based on their mission profile. Comprehensive lists of 
recommended transport equipment are available for 
review in multiple publications.10,28 Supplies and medi-
cations should be ample enough to last the entire trans-
port time, and it is not recommended that the teams 
rely on borrowing from the sending facilities. Table 33-3 
provides an example of the equipment stored in a respi-
ratory care flight bag. It is important to note that many 
teams have an additional pouch or bag specific to air-
way management, which includes laryngoscope blades, 
handles, endotracheal tubes, airway adjuncts, and medi-
cations for rapid sequence intubation. There are also 

bags specific to nursing and general medical-surgical 
supplies. Medication bags are particularly relevant for 
neonatal/pediatric patients, as pediatric or neonatal 
specialty medications are often not available in  typical 
concentrations or formulations at the referring facility. 
Equipment and medication bags should be checked on 
a routine basis to ensure that equipment is  available and 
properly maintained.

The equipment needs to be portable, rugged, 
lightweight, and easy to clean, and it needs to meet 
hospital, state, and federal requirements. Additional 

Pouch 1: Adaptor Bag

Christmas tree adaptor
Red cap
15-mm adaptor
22-mm adaptor
Pediatric omni flex
Adult omni flex
Infant heat moisture exchanger (HME)
Pediatric HME
Adult HME
O2 tubing
Preemie RAM cannula
Newborn RAM cannula
Infant RAM cannula
Peds RAM cannula

Pouch 2: Pediatric Specialty Laryngoscope Blades

Six #1 to #4 macintosh (MAC) blades

Pouch 3: NIV Masks

Small BiPAP mask
Medium BiPAP mask
Large BiPAP mask

Pouch 4: High-Pressure Adaptors and Hoses

Quick connect adaptors for oxygen and air (i.e. Fairfield, 
Chemtron)

Air flowmeter
Air pigtail

Pouch 5: Oxygen and ETCO2 Adaptors and Ventilator 
Circuits

O2 high-pressure hose
Neonatal transport ventilator circuit
Adult mainstream ETCO2 adaptor
Infant/pediatric mainstream ETCO2 adaptor
Pediatric transport ventilator circuit
Adult transport ventilator circuit

Inside Top Pocket

Ventilator quick reference cards

TABLE 33-3
Example of the Contents of a Ventilator-Specific 
Respiratory Care Flight Bag (the bag is assembled 
with a series of pouches to keep contents organized 
and easily accessible)
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consideration is required for equipment onboard 
aircraft, as it needs to adhere to the Federal Aviation 
Administration requirements and needs to have been 
tested in the transport environment. Various types of 
isolettes with stretchers are available and must provide 
regulated temperature, oxygen, and humidity as well 
as allow for easy access during transport. Figure 33-3 
provides an example of a transport isolette. The safety of 
equipment storage in transport is mandatory. There are 
approved methods for securing equipment in the trans-
port vehicles. Different devices for securing patients ex-
ist and are based on the patient’s age and weight. Proper 
storage and dispensing of medications is essential for 
safe and effective care, and some medications, such as 
surfactant and prostaglandins, require special proce-
dures for storage. Some highly specialized neonatal and 
pediatric critical care transport teams carry nitric oxide, 
heliox, blood products, and even extracorporeal mem-
brane oxygenation equipment. In these circumstances, 
devices to facilitate proper gas mixture and measure-
ments are required, additional power and space require-
ments exist, and proper refrigeration of blood products 
is necessary.

Oxygen and air cylinders must be labeled and 
checked, and there must be enough onboard to meet 
at least twice the anticipated needs for supply. Just like 
the equipment, medications need to be checked and 
restocked routinely before and after every transport. 
High-pressure cylinders should be stored in a safe,  
dedicated place between transports and in  accordance 
with manufacturer’s recommendations for the 
 temperature and humidity of the storage room. 
 Transport teams should come prepared and always 
 assume that the sending facility does not carry the 
 specialized medications or fluids. The medications lists 
should include intravenous fluids, inotropic agents, 
resuscitative medications, rapid sequence intuba-
tion induction and paralytic medications, antibiotics, 
prostaglandins, surfactant preparations, asthma and 
croup medications, and anticonvulsants. For hospital-
based transport teams, institutional policies govern the 

documentation requirements for controlled substances 
and the process for replenishing supplies after use.

Clinical Care in Pediatric and 
Neonatal Critical Care Transport
Clinical management of the acutely ill or injured child 
is both similar and dissimilar from inpatient neonatal 
intensive care unit (NICU), PICU, and emergency de-
partment care. The overlap with hospital-based, often 
tertiary, care lies in the physiology of the patients. 
Generally, the extremes of weather and/or altitude are 
unique to transport care. However, the physiology and 
principles of clinical management of the transported 
neonate or child mirror the care provided in hospital-
based settings. Neurologic, cardiac, and pulmonary 
management concepts are different when considering 
physical settings for the care (unfamiliar space and re-
sources at a referring hospital or even in a remote wil-
derness setting), the equipment options are generally 
fewer, and the depth of backup clinical expertise is often 
nonexistent. Here we will highlight a few specific clini-
cal management priorities in the transport setting.

Airway Care
Airway management is lifesaving and has been studied 
in multiple settings. Tracheal intubation (TI) is generally 
the primary means for definitive airway management. In 
the pediatric prehospital setting, first TI attempt  success 
rate was 66%, with 11% of attempts having associated 
major complications.29,30 A 2016 study in pediatric 
emergency departments demonstrated 83% first-pass TI 
success, with a 15% adverse event rate.31 More recently, 
Bigham et al.32 describe first-attempt intubation success 
in transport, including in specific patient populations. 
First attempt TI success rate was 59.3% in neonates, 
81.7% in pediatric patients, and 87% adults.

Alternative airway management devices are growing 
in popularity, with the most popular being supraglot-
tic airways. Supraglottic airways are appealing for both 
ease of use and effectiveness. In the neonatal/pediatric 
population, large-scale studies using supraglottic air-
ways do not exist, although numerous small studies 
confirm that in complex airways, failed intubations, and 
rescue from failed intubations, there is a valuable role 
for supraglottic airways.

Mechanical Ventilation
Airway management is valuable only when coupled with 
mechanical ventilation. Two broad mechanical  ventilation 
categories exist: noninvasive and invasive ventilation. It is, 
however, important to clarify that mechanical ventilation 
is an essential tool for the critical care transport team—so 
much so that Delphi-achieved consensus quality metrics 
identified the use of mechanical ventilation in an intu-
bated transport patient as a key quality metric.33 In the 
transport setting, such issues as power and gas supplies 

FIGURE 33-3 An example of a transport isolette used for ground 
critical care transport.
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and isolette-embedded ventilators are among some of the 
key transport-unique considerations.

Altitude
Issues related to the impact of altitude in the critical 
care management of an infant and/or child are import-
ant features of any transport clinical discussion. At 
altitude, the partial pressure of oxygen and barometric 
pressure are lower. The two biggest implications of this 
topic are related to gas expansion within a contained 
space and hypoxia. Boyle’s law reminds us that pressure 
× volume = constant. Thus, gas volume expands under 
conditions where pressure is lower. This can impact tra-
cheal tube cuff volume (increased volume at altitude with 
lower pressure), with resulting increasing cuff pressure 
that increases linearly with increasing altitude. The clini-
cal impact on a cuff that is inflated to minimally  occlusive 
pressure at ground level is that when flying, either by he-
licopter or fixed wing transport, it may expand, causing 
increased mucosal pressure on the intubated child. Based 
on the same physics, a pneumothorax, pneumopericar-
dium, or even gaseous distended stomach/bowel will 
expand with decreased atmospheric pressure at higher 
altitude. Based on the alveolar gas equation where Patmos 
is atmospheric pressure, PH2O is water pressure,  
and RQ is the respiratory quotient (PaO2 = (FiO2 ×  
(Patmos − PH2O)) − (PaCO2 / RQ)), the lower atmospheric 
pressure at higher altitude can impact oxygenation,  
clinically requiring an increase in FiO2 to achieve the 
same PaO2.

Family on Transport
Clinical, operational, and safety elements of a critical 
care transport team are paramount. However, issues of 
 patient/family-centered care cannot be discounted. The 
impact of family presence during resuscitation and in 
the hospital-based care setting has consistently dem-
onstrated the value of family presence on transport. 
 Application of that concept to the critical care transport 
setting has been more difficult. For the transported neo-
nate immediately following birth, the mother is often still 
receiving medical care herself, making it unsafe for her 
to transport. In fact, many programs standardly disallow 
a mother to ride with the critically ill newborn until she 
has been both cleared by her physician and is 24 hours 
 postpartum. Air transport adds another layer of family 
presence complexity due to the close proximity of the fam-
ily member to the crew, the consistently high stress of the 
situation, and family anxiety with unfamiliarity of helicop-
ter or fixed wing travel. Joyce34 reported family presence in 
an Ohio pediatric/neonatal transport as ranging from 23% 
to 66%. It is imperative that programs develop their own 
process for family presence on transport and that the pol-
icies and standard work to accomplish that in a way that is 
safest for the crew, the patient, and the family member.

Neonatal/pediatric transport has many features and 
challenges similar to adult transport, along with many 
 additional unique clinical and operational entities. 
These differences reinforce the mantra that holds true 
on the inpatient care of infants and children as well: 
Children are not just little adults.

Case Study 
A female infant weighing 650 g was born vaginally at 
24 6/7 weeks of gestation in a small rural hospital. Her 
mother was admitted a few hours prior to delivery for 
ruptured membranes and sudden onset of premature 
 labor. The Apgar scores were 5 at 1 minute and 8 at  
5 minutes. Arrangements were made for transport 
to a Level 3 NICU. Once the rotor wing transport was 
confirmed, the team consisting of a registered nurse, 
paramedic, and respiratory therapist prepared for trans-
port by gathering and loading their equipment in the 
aircraft and performing pre-flight safety checks. The 
team discussed a plan of care during the transport with 
the medical control physician and referring physician by 
conference call. During the 75-mile flight to the referring 
hospital, the team reviewed an emergency response plan 
by discussing their response to such scenarios as endo-
tracheal tube malposition, hypoxemia, and hemody-
namic instability during flight. Team members reviewed 
their roles and agreed to the plan prior to arriving at the 
referral facility. After assuming care, based on the clini-
cal assessment, chest radiograph and arterial blood gas 

results and consultation with the medical control physi-
cian, the infant was intubated,  surfactant replacement 
therapy was administered, and mechanical ventilatory 
support was initiated. The neonate was also given 250 
mL/kg of fluid by IV to stabilize the blood pressure. Dur-
ing the return flight to the tertiary care center, the infant 
was hemodynamically stable, ventilator parameters 
were adjusted as needed based on vital signs, SpO2 and 
pETco2 values, and the protocol outlined for this pa-
tient’s plan of care. On arrival of the team to the NICU, 
handoff of care was provided, which  included a report of 
clinical care and assessing the  patient before care was 
transferred to the NICU team. 

1. Describe the varying models of crew configuration.

2. What type of skills/requirements are important 
for a member of the transport team?

3. Compare and contrast ground mobile ICU and 
fixed and rotor wing transport modes. Could this 
transport have been done using a different mode 
of transport?
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The Respiratory Technology–
Dependent Infant and Child
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OBJECTIVES
1. List the benefits of caring for a respiratory technology–

dependent child at home.
2. Recognize the risks of caring for a respiratory technology–

dependent child at home.
3. Define the role of a multidisciplinary discharge planning 

team.
4. List the criteria that must be met before a respiratory 

technology–dependent child may be discharged home.
5. Discuss the preparation and education required of the 

respiratory technology–dependent child’s caregivers.
6. Describe what is included in a home evaluation and what 

preparations should be made in the home prior to a 
respiratory technology–dependent child’s discharge from 
the hospital.

7. List the medical equipment that may be used in the home 
of a respiratory technology–dependent child.

8. Describe the activities that will occur on the day of 
discharge.

9. Identify barriers to discharge from the hospital.
10. Discuss outpatient care of the respiratory technology–

dependent child.
11. Explain the process of transitioning a respiratory 

technology–dependent child from pediatric to adult care.

KEY TERMS
discharge planning
home evaluation
home medical equipment 

company
home nursing agency
home ventilator

primary caregiver
rooming-in
secondary caregiver
technology-dependent child
trach go bag
transition to adult care
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Introduction
In 1987, the Office of Technology Assessment defined 
the technology-dependent child as one who requires 
both a life-sustaining medical device and ongoing 
nursing care.1 This includes children dependent upon 
respiratory technology in the home setting, such as 
those who have a tracheostomy and/or require me-
chanical ventilation to maintain pulmonary stability. 
Other types of respiratory technology used in the home 
include aerosol and airway clearance devices and non-
invasive ventilator support. This chapter will focus on 
the child who is both tracheostomy dependent and 
 ventilator dependent.

To be safely managed at home, respiratory 
 technology–dependent children must have committed, 
trained caregivers to provide direct care and supervi-
sion 24 hours a day, 7 days a week. Using a multidisci-
plinary team approach, extensive preparation, time, and 
effort is invested in training caregivers and planning 
the discharge home for these medically fragile children. 
Once transitioned home, they require ongoing care 
from outpatient specialists, home nursing services, and 
home equipment providers. One of the major chal-
lenges in the management of respiratory technology–
dependent children is that they are not a homogenous 
group of individuals. They are medically complex and 
have a wide variety of diagnoses, such as neuromuscular 
disease, neurologic conditions, chronic lung disease of 
prematurity, or conditions affecting control of breath-
ing. Many typically also have one or more comorbidities 
further complicating their care.

The American Association for Respiratory Care 
(AARC) defines the goals of home mechanical ventila-
tion as to sustain and prolong life, enhance quality of 
life, reduce morbidity, improve or maintain physical and 
psychological function, and provide cost-effective care.2 
Specifically for pediatrics, there is an additional goal to 
enhance growth and development.2

There are two groups of children who discharge home 
with a tracheostomy and ventilator. One group eventu-
ally weans from the ventilator and may be able to have 
the tracheostomy removed, such as may be the case with 
chronic lung disease of prematurity. Due to the nature of 
their diagnosis, as is often seen with progressive neuro-
muscular disease or spinal cord injury, the other group 
receives the tracheostomy and requires the ventilator 
for their lifetime. Regardless of the need for respiratory 
technology, the primary goal is for a discharge home and 
to integrate the child as part of the family unit.

The Maternal and Child Health Bureau estimates 
that 15% of all youth aged 0 to 17 years in the United 
States have special healthcare needs.3 As a result of 
improved medical care and advancements in tech-
nology, there is a growing population of respiratory 
 technology–dependent children. They are living 
longer and often surviving into adulthood. This has 

created the need for adult providers with experience 
in caring for young adults with special health needs. 
It is not uncommon for some respiratory technology–
dependent young adults to attend college and enter 
the workforce.

Having a tracheostomy and requiring a ventila-
tor does not mean the child is resigned to the home 
environment. Depending on the circumstances, these 
children attend public school, participate in commu-
nity activities, and take family vacations when possible. 
However, there are special considerations and prepa-
rations required for these children to go outside the 
home. Figure 34-1 pictures a respiratory technology–
dependent child enjoying activities outside the home.

Preparing for Discharge
In regard to preparing for discharge home, the single 
difference between the child with only a tracheostomy 
and the child who also requires mechanical ventila-
tion is simply the ventilator equipment itself. All the 
same requirements for caregiver training, monitoring, 
and home preparation remain regardless of whether a 
ventilator is needed. The only additional requirement 

FIGURE 34-1 Respiratory technology–dependent child enjoying a 
family outing.
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for the ventilator-dependent child is caregiver instruc-
tion in operating and troubleshooting equipment 
specific to the ventilator. Although the ventilator is 
considered life-support equipment, tracheostomy 
education is perhaps the most vital element that must 
be mastered to safely care for these children in the 
home setting.

There is an extensive amount of training that care-
givers must undergo before the child requiring a tra-
cheostomy and long-term mechanical ventilation can 
safely discharge home. However, prior to any training 
or home preparations being initiated, it will need to be 
determined who will be the direct care providers and if 
the home is adequate for the child and can support the 
equipment. Family meetings with the medical team are 
helpful to discuss the requirements. Some institutions 
develop a contract agreement for caregivers to sign that 
outlines the expectations for training and all require-
ments that must be met before discharge home can 
occur. In an ideal situation, caregivers will have already 
been informed of all requirements before the decision 
is made to place a tracheostomy and provide long-term 
mechanical ventilation in the home.

Planning for the discharge home of the tracheostomy- 
and/or ventilator-dependent child is a process that takes 
time. Nurses and respiratory therapists attend specialized 
schools for several years to learn how to care for patients. 
Caregivers are often expected to become experts and 
competent with the skills in just a matter of weeks. It is 
vitally important to tailor the education to the individual 
caregiver and to ensure that they fully comprehend the 
information provided and can demonstrate the knowl-
edge and skills necessary to care for their child at home.

Transition from Hospital to Home
The ultimate goal for the respiratory technology– 
dependent child is to transition home, when and if that 
option is available. There are multiple benefits to caring 
for the child at home. However, there are also risks that 
must be recognized.

Benefits of Providing Care at Home
The child’s home is preferred over the hospital for 
several reasons, including a reduced risk of infec-
tion, decreased cost, and improved quality of life. The 
home also provides a better atmosphere for address-
ing psychosocial and developmental needs. Although 
the aim of the hospital setting is to maintain medical 
stability during acute illness, it was never intended to 
be a permanent residence. The hospital can be a noisy 
environment, with little distinction between night and 
day, limited social interaction, restricted mobility, and 
sterile surroundings.4 On the contrary, home is more 
personable, with established routines and schedules 
as well as familial interaction and nurturing that is 
often limited in the hospital due to demands of staff 

providing medical care. Once deemed medically stable, 
the healthcare team should begin developing a plan for 
discharge home.

Children who have a tracheostomy and/or require 
mechanical ventilation are at high risk for recurrent 
respiratory infections and related complications, emer-
gency department visits, and hospital readmissions. The 
probability of infection is theoretically less at home due 
to decreased exposure to nosocomial illnesses. Other 
children in the community admitted to the hospital 
with infectious disease pose a threat to the respiratory 
technology–dependent child. Minimizing potential sick 
contacts when possible is an important step in ensuring 
optimal health.

Compared to hospitalization, providing long-term 
mechanical ventilation at home is less costly. Although 
the initial expense for the equipment, supplies, nursing 
services, and ongoing maintenance may be elevated, the 
overall cost is lower compared to remaining in the hos-
pital.4,5 When readmissions can be avoided and/or de-
creased, costs can be further reduced. Many institutions 
manage medically stable ventilator-dependent children 
in the intensive care unit (ICU) as the wards are gener-
ally not equipped to handle ventilator equipment. As 
expected, ICU stays cost more than the regular hospital 
wards. However, there are some institutions that have 
designated units, similar to a step-down unit, that are 
specially designed for long-term ventilated children. 
Such a unit can provide a more structured environment 
for the discharge planning process to be initiated and 
accomplished. These chronic ventilator-dependent units 
may also be used when hospital readmission is neces-
sary but an ICU admission is not warranted.

Ventilator-dependent children often thrive in their 
home environment and will meet developmental 
milestones sooner than if hospitalized, as prolonged 
hospitalization can delay growth and development. 
Studies have shown that improvements occur in 
physical, emotional, psychological, and social aspects 
when these children are cared for at home.6 Many 
ventilator-dependent children attend school and enjoy 
recreation and leisure activities, such as watching televi-
sion, listening to music, playing games, and attending 
sporting events.7 Family and community integration, as 
well as peer interaction, are important for developing 
social skills and help to instill a sense of normalcy. Chil-
dren with chronic health problems often yearn to be 
regarded as “normal” and to be treated as such.6

Risks of Providing Care at Home
Although discharge home is the ultimate goal, it is not 
without inherent hazards. These children are extremely 
vulnerable and have an increased risk of death due to 
the presence of the tracheostomy tube. The ventilator 
further increases risk, especially if the child is unable 
to maintain any spontaneous breathing efforts. Despite 
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advances in technology and care, preventable deaths of 
the tracheostomy- and ventilator-dependent child have 
not considerably improved in the past 20 years.8 Care-
givers who did not receive adequate training or who 
cannot demonstrate the required skills necessary to care 
for the tracheostomy- and ventilator-dependent child 
present considerable danger to the child’s safety. Insuf-
ficient staffing of home nursing can also jeopardize care. 
This is especially true in those circumstances where 
caregivers heavily depend on the home nurse to provide 
the majority of the child’s care.

Home nursing services are never guaranteed for 
many reasons, and therefore the caregiver must have an 
alternate plan in the event the home nurse is unable to 
be present. For example, the home nurse could become 
acutely ill or may be suddenly unable to report to work 
due to a personal emergency. The caregivers will then 
have to either provide the care themselves or have other 
trained individuals attend to the child. The child with 
a tracheostomy should never be left with an untrained 
caregiver, as this has a high potential for a very unfortu-
nate and disastrous outcome. Sadly, this has happened 
when caregivers became desperate due to lack of help at 
home. Additionally, some caregivers may become overly 
confident or complacent and forget the reality of how 
fragile their respiratory technology–dependent child 
remains despite being relatively stable.

Nurses seeking employment often do not consider 
private duty home nursing and prefer the hospital or 
clinic setting. This has resulted in a shortage of home 
nurses and those who are proficient in caring for the 
respiratory technology–dependent child. A survey of 
caregivers of ventilator-dependent children identi-
fied that home care was often disrupted due to a lack 
of nursing staff as well as nurses being deficient in 
knowledge and skills.8 A study assessing the skills of 
home care nurses revealed that the majority were not 
proficient in respiratory assessment, tracheostomy care 
and tube change, suctioning, managing tracheostomy 
emergencies, and troubleshooting the ventilator.8 To ad-
dress this issue, some programs have created education 
curricula geared toward home nurses, as currently most 
of the training received may be through video or online 
instruction.8 Ongoing education, including updates in 
clinical practice for caring for the tracheostomy- and 
ventilator-dependent child, is an important consider-
ation for all nursing agencies.

The availability of night nursing in particular can 
directly impact the health and well-being of caregivers. 
A study examining the relationship between home nurs-
ing coverage and daytime function of caregivers found 
that those who had regular night nursing coverage slept 
more than those who did not.9 Additionally, caregivers 
who had less night nursing hours exhibited more signs 
of depression and sleepiness.

No standards of care exist for determining how many 
hours of nursing should be provided at home and it 

varies greatly from state to state, depending upon the 
payer. Some state-funded insurance programs approve 
nursing services in the home for children who have 
a tracheostomy alone and do not require a ventilator 
while others will only authorize nursing hours for those 
requiring both a tracheostomy and a ventilator. In some 
instances, it is further restricted to only when the child 
requires the ventilator—for example, nursing hours are 
approved only for the hours when the child uses the 
ventilator at night.

Other risks for home care include caregiver stress 
and fatigue, financial loss, and lack of community and fi-
nancial resources. Attending to the ventilator-dependent 
child is demanding and can consume the caregiver as 
it is a 24-hour-a day, 7-day-a week continuous occupa-
tion. The care burden can impact families by creating 
marital discord, draining financial resources, and en-
hancing sibling rivalry. Because trained caregivers must 
always be available in the event that the home nurse 
cannot be present, this may affect the caregiver’s ability 
to continue employment outside the home, therefore 
directly impacting the ability to support the family unit. 
Caregivers of these children are at high risk for burnout 
and fatigue. Caregivers often suffer from disrupted sleep 
and lack of social interaction. Their livelihood becomes 
centered on the child’s technology and can lead to so-
cial isolation and depression when there is no time for 
personal interests or other outlets for coping.10 Caregiv-
ers still need to devote time to themselves or they will 
be unable to efficiently care for their child. Networking 
with other caregivers of ventilator-dependent children 
can be a means of social support and a venue for shar-
ing frustrations as well as obtaining helpful information 
and resources about which some caregivers may not 
be fully informed. However, it can also be a source of 
misinformation, so caution must be taken when making 
networking recommendations.

Home is supposed to be a place of security, privacy, 
and comfort where individuals are surrounded by 
familiar faces, sights, sounds, and daily rituals.6 As ac-
commodations are made for the medical equipment and 
there is a near-constant presence of nurses and medical 
equipment company personnel in the home, privacy is 
invaded and the traditional meaning of home is altered.6 
The lines between hospital and home can become 
blurred with the constant medical needs and presence 
of technology. The home equipment can also be noisy, 
causing disruption to other family members.

In cases where there are inadequate resources to 
provide care at home, the medical team, including 
the social worker, should become involved to address 
the issue. If for any reason the caregivers are unable 
or unwilling to provide their child’s care, and home 
nursing services cannot be reasonably staffed, then an 
alternative site of care must be considered, such as a 
skilled nursing facility with experience in caring for 
ventilator-dependent children.
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Multidisciplinary Discharge 
Planning Team
To achieve a successful transition home, discharge 
planning requires a truly dedicated team of individuals 
devoted to caring for the ventilator-dependent child. 
There are many disciplines involved, including physi-
cians, nurses, respiratory therapists, discharge planners, 
nutritionists, child life specialists, and social workers. 
Some facilities even have psychology services avail-
able. The home care agencies, as well as the child and 
caregivers, should also be considered part of the mul-
tidisciplinary team. Each team member has a specific 
role in planning for the discharge home. Table 34-1 lists 
possible members of a multidisciplinary discharge plan-
ning team.

The role of the discharge planning team is not only 
to ensure that education and training are provided for 
home but also to define caregiver expectations that 
must be met so that the child can safely be cared for at 
home. Communication between team members is vital 
to make certain that all participants are aware of the 
plan of care and goals for discharge. Medical rounds 
and discharge planning meetings provide a useful 
means for multidisciplinary team member interaction 
and for updating the plan of care. Prior to any meet-
ings with caregivers, it is prudent for the medical team 
to convene in advance and to confirm that all members 
are knowledgeable about the child and informed of the 
discharge plan. Poorly planned meetings portray disor-
ganization, cause caregiver confusion, and may lead to 
distrust of the medical team. Therefore, a preconference 
discussion with the medical team prior to meeting with 
caregivers is highly encouraged.

The physician manages the child’s care by prescrib-
ing ventilator settings, respiratory treatments, and other 

related medications. Depending on the underlying diag-
nosis, there will most likely be more than one physician 
and/or specialty involved that will focus on the related 
aspect of care. A pulmonologist will typically manage 
the ventilator and respiratory issues. An otolaryngolo-
gist may manage tracheostomy care while a cardiolo-
gist may be needed to address heart disorders. The 
ventilator-dependent child will still require a primary 
care physician (PCP) once discharged to address general 
care issues as well as to coordinate care and referrals to 
specialists when indicated.

The role of the hospital nurse and respiratory thera-
pist is multifaceted in caring for the ventilator-dependent 
child. Generally they not only provide direct care at the 
bedside but also may be involved in training and educa-
tion for the family. While the respiratory therapist as-
sists with ventilator evaluation and management and 
administers aerosol and airway clearance therapies, this 
presents a unique opportunity to help prepare caregivers 
for administering the care at home. Those who provide 
education for home should remain cognizant of the 
variations and/or modifications in how some modali-
ties may be done in the home setting compared to the 
hospital, such as clean versus sterile technique for suc-
tioning. More on this subject is discussed later within 
this chapter.

The discharge planner is responsible for arranging 
all the home medical equipment, supplies, and services, 
including home nursing and any therapies, such as 
physical, occupational, and speech therapy, that may be 
prescribed after discharge. Some institutions are fortu-
nate to have a nurse discharge planner and a respiratory 
therapy discharge planner who both work closely with 
the home care providers. In these instances, the respi-
ratory discharge planner will ensure that all the home 
respiratory equipment and supplies are obtained while 
the nurse discharge planner will make arrangements for 
home nursing services, therapies, enteral formula, and 
related equipment and supplies as well as nonrespira-
tory equipment, such as wheelchairs and beds.

Other important members of the multidisciplinary 
team caring for the ventilator-dependent child include 
the nutritionist, child life specialist, social worker, 
speech therapist, occupational therapist, physical thera-
pist, and sometimes psychology where available. Each of 
these disciplines brings an area of expertise to provide 
value-added service for these medically fragile children. 
There is consistency and continuity of care when these 
team members are assigned specifically to respiratory 
technology–dependent children.

An often overlooked group of individuals also dedicated 
to caring for tracheostomy- and ventilator-dependent chil-
dren are the home care agencies, which similarly includes 
respiratory therapists, nurses, and various other therapists, 
such as physical, occupational, and speech. Although 
these entities may not be directly involved until the child 
is discharged, it is important for the inpatient team to 

Hospital Team Home Care Team

•	 Physician
•	 Nurse practitioner
•	 Nurses
•	 Respiratory therapist
•	 RN case manager/discharge 

planner
•	 Respiratory care case 

manager/discharge planner
•	 Social worker
•	 Nutritionist
•	 Child life specialist
•	 Physical therapist
•	 Speech therapist
•	 Occupational therapist
•	 Pharmacist
•	 Chaplain
•	 Insurance case manager

•	 Medical equipment company
•	 Home nursing agency
•	 Outpatient therapies in the 

community

TABLE 34-1
Multidisciplinary Discharge Planning Team
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collaborate and partner with them, as they are often the 
eyes and ears once the child is at home. Open communica-
tion between home agencies and the inpatient team is vital 
during the discharge planning process in order to avoid 
potentially preventable problems once the child is home. 
When the child is home, the agencies will also need access 
to the medical team who will follow the child in the outpa-
tient clinic setting.

In the era of family-centered care, arguably the most 
important members of the team are the child and their 
caregivers. The role of good communication with care-
givers cannot be overstressed. Consideration should 
also be given to allow caregivers to participate in dis-
charge planning meetings. If caregivers are unable to 
physically attend, technology has made possible other 
means of interaction, such as phone or video conferenc-
ing. This encourages active participation from caregiv-
ers in the care of their child.

Criteria for Discharge Home
In order for the tracheostomy- and ventilator- 
dependent child to be safely cared for at home, several 
criteria must first be met, including medical stabil-
ity, identified caregivers, training and education, and 
availability of home services. Inadequacy in one or 
more of these areas can prolong hospitalization, delay-
ing discharge. Although caregivers are always eager 
to take their child home, it is the responsibility of the 
medical team to ensure that it can be done safely and 
without harm. The best interests of the child should 
always be the primary consideration regardless of any 
other circumstances.

Medical Stability
To be considered medically stable for discharge 
home with a ventilator, the child must demonstrate 
cardiopulmonary stability as well as the absence of 
any physiologically unstable medical conditions that 
would require a greater degree of care and resources 
beyond what is accessible in the home.2 This includes 
a fraction of inspired oxygen (FiO2) requirement of 
less than 0.40, partial pressure of oxygen in arterial 
blood (PaO2) greater than 60 mm Hg, positive end-
expiratory pressure (PEEP) setting less than 10 cm 
H2O, and a stable tracheostomy.2,11 Oxygen systems for 
the home are generally not designed to deliver high 
liter flows. Additionally, an elevated FiO2 need above 
0.40 may imply low pulmonary reserve, meaning that 
a mild illness may lead to acute deterioration and hos-
pital readmission instead of being able to be cared for 
at home.11

To be considered stable for discharge, there should 
be no need to make changes in the ventilator settings 
and FiO2 in the 1 to 2 weeks prior to discharge.12 High 

PEEP settings may also indicate a lack of stability. Com-
plete airway collapse or lung decruitment can occur 
with ventilator disconnect in the presence of high PEEP 
requirements. Some children with airway issues, such 
as tracheal or subglottic stenosis, may be heavily depen-
dent upon PEEP to maintain a patent airway.

Growth and nutrition are another consideration 
for medical stability, as nutritional status can directly 
impact pulmonary health. In most cases, the child 
should weigh at least 5 kg before attempting to trial the 
home ventilator, as most home ventilators have Food and 
Drug Administration approval for a minimum weight 
requirement of 5 kg. Previously, older models that are no 
longer available had a lower limit of 10 kg. Therefore, the 
newer technology allows medically stable children to at-
tempt transition to the home ventilator sooner.

Skilled Caregivers
The standard of care for most institutions is that a mini-
mum of two trained caregivers must be able to dem-
onstrate the required skills and be available to devote 
their full attention to caring for the tracheostomy- and 
ventilator-dependent child. It can be more demanding 
than a full-time career, as the reality is there is no “time 
off” on weekends or holidays. Caring for a young child 
without special healthcare needs is already challenging 
in itself. Factor in the medical issues, tracheostomy and 
ventilator care, and all the medical equipment and it can 
become quite overwhelming. Although there must be at 
least two trained caregivers, both caregivers are not re-
quired to be present with the child at all times, but they 
must be readily available.

A minimum of two caregivers must be identified 
before discharge home can be considered. Caregivers 
may or may not be the biological parents. It is not un-
common that, for various reasons, the parents may be 
unable to provide care and grandparents, other family 
members, or friends may become involved. For ex-
ample, one parent may be employed full-time while the 
other stays home with the child and takes on the role 
of primary caregiver. In this situation a grandparent, 
aunt or uncle, or personal friend may decide to train as 
the secondary caregiver to assist when needed. These 
children require constant supervision and monitoring, 
and the primary caregiver will need to run errands at 
some point or help care for other children in the home 
as well, so a secondary caregiver who can share respon-
sibilities is necessary. In families with abundant social 
support, several family members or friends may decide 
to undergo training. Although private-duty home nurs-
ing services can be obtained, they are never a guarantee 
and should not be relied upon as the primary or sole 
source of care.

The designated caregivers must then receive exten-
sive training and education in tracheostomy, ventilator 
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equipment and troubleshooting, and other related as-
pects of care. A list of required skills should be provided 
to caregivers. Training is typically done by a member of 
the medical team. Caregivers are encouraged to practice 
skills under supervision as often as possible to become 
proficient and confident enough to eventually provide 
them without the assistance of the medical team. Be-
fore being allowed to discharge home, each caregiver 
who will be responsible for providing direct care to the 
child must demonstrate the skills and be validated by 
the medical team. Following successful demonstration 
and validation of all required skills, caregivers are then 
expected to assume care of the child for 24 to 72 hours, 
often referred to as rooming-in, depending upon insti-
tutional requirements. This rooming-in period occurs 
while the child remains in the hospital setting under 
supervision of the medical team. This is the final test to 
determine if the caregivers are competent to care for the 
child at home.

Available Home Medical Equipment 
and Nursing Staff
Throughout the course of education and training, 
the discharge planning team will assist caregivers 
with identifying home care providers, including the 
home medical equipment company, often referred to 
as the durable medical equipment (DME) company; 
home nursing agency; and any therapy services that 
may be indicated. All these services must be established 
and in place before discharge can be considered. The 
home must have passed inspection and any issues ad-
dressed and resolved before equipment can be deliv-
ered. All required home medical equipment, including 
respiratory devices and supplies, should be obtained 
before the child is ready for discharge. The follow-up 
plan with the PCP, otolaryngologist, pulmonologist, and 
other required specialists must also be in place.

Caregiver Education 
and Preparation
The discharge planning process begins once the deci-
sion is made to place a tracheostomy tube or provide 
mechanical ventilation at home. Discharge plans should 
be initiated as soon as possible to allow time for training 
and arrangement of all home services. When the child 
is a candidate for going home, a tentative discharge 
date should be set to allow caregivers adequate time 
for training and for preparing the home. At this point, 
a meeting between the medical team and caregivers 
should be held to define expectations for training and 
to outline all the required skills that must be completed 
before discharge can occur. The expectation of being 
available to train should be clearly defined. Caregivers 
should be fully informed of all the skills they will be 

required to master and all the services that must be in 
place before discharge can occur.

Caregivers should be given information regarding 
how to prepare the home as well as the plan for out-
patient follow-up. It should also be understood that 
although the tentative discharge date is a goal, it is sub-
ject to change depending on how the child tolerates the 
home ventilator and how caregiver training and home 
preparation progress. The discharge planning process 
can take weeks to months depending on individual 
circumstances. To prevent unnecessary delays in dis-
charge, the medical team should routinely consult with 
caregivers, ensuring that training is ongoing and home 
preparations are continuing.

Caregivers should be encouraged to be present at 
the hospital as much as possible to learn the care re-
quired at home and to practice newly learned skills. It 
cannot be overstated or stressed enough that the more 
time caregivers are present to learn the care and prac-
tice skills while in the hospital, the more competent 
and comfortable they will become to provide the care 
at home. They should communicate with their child’s 
nurses and respiratory therapists as to when they will 
be available to perform bedside care. By doing so, the 
child’s daily schedule can be planned with time allowed 
for the caregivers to provide care. Learning about the 
ventilator is only one aspect of care. Table 34-2 provides 
a complete listing of all respiratory-related training and 
education that must be completed before discharge 
home. Depending on the diagnosis and condition, care-
givers may also be required to learn how to administer 
enteral feeds, use a feeding pump, and dispense medica-
tions through a gastrostomy tube. Additionally, there 
may be wheelchair, hospital bed, patient lift, and other 
related equipment in the home that caregivers must 
learn to operate.

Education Skill Proficiencies
From a respiratory standpoint, caregivers must be able 
to demonstrate proficiency in both routine and emer-
gency tracheostomy tube change, routine tracheostomy 
care, and troubleshooting and maintaining the ventila-
tor and related home equipment. It is essential that 
caregivers are able to recognize signs and symptoms of 
respiratory distress as well as to take appropriate ac-
tion when increased work of breathing or changes in 
the child’s condition have been identified. Although all 
the skills are important to master, the tracheostomy 
education and training could arguably be considered 
one of the most vital components. Table 34-3 includes a 
complete listing of required elements for tracheostomy 
education and training. Ensuring caregiver competence 
through education and skills validation is an essen-
tial part in transitioning the respiratory technology– 
dependent child from hospital to home.
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Tracheostomy Tube Care
Practicing tracheostomy care and tube change on a 
manikin is helpful in preparing for validation. However, 
caregivers must be able to demonstrate the skills on the 
child as well. Caregivers should become comfortable and 
confident in managing the tracheostomy at home. They 
must also be prepared to handle emergency situations, 
such as accidental decannulation and mucus plugs. Prac-
ticing emergency scenarios is important in preparing for 
how to deal with possible tracheostomy crises. Classes in 
tracheostomy-modified cardiopulmonary resuscitation 
(CPR) and proof of competency are also required.

Frequency of routine tracheostomy care and tube 
change must be established prior to discharge. To re-
duce the risk of accidental decannulation, two trained 
caregivers should always assist with tracheostomy inter-
ventions, including changing the tracheostomy tube and 
stoma care. Caregivers should be instructed to com-
municate with each other to determine who will be re-
sponsible for removing the old tube and who will insert 
the new tube. Instructions for cleaning and disinfecting 
tubes should also be provided as well as information on 
the expected lifetime of the tube and when it should be 
changed. Additionally, instruction is needed if the child 
is requiring a cuffed tube. Caregivers should understand 
the purpose of the cuff and what is used to fill it, as the 
cuff may be filled with air or sterile water, depending 
upon the brand of tube.

Every tracheostomy-dependent child must have 
a bag, or any type of portable satchel or backpack, 
that contains all the necessary supplies to perform 
a tracheostomy tube change. Often referred to as a 
trach go bag, this should be transported with the child 
at all times. Required contents of the bag are listed in 
Table 34-4. Accidental decannulation can occur at any-
time and anywhere. Infants and young children who are 
active will not hesitate to pull out their tracheostomy 
tube if given the opportunity. In the event that the 
tracheostomy tube cannot be replaced, a smaller size 
tube should be attempted. If the smaller tube cannot be 
placed and the child is in distress, emergency services 

Routine tracheostomy care
Routine and emergency tracheostomy tube change
Securing the tube
Frequency of tube change
Cleaning the tube
Cuffed and uncuffed tubes
Cuff volume and inflation method (sterile water, air)
Humidification
Use of self-inflating manual resuscitation bag and mask
Suctioning technique: shallow and deep
Tracheostomy bag and supplies
Tracheostomy-modified CPR
Emergency care
Accidental decannulation
Mucus plug
Inability to replace tube

TABLE 34-3
Elements of Tracheostomy Education

Current-size tracheostomy tube
One size smaller tracheostomy tube
Obturator
Tracheostomy ties
Water-soluble lubricant
Heat moisture exchanger
Stethoscope
Scissors
Normal saline vials
Suction catheters
Mucus trap for emergency suction
Self-inflating manual resuscitation bag and mask

TABLE 34-4
Contents of a Tracheostomy Bag

Signs and symptoms of 
respiratory distress
•	 Recognition
•	 Response

Home ventilator
•	 Settings and monitored 

parameters
•	 Responding to alarms
•	 Troubleshooting
•	 Circuits and disposable 

supplies
•	 External battery and charger
•	 Emergency plan for 

electrical power outage

Humidification
•	 Heated humidifier

•	 Proper placement relative 
to child

•	 Adequately secured
•	 Heat and moisture 

exchanger (artificial nose)
•	 Speaking valve
•	 Air compressor with 

tracheostomy collar

Suction device
•	 Suction canister and tubing
•	 Suction catheters
•	 Suction pressure
•	 Portability
•	 Suction using sterile 

technique
•	 Suction using clean 

technique
•	 Suction using a mucus trap

Oxygen
•	 Stationary and portable 

devices
•	 Prescription for liter flow 

setting
•	 Location for placing oxygen
•	 Increasing and decreasing 

liter flow
•	 Using only as needed

Pulse oximeter
•	 Applying probe
•	 Probe site rotation
•	 Responding to alarms
•	 Causes of false readings
•	 Acceptable range

Resuscitation bag
•	 Manual ventilation
•	 Lung expansion therapy
•	 Cleaning and disinfection

Airway clearance therapy
•	 Chest physiotherapy
•	 High-frequency chest wall 

compression or oscillation
•	 Intrapulmonary percussive 

ventilation
•	 Mechanical insufflation- 

exsufflation

Medication administration

TABLE 34-2
Respiratory-Related Training and Education
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should be contacted and, if indicated, caregivers must 
begin administering tracheostomy-modified CPR.

Manual Resuscitation Bag
Caregivers must be trained in the use of a manual re-
suscitation bag and must be able to demonstrate correct 
technique with both the bag connected to the trache-
ostomy tube and connected to a mask in the event the 
tracheostomy tube cannot be replaced. Manual resus-
citation bags are either flow-inflating or self-inflating. 
Flow-inflating bags are generally used only in the hos-
pital setting as they require a higher flow of oxygen or 
air to inflate the bag than is generally available at home. 
Additionally, they are not always equipped with a pres-
sure manometer to monitor peak inspiratory pressure 
during bagging. In contrast, a self-inflating resuscitation 
bag is preferred for home. This bag does not require ad-
ditional flow to operate and has a pop-off valve so that 
only a limited amount of pressure can be exerted. Self-
inflating bags have the option to add oxygen flow. The 
physical feel of providing ventilation with a self-inflating 
bag is different from the flow-inflating bag; therefore, 
caregivers should learn to use the self-inflating bag and 
then practice using the bag while in the hospital. Ideally, 
once a discharge date has been set, the flow-inflating bag 
should be removed from the child’s hospital room and 
only the self-inflating bag is used.

Suctioning the Tracheostomy Tube
Suctioning the tracheostomy tube is another skill re-
quired of caregivers. Instruction should include choos-
ing the appropriate catheter size and the correct suction 
pressure setting. To preserve the integrity of the airway, 
shallow suctioning is now preferred for routine clearing 
of secretions. This involves premeasuring the suction 
catheter depth to avoid repeated passing of the catheter 
past the tip of the tracheostomy tube. However, deep 
suctioning may be necessary when there are thick secre-
tions or when attempting to remove a mucus plug. Rou-
tine instillation of saline is no longer recommended.

Sterile technique for suctioning is used in the hospi-
tal, but it is not always feasible in the home. Funds may 
be limited for the amount of suction catheters provided 
at home and therefore it becomes necessary to disinfect 
and reuse catheters. There is literature supporting the 
use of this practice, and it has been deemed safe.13,14 
Additionally, sterile gloves may not be readily available 
in the home suction catheter kits or when the catheter 
is being reused after disinfection. In this instance, it 
is acceptable to use nonsterile gloves or simply clean, 
washed hands.

Humidification
Because the tracheostomy tube bypasses the upper air-
way, humidification should always be used. The goal of 

humidification is to attempt to match the normal physi-
ologic state in the airway. This can be accomplished in 
several ways, including heated humidification, a heat 
and moisture exchanger (HME), or a speaking valve. 
The method that is selected will depend on the child’s 
condition and needs.

In patients with a tracheostomy only, the HME is 
often placed while the child is awake, and heated hu-
midification is used only during sleep.15 The HME is 
adequate for humidification needs during the day but 
may not be sufficient for continuous use, hence the use 
of heated humidification at night.16 For patients requir-
ing mechanical ventilation, the HME allows for mobil-
ity within the home as well as when traveling outside 
the home. HMEs are available in both pediatric and 
adult styles and the appropriate size must be ensured. 
An adult-size HME used with an infant may create in-
creased dead space in the ventilator circuit.

In the hospital setting, sterile water is used in the 
heated humidifier, but it may not be readily avail-
able at home as it is often not covered by insurance or 
Medicaid. A common and acceptable practice is to use 
boiled tap water in the humidifier. If distilled water is 
preferred, it should still be boiled to avoid potential 
contamination.17 Caregivers should be provided with in-
struction on appropriate temperature settings and cau-
tioned to not allow the humidifier chamber to become 
dry, as this can enhance the risk of mucus plugging. 
Circuit condensation is considered contaminated and 
should never be drained back into the water chamber.18 
Instead, condensation should be emptied onto a towel 
or into a water trap. If the humidifier water chamber is 
reusable, disinfection instructions should be provided.

Speaking Valves
A main concern of caregivers regarding placement of a 
tracheostomy tube is loss of their child’s voice and the in-
ability to hear their child. A speaking valve is often used 
to assist with phonation. The valve works by redirecting 
exhaled air through the vocal cords to produce sound. 
There are various types of speaking valves. One valve 
is designed to be used with a tracheostomy alone and 
should not be used with mechanical ventilation. There 
are other styles that are designed to be used inline with 
the ventilator circuit. Speaking valves should never be 
used with an inflated tracheostomy cuff or while the child 
is sleeping. Before using a speaking valve at home, the 
child should be evaluated to determine if they are able to 
tolerate it. A speech therapist often assists with this pro-
cess. There are some children with a tracheostomy who, 
due to an air leak around the tube, are able to produce 
vocal sounds without the use of a speaking valve.

Mechanical Ventilator
Caregivers must be instructed on use of the mechani-
cal ventilator. The education varies with each hospital, 
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but it is usually provided by hospital staff as well as staff 
from the home medical equipment company. This in-
cludes understanding ventilator function and what the 
ventilator settings represent, checking ventilator set-
tings, providing oxygen, and monitoring the child with 
such devices as a pulse oximeter or apnea monitor.

It is imperative that caregivers correctly respond 
to ventilator alarms and any signs of respiratory dis-
tress. Instruction regarding appropriate alarm settings 
should be provided, as setting alarm parameters too 
high or too low can be dangerous. Ideally, alarm set-
tings in the hospital should be identical to what will 
be set at home. Possible causes of the alarm should be 
discussed and common scenarios simulated or wit-
nessed. Typically, a leak within the system is a com-
mon cause for a low-pressure alarm to be activated. 
This could be due to loose connections, small holes or 
cracks within the circuit, or a leak around the trache-
ostomy tube. If the low-pressure alarm is constantly 
sounding due to a leak, the low pressure alarm set-
ting should not be decreased. Instead, it should be 
determined if the child needs a larger tube or a cuffed 
tracheostomy tube. The same is true for activation of 
the high-pressure alarm. Kinks, secretions, or excess 
condensation in the ventilator tubing can all cause 
the alarm to sound; setting the alarm to a higher pres-
sure will not solve the underlying problem. Alarm 
settings in the hospital should never be manipulated 
to avoid nuisance alarms. The underlying cause of the 
alarm should be addressed rather than adjusting the 
setting outside the normal range. This can be confus-
ing to caregivers and may cause them to believe that 
doing so is acceptable. It also reduces their ability to 
learn the proper response to alarms. Alarm fatigue 
is a common occurrence in the hospital setting and 
can carry over to the home if the medical team sets a 
bad example.

Sometimes alarms will self-correct, such as a 
high-pressure alarm during coughing or crying. How-
ever, most will not cease until corrected. Caregivers 
should be taught to quickly respond to all alarms each 
time they sound, beginning with visualizing their child 
and the airway. From there they should ensure that all 
connections are secure, examining the ventilator circuit 
from their child and back to the ventilator.

Caregivers should be made aware that in some sce-
narios low-pressure and disconnect alarms may not 
be activated, even though their child is disconnected 
from the ventilator. One study of simulated tracheal 
decannulations reported that home ventilators may not 
detect a low pressure when using pediatric tracheos-
tomy tubes. As a result, the low-pressure alarm may not 
activate following decannulation.19 This may also occur 
if the ventilator circuit becomes disconnected from the 
tracheostomy tube and is lodged against bedding with 
enough of an obstruction to cause the machine to con-
tinue to sense positive pressure. This further justifies 

setting appropriate alarm parameters as well as continu-
ously monitoring the child with a pulse oximeter or 
apnea monitor.

Spending time at the bedside is invaluable in expos-
ing caregivers to scenarios that require troubleshooting 
and quick response. For example, it is at the bedside 
that the caregiver learns quickly that an increase in the 
peak inspiratory pressure usually indicates the need for 
suction. It is also at the bedside that they may witness 
an emergent tracheostomy tube change due to a mucus 
plug, which is valuable experience in preparation for an 
emergency at home.

Ideally, the child should use the actual ventilator that 
will be used at home prior to discharge. Often there are 
some differences between the hospital and home ventila-
tor. The same is true for other equipment, such as the 
pulse oximeter, suction, and oxygen devices. The initial 
day at home should not be the first time the home equip-
ment is used. Caregivers should be given an opportunity 
to have hands-on experience prior to the day of discharge 
to avoid potentially preventable problems at home.

Monitoring Devices
Besides the trained caregiver, the pulse oximeter is one 
of the most important monitoring tools used at home. 
The pulse oximeter must be used continuously during 
sleep, including daytime naps, and anytime the child is 
not being directly monitored. Caregivers must be edu-
cated as to proper probe placement, changing probe 
sites, monitoring skin integrity, alarm settings, response 
to alarms, and technical limitations. The pulse oximeter 
probe should be moved to a different site periodically 
to avoid skin breakdown. This is especially important in 
infants and those with delicate skin, as burns from the 
pulse oximeter sensor have occurred.20,21 Many of the 
disposable probes come packaged with a cover for 
the light to protect skin.

Caregivers should demonstrate the appropriate 
action to take in the presence of valid decreased oxy-
gen saturation values. They should be provided with 
an acceptable range for oxygen saturation as well as 
how to respond when the saturation drops below that 
threshold. Caregivers should be made aware that there 
are signs and symptoms of respiratory distress and in-
creased work of breathing that may occur long before 
the pulse oximeter value decreases. Therefore, it is im-
portant to closely monitor for these signs without solely 
relying on the pulse oximeter reading.

Supplemental Oxygen
Instructions for the use of supplemental oxygen, inclu-
ding when to increase and decrease the prescribed liter 
flow, are included in caregiver training. Additionally, 
caregivers will need to identify where to connect the sup-
plemental oxygen. Options for oxygen placement include 
a tracheostomy ring, which is an extension connected 
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directly to the tracheostomy tube; an accessory oxygen 
port placed within the inspiratory limb of the circuit; or a 
designated port on the ventilator. Depending on the ven-
tilator, adding flow through the ventilator circuit instead 
of using the designated oxygen port on the ventilator may 
cause erroneous readings for certain monitored param-
eters on the ventilator, including exhaled volumes.

Aerosol and Airway Clearance Devices
Some children may also require aerosol and airway 
clearance devices at home to maintain pulmonary sta-
bility. If inhaled medications are prescribed for home, 
caregivers will not only need to learn how to administer 
them but also the indications and considerations for 
sequence of therapy. Types of inhaled medications that 
may be used at home include bronchodilators, cortico-
steroids, antibiotics, and mucolytics. These medications 
are commonly available in the form of a metered dose 
inhaler or nebulizer solution. Delivery devices, such 
as a holding chamber, aerosol compressor, and nebu-
lizer, may be required depending on the medication 
prescribed. Caregivers must be instructed on proper 
device technique as well as equipment cleaning and dis-
infection. A survey of aerosol administration practices 
for children with a tracheostomy found that delivery 
device technique is highly variable depending on the 
institution.22 More research is needed in this area to 
standardize the use of aerosol delivery devices for this 
population of technology-dependent children.

Airway clearance devices may also be prescribed 
for home. Manual chest physiotherapy, high-frequency 
chest wall compression or oscillation, and mechani-
cal insufflation-exsufflation for cough assistance are 
some of the more common modalities used at home. 
Other devices and methods available include positive 
expiratory pressure (PEP) and vibratory PEP devices 
and active cycle breathing. These are generally not age 
appropriate for young children or those with develop-
mental delay due to the level of skill and cooperation 
required to effectively perform the therapy. Moreover, 
older children who may be age appropriate may still be 
unable to use these devices due to neuromuscular weak-
ness. Regardless of the airway clearance device pre-
scribed for home, caregivers must demonstrate correct 
technique prior to discharge.

Rooming-In
Once caregivers have been validated on all skills, they 
should be prepared for a room-in or family care stay. 
This involves the caregivers staying in the room with 
their child and assuming all medical care with supervi-
sion from the medical team to determine if they are 
ready and competent to provide safe care at home. 
During this time, caregivers will be expected to admin-
ister all feedings and all medications, including both 
inhaled and through the gastrostomy tube; provide 

airway clearance therapy; perform ventilator checks; 
and respond to all ventilator and monitor alarms. In 
institutions in which a minimum of two caregivers are 
required, they may take turns sleeping and monitoring 
the child to simulate how it would be at home, as there 
should always be at least one trained caregiver awake 
and monitoring the child at all times.

Practices vary among institutions for the final room-in 
as the time may last anywhere from 24 to 72 hours. It 
should be noted that the room-in is not a time for learn-
ing skills: This is a test of the caregivers to ascertain if 
they are ready for discharge. Some programs offer an 
initial 24-hour room-in that is completed prior to the 
final stay to allow practice and to help caregivers gain an 
understanding of the expectations at home.

Transportation Home
How the ventilator-dependent child is transported 
from the hospital at discharge varies widely among dif-
ferent institutions. Some require the initial discharge 
home for the child who is both tracheostomy- and 
ventilator-dependent to be accomplished with non-
emergency ambulance transport. Others plan for care-
givers to use their personal vehicle for the transport 
home. When a personal vehicle is used for transporta-
tion, at least one trained caregiver must not drive but 
instead sit near and monitor the child. That caregiver 
should be readily available to address any tracheostomy- 
or ventilator-related issue that may arise. An untrained 
individual can serve as the driver.

Regardless of the mode of transportation, if a car seat 
or wheelchair will be used, it must be determined if the 
child can tolerate being seated in it for the duration of 
the ride home. A practice test of remaining in the seat 
or chair is performed prior to the day of discharge. For 
those unable to tolerate the full length of time, it should 
be trialed frequently so that they can gradually increase 
the amount of time it would take for the drive home. 
Consideration should also be given to children using a 
stroller for travel outside the home. A double stroller 
can help facilitate carrying all the equipment. It should 
be noted that a front-to-back stroller is preferred over 
the side-by-side style as the latter may be unbalanced 
with the weight of equipment, causing it to overturn.

Ventilator-dependent children often require ex-
tended hospitalizations. Once the child has transitioned 
to the portable home ventilator and is medically stable, 
short excursions outside of the hospital room with ei-
ther a trained caregiver or medical staff should be con-
sidered. This will allow the child to become acclimated 
so that the time of discharge is not the first time outside 
of the hospital room. Some institutions have caregivers 
practice taking the child to the car or to the hospital caf-
eteria to practice for discharge. This not only helps the 
child have a short respite from the hospital room but 
also helps the caregivers become more comfortable with 
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managing the child outside of the room but still within 
the confinements of the hospital.

Preparing the Home
Once the caregivers have been established, a home  
evaluation must be performed to determine if it can ad-
equately support all prescribed equipment. This should 
be done long before discharge so that any identified 
issues can be addressed and resolved without delaying 
discharge. Typically, both the medical equipment sup-
plier and the nursing provider will inspect the home 
prior to discharge. Any identified deficiencies must be 
corrected before the child can go home. In many cases, 
the medical equipment supplier may not provide equip-
ment or begin any form of caregiver training and the 
nursing agency may not provide nurses if a home has 
not passed inspection. The home nursing agency ex-
amines many of the same aspects as the medical equip-
ment company. However, they also want to ensure that 
the home offers a clean, safe environment for the nurse 
and that there is a comfortable chair for the nurse to sit 
in and a table or designated area where charting can be 
performed.

Evaluation by the medical equipment company 
consists of assessing the electrical outlets, observing 
for overall cleanliness and safety, and determining if 
utilities are working. Grounded outlets help to protect 
against electric shock and are necessary to operate 
the ventilator and other respiratory equipment. Older, 
two-pronged outlets cannot accommodate power cords 
with three prongs. It is never advisable to use an outlet 
adapter in a two-pronged outlet for a three-pronged 
cord, as this may cause potential risk for shock and/or 
electrocution. If the home does not have grounded out-
lets, an electrician is required to install a ground wire 
and upgrade the outlets to three-pronged.

Overall cleanliness of the home is assessed, as excess 
clutter can pose a fire hazard and attract pests. The 
home must have a working smoke detector as well as a 
fire extinguisher. Larger homes may require more than 
one smoke detector, depending upon the square foot-
age. A plan of escape in the event of fire needs to be dis-
cussed and arranged with the caregivers if there is not 
one already in place. Table 34-5 includes a checklist of 
required home components.

If the child requires a wheelchair, a ramp may be 
needed for entry into the home. The Americans with 
Disabilities Act provides specifications for building 
wheelchair ramps. These guidelines help determine the 
proper slope and length of the ramp. Ramps may be 
constructed of concrete, pressure-treated wood, or steel 
and must be able to support the weight of the wheel-
chair, the child, and the caregiver. Hallways in the home 
must be wide enough to allow the wheelchair to pass 
through. If the home has more than one level and the 
child’s room is not on the ground floor, special accom-
modations should be made with either an elevator or 

stair lift. Consideration must also be given to children 
residing in an apartment with multiple stories.

For nursing staff to provide careful monitoring dur-
ing the night, technology-dependent children require 
their own room and bed that is not shared with parents 
or siblings. There are various reasons this may or may 
not be a bedroom. Bedrooms in the home may not be 
spacious enough to contain all the equipment. Medical 
equipment generates heat, and when multiple pieces are 
grouped together it may become quite warm in a small 
room. Caregivers may prefer to have the child situated 
closer to their bedroom or, for privacy matters when 
nursing personnel are in the home, caregivers may pre-
fer to have it situated farther away. The family may opt 
to convert a dining room or other living space into the 
child’s room.

Ventilator equipment is commonly placed on a bed-
side table or microwave cart that is sturdy enough to 
support the weight of the equipment. Consideration 
also must be given to placement of the heated humidi-
fier. It is critical that the humidifier be maintained at a 
level below the child’s airway and either mounted on 
a pole or secured using a plate with screws. This is to 
ensure that circuit condensation does not inadvertently 
enter the tracheostomy tube and even more impor-
tantly prevents water from spilling into the child’s air-
way should the humidifier be accidentally turned over. 
Figure 34-2 provides examples of a secured humidifier.

A room or an area within the child’s room should be 
designated to store the equipment and supplies. Storing 
supplies can be accomplished with cabinets, drawers, 
or a wheeled cart to provide quick, easy access when 
needed. Figure 34-3 is an example of how supplies may 

All utilities working
•	 Electricity
•	 Water
•	 Gas
•	 Telephone

Smoke detector

Fire extinguisher

Fire escape plan

Bed for child

Adequate space for child’s bed, equipment, and supplies

Designated area to clean, disinfect, and dry equipment

Overall cleanliness

Wheelchair accessibility (if indicated)
•	 Wheelchair ramp
•	 Hallways and doorways wide enough

TABLE 34-5
Home Evaluation Checklist
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FIGURE 34-2 Home ventilator with the humidifier secured to 
the pole.

be organized within a closet. Often located near a sink, 
an area should be allocated for cleaning, disinfecting, 
and drying equipment.

Home Medical Equipment
All home respiratory equipment and disposable supplies 
are provided by a home medical equipment company. 
Caregivers should be provided with a list of potential 
home medical equipment providers to choose from. The 
choice of provider should first be determined by care-
giver preference and availability of services. Services 
vary by company and not all may be able to provide the 
prescribed items—for example, some suppliers pro-
vide respiratory equipment only while others may have 
respiratory equipment as well as mobility equipment 
and enteral supplies. Insurance may also dictate which 
company can be selected, as some may be considered 
out of network and result in higher co-pays than an 
in-network provider.

Caregivers will need to be aware of how to obtain re-
placement supplies, including tracheostomy tubes, ven-
tilator tubing, suction catheters, oxygen refills, enteral 
feeds, and related provisions. Once they have selected 
their choice of provider for these items, caregivers 
should be given the contact information for that com-
pany. This may end up being more than one company 
depending on the needs of the child and the availability 
of resources.

Mechanical ventilators used in the home differ from 
hospital models in several ways. They are portable and 
do not require a 50 pounds per square inch (psi) gas 
source for operation as do hospital models. Home ven-
tilators have an internal battery as well as an external 
battery source for travel outside the home. An external 
battery source is also necessary for backup use in the 
event of an electrical power failure. Battery life must 
be long enough to use during follow-up clinic appoint-
ments, school attendance, and other activities outside 
the home.

Having a second ventilator in the home is not as 
common as it once was, mostly due to reimbursement 
issues. Some pay sources provide compensation for a 
backup device to remain in the home, but many do not. 
In cases that do not, it is at the discretion of the medical 
equipment company as to whether they deem it neces-
sary to have a backup source of ventilation. The AARC 
Clinical Practice Guideline regarding long-term inva-
sive mechanical ventilation in the home recommends 
a second ventilator for those patients who are unable 
to maintain spontaneous ventilation for 4 or more 
consecutive hours, those residing in an area where a 
replacement device cannot be provided within 2 hours, 
and those requiring ventilation during mobility.2 A self-
inflating manual resuscitation bag can be considered a 
second source of ventilation.

The company providing the respiratory equipment 
will also furnish disposable supplies. Ventilator circuits, FIGURE 34-3 Supplies organized within a closet.
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suction catheters, tracheostomy tubes, ties to secure 
the tube, HMEs, a manual self-inflating resuscitation 
bag, oxygen tubing, and pulse oximeter probes are 
disposable supplies that are needed for the home. The 
frequency of ventilator circuit changes in the home var-
ies depending on an individual institution’s policy. This 
may range anywhere from weekly to monthly or when 
visibly soiled. Many inpatient practices have shifted to 
changing ventilator tubing less frequently to decrease 
the rate of ventilator-associated pneumonia. More often 
than weekly is not recommended unless the circuit has 
malfunctioned or has been soiled.2

The heated humidification system for the home con-
sists of a heater and water chamber and is usually quite 
similar to the hospital model. As mentioned previously, 
excess circuit condensation should not be drained back 
into the humidifier chamber. A cooler temperature set-
ting in the home may increase circuit condensation. 
Ways to decrease rainout in the tubing include avoid-
ing drafts from a fan or air vent or insulating the circuit 
with a wrap specially designed for ventilator tubing.

For children with a tracheostomy who do not require 
a ventilator, a heated tracheostomy collar is typically 
used for nighttime humidification. When used with-
out a ventilator, the heated humidification system for 
the home differs from that in the hospital and requires 
an air compressor. The medical equipment company 
should ensure that a passover humidifier is provided 
and not a heated aerosol. Bland aerosol administration 
for long-term humidification is not recommended as it 
can cause overhydration and poses an infection risk.23

A suction device is needed to assist with removing 
tracheal secretions. Although there are some children 
who may have sufficient cough effort to expel secre-
tions, it is still necessary to have a suction device in the 
home. It is not uncommon to have both a portable suc-
tion machine that uses an internal battery system and 
a stationary suction machine that remains in the home. 
Suction canisters and tubing are also provided. In the 
event of an emergency where the suction device has 
malfunctioned or is not available, a mucus trap can be 
used to provide manual suction.

Tracheostomy emergencies can occur suddenly 
and often without warning. Therefore, oxygen should 
remain available in the home, whether it is required 
or just on standby. Home systems are designed to pro-
vide oxygen measured in liter flow rather than through 
blenders with an adjustable FiO2. Oxygen equipment 
used in the home includes a concentrator, liquid system, 
or tanks/cylinders. If the child requires oxygen on a 
routine basis, then a portable system must be available. 
The choice of liquid, concentrator, and/or cylinders 
typically depends on the individual child’s needs and 
availability of equipment provided by the home equip-
ment company. Many portable systems incorporate 
conserving devices that provide oxygen flow only when 
triggered. Infants and small children are usually unable 

to adequately trigger these devices and should instead 
use continuous flow regulators.

A pulse oximeter is required for monitoring oxygen 
saturations at home. Although this device and other 
monitors are extremely useful tools to have available 
at home, they can never replace the vigilant, trained 
caregiver. Most home pulse oximeters have an inter-
nal battery so that it can be used during travel outside 
the home. Probe-type oximeters may be disposable or 
permanent depending on the equipment supplier but 
should be  appropriately sized for the child.

End-tidal carbon dioxide (ETCO2) devices are com-
monly used in the hospital to monitor exhaled CO2 and 
to observe trends. They are not routinely used at home 
for the general population of ventilator-dependent chil-
dren as data are lacking to justify the use of it, and most 
insurers will not reimburse for them. There is, however, 
evidence to support the routine use of an ETCO2 moni-
tor at home for children with congenital central hy-
poventilation syndrome.24

The routine use of apnea or cardiorespiratory moni-
tors at home for the ventilator-dependent child is not 
standard practice by all institutions and may not be 
reimbursed for this purpose by all state-funded payers. 
However, a 2003 policy statement from the American 
Academy of Pediatrics, which was reaffirmed in 2007, 
supports the use of these monitors in children with a 
tracheostomy and those requiring mechanical ventila-
tion.25 Many of the newer cardiorespiratory monitors 
integrate pulse oximetry, which leads some to feel that 
their use is redundant as there is generally a pulse ox-
imeter already in use and newer ventilator technology 
incorporates additional alarm features for apnea. Fur-
thermore, obstruction due to a plugged tracheostomy 
tube or decannulation may not be recognized on the 
cardiorespiratory monitor because it uses impedance 
technology to sense apnea.

Depending on the child’s need for aerosol and/or air-
way clearance modalities at home, there are a variety of 
possible options. Nebulizer supplies, an aerosol compres-
sor, metered dose inhaler chambers, “boppers” or per-
cussors for manual chest physiotherapy, high-frequency 
chest wall compression vest, or mechanical insufflation-
exsufflation are examples of the types of devices and 
supplies that may be needed at home for the respiratory 
management plan. These treatments and modalities 
should always be trialed with the child prior to using 
at home, as occasionally there are differences in device 
models. Other techniques and devices may be available 
for home but are generally not as common as those pre-
viously described.

Day of Discharge
Although caregivers have been eagerly awaiting the 
day to finally go home, they are often very anxious and 
nervous. While attempting to ensure final preparations 
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are complete, including securing all home equipment 
and supplies and having the home prepared, the day 
of discharge may become a hectic, emotional event. 
Discharge day is not a time to learn new skills or obtain 
new information. All training and education should 
have been provided and completed prior to this day. 
Ideally, caregivers should be well rested so that they are 
able to focus all their attention and efforts on caring for 
their child as they are about to assume total care outside 
of the hospital setting.

One way to reduce the chaos of discharge day is to 
have a meeting with the caregivers and the discharge 
planning team 1 to 2 weeks prior to discharge to make 
all final preparations and to inform caregivers what to 
expect on this day. This discharge meeting should in-
clude the multidisciplinary team as well as home nurs-
ing and home medical equipment personnel. Taking a 
checklist approach will help make certain that all equip-
ment has been obtained, follow-up appointments made, 
and home nursing secured. The discharge meeting is 
also the time to discuss what equipment must be at the 
hospital ready to use during the transport home. This 
includes the home ventilator, portable oxygen, pulse 
oximeter, portable suction machine, and tracheostomy 
supply bag. Likewise, there should be discussion of 
required equipment and supplies for anytime the child 
will travel outside the home. The discharge meeting 
also provides an opportunity for caregivers to ask last-
minute questions and for the medical team to review 
the plan of care. Additionally, this conference is a good 
forum to introduce the outpatient team who will as-
sume the care after discharge home.

The method of transportation home will need to be 
determined and plans made well in advance of the day 
of discharge. In some practices, the home equipment 
company personnel and home nurses will either meet 
the child at the home or follow them from the hospital 
to home. If caregivers are transporting the child home 
in their personal vehicle, having the home care team 
follow them home may be helpful in the event there are 
issues encountered en route. They may also assist with 
transferring the child and all the equipment from the 
vehicle to inside the home.

Barriers to Discharge
There are many factors that can prolong or delay dis-
charge. It is quite rare that the discharge process is 
executed perfectly as planned and that issues are not 
encountered along the way. Although the eventual goal 
is to go home, caregivers should be aware that barri-
ers are common and occur despite all best efforts. Even 
when caregiver training is progressing, the child may 
become acutely ill or home nursing services are not es-
tablished and the discharge date must be postponed.

Medical instability, lack of availability of home nurs-
ing services, poor collaboration and communication 

between services, caregiver social circumstances, lack 
of reimbursement, and loss of funding are some of the 
many barriers that may arise throughout the discharge 
process. Technology-dependent children who are not 
medically stable for discharge must remain hospital-
ized until they are well enough to transition home. This 
may unfortunately give caregivers a false sense of extra 
time to train for the skills needed for home. Even if the 
expected discharge date is delayed, caregivers can still 
participate in the child’s care and focus on what can be 
learned at the present time.

Home nursing services may be difficult to establish 
but must be in place before the ventilator-dependent 
child can go home. Unfortunately, lack of communica-
tion or miscommunication between the hospital provid-
ers and home agencies can be a source of delay. Both 
sides must work together in the best interests of the 
child to facilitate transition to home.

Social issues tend to be one of the main barriers to 
discharge home. If the home is not adequate to support 
the child and the equipment, then attempts must be 
made to correct the problems or another home option 
must be attained. This can also impact the financial as-
pect as caregivers may not have the resources or funds 
to move to another home or repair the existing one. A 
social worker can typically assist caregivers with finding 
information and resources to address these issues.

Healthcare coverage often dictates the services and 
equipment that can be obtained at home. There are 
situations in which the child could benefit from having 
certain pieces of equipment in the home, but the payer 
will not reimburse for it and caregivers do not have the 
financial ability to secure it. Until it can be determined 
that alternatives are available, the child should remain 
hospitalized although they may be deemed medically 
stable for discharge.

In some unfortunate situations, the caregivers love 
and care deeply for their child, yet they simply cannot 
comprehend the necessary information, or they are un-
able to perform the skills proficiently to provide safe 
care in the home. Or, in some circumstances, they may 
be physically or emotionally unable to care for the child. 
When home is not an option, another plan will need to 
be determined, as the hospital is not the ideal place for a 
child to stay. There are long-term care facilities that may 
be considered or, in some situations, other family mem-
bers may take custody of the child.

Outpatient Care
Children with tracheostomies need regular follow-up 
with a PCP, otolaryngologist, and pulmonologist after 
discharge.26 If the child did not have a PCP established 
before the hospitalization, one must be identified be-
fore going home. The pulmonologist will manage the 
ventilator in the outpatient clinic. Other specialists 
may also be required depending upon the diagnosis 
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and other comorbidities. The frequency of follow-up 
appointments with all physicians and specialty clinics 
should be established and discussed with the caregiv-
ers prior to discharge home. Routine visits with the 
pulmonologist should be scheduled at regular intervals 
ranging from 1 to 6 months depending on the diagno-
sis, severity of illness, reason for need of the ventilator, 
and ability to wean.11

Caregivers need instructions regarding whom to 
contact concerning problems or questions that arise 
once they are home. For issues or concerns not related 
to respiratory matters, caregivers may be instructed to 
contact the PCP or the specialist associated with the 
issue. If the outpatient team is not yet familiar with the 
child, caregivers may be instructed to contact the hos-
pital. For home equipment malfunction, the medical 
equipment provider should be contacted.

When attending outpatient clinic appointments, 
caregivers should be prepared to be away from the 
home for an extended period of time. They should 
ensure that they have everything with them they may 
potentially need, such as extra supplies and feeds. It 
cannot be assumed that the clinic will have a suction 
device or oxygen available if needed. It is helpful to pro-
vide caregivers with a checklist of items they may need 
to have with them for outings.

Due to the nature of their diagnosis, not all children 
will be candidates for ventilator weaning and may re-
quire mechanical ventilation for the duration of their 
lives. Currently there is not a standardized approach 
to use to begin weaning, when and if that is an option. 
Practices vary considerably for this and may range from 
decreasing settings to trialing off the ventilator for short 
periods of time while awake. The pulmonologist will 
determine the best method for the child and formulate 
a plan. Time off the ventilator may initially be as short 
as 10 to 15 minutes or to allow time for certain activities 
of daily living, such as bathing. Some institutions refer 
to the time off the ventilator as a sprint. Sprints should 
be done under close supervision and never without an 
order from the physician. If the child is not tolerating 
the sprint, or has increased work of breathing, the ven-
tilator should be immediately restarted. The physician 
should be made aware of any difficulties or intolerance 
with the prescribed time off the ventilator.

Once the child is able to remain off the ventilator 
while awake during the day, the next step is to decrease 
nighttime support. Often a sleep study, or polysom-
nography testing, is used to determine if mechanical 
ventilation during sleep can be reduced or removed 
 altogether. It is important to note that although the 
child may be able to spend increased amounts of time 
without ventilator support, it may need to be reinsti-
tuted during an acute illness.

When the ventilator can be discontinued, consid-
eration is given to removing the tracheostomy tube. 
One of the first steps toward tracheal decannulation 

is to downsize the tracheostomy tube. This is followed 
by capping the tube. Capping the tracheostomy tube 
is generally only attempted when decannulation is an 
option. Not all children with a tracheostomy are candi-
dates for capping. Capping the tracheostomy tube forces 
both inhalation and exhalation to be done through the 
upper airway. Capping should never be done with a 
cuffed tube or during sleep unless  otherwise directed. In 
some cases, it is months to years  before tracheostomy 
capping is a consideration.

Transition from Pediatric 
to Adult Care
Advances in medical care and technology have 
improved survival of the respiratory technology– 
dependent child. Many children who would have 
normally not survived are now living longer and be-
coming young adults. It is estimated that annually 
nearly 500,000 youth with special healthcare needs turn 
18 years of age.3 The Maternal and Child Health Bureau 
defines children with special healthcare needs as those 
who “have or are at increased risk for a chronic physical, 
developmental, behavior, or emotional condition who 
also require health and related services beyond that re-
quired by children generally.”27 This definition includes 
the ventilator-dependent child. As this ever-increasing 
population becomes young adults, the need for adult 
healthcare providers with expertise in caring for the 
ventilator-dependent individual continues to grow.

Transition from pediatric to adult care is a pro-
cess and not a single transfer event. Early discussion, 
planning, and preparation help to prevent potential 
problems that may occur when it is time for the actual 
transfer to take place. Although the concept may at first 
seem frightening, transition to adult care should be ap-
proached positively. It is the role of the pediatric team 
to empower these young adults with the knowledge and 
tools they need to be successful in the future. Not en-
couraging them to learn their care if they have the abil-
ity to do so is setting them up for failure. In cases where 
the young adult may be unable to learn care or to have 
the capacity to make decisions, guardianship will need 
to be established.

The Society for Adolescent Medicine first defined 
healthcare transition in 1993 as “the purposeful, 
planned movement of adolescents and young adults 
with chronic physical and medical conditions from 
child-centered to adult-oriented health-care systems.”28 
A 2002 consensus statement from the American 
Academy of Pediatrics (AAP) defined transition as “a 
dynamic, lifelong process that seeks to meet their in-
dividual needs as they move from childhood to adult-
hood. The goal is to maximize lifelong functioning and 
potential.”29

The first question usually asked in regard to transi-
tion is why it is necessary. Why must the child who has 
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been cared for by the same pediatric healthcare team 
who knows them best not maintain their care there? Pe-
diatricians are not trained to care for adults. Screening 
for disease prevention and issues related to reproduc-
tion are two examples of areas that are best addressed 
by an adult provider. The goal of transition to adult care 
is to ensure that young people receive developmentally 
and medically appropriate health care.29 For the child 
in which the odds were against them to reach adult-
hood, having a future as a young adult is an exciting 
possibility.

There are several barriers that may hinder transition. 
Preconceived notions and misconceptions are gener-
ally the main factors. When leaving an environment in 
which they have received care for the majority of their 
lives, patients, caregivers, and the pediatric healthcare 
team may be reluctant to transition due to lack of trust 
or confidence in the adult system. The pediatric health-
care team often lacks the knowledge and training for 
beginning the transition process, and adult providers 
may not be prepared to assume the care of these medi-
cally complex young adults. There is also poor reim-
bursement for transition services, as evidenced by the 
fact that less than half of youth with special healthcare 
needs receive the transition support services for which 
they are entitled.30 A survey of pediatric pulmonary pro-
grams found that 78% did not use a standardized tran-
sition process for respiratory technology–dependent 
children.31 Poorly coordinated healthcare transitions 
may lead to gaps in care and potential loss to follow-up. 
In addition to the pediatric team needing a standardized 
approach to transition, the adult providers must also 
prepare. It is often challenging to identify adult provid-
ers willing to accept the ventilator-dependent young 
adult into their practice. This population is best served 
when the pediatric and adult providers partner together 
and collaborate to ensure that these individuals receive 
the care they need.

To provide education, guidance, and tools for tran-
sitioning youth with special healthcare needs, the Got 
Transition Center in cooperation with the Maternal 
and Child Health Bureau and the National Alliance to 
Advance Adolescent Health developed the Six Core Ele-
ments of Transition.32 The elements include creating a 
transition policy, tracking and monitoring, assessing read-
iness to transition, planning, transfer of care, and transfer 
completion. The Got Transition Center has resources and 
tools available for both pediatric and adult providers as 
well as youth and families. Additionally, information re-
garding different models of care is also included.

The first step in developing a transition program is 
to create a transition policy. This involves defining the 
process for how transition will occur, setting the upper 
age limit for which patients will be followed, and identi-
fying who will be responsible for initiating the process. 
The medical team must be familiar with the policy and 
understand their role as it relates to transition. The 

AAP recommends sharing the institutional policy with 
patients and caregivers between the ages of 12 and 14 
years.33 This may seem young to begin the process, but 
it is never too early to start planning for the future. 
Early discussions allow youth and their family time to 
accept the idea so that it is not a surprise when the time 
comes for the actual transfer. The majority of unsuc-
cessful transitions have occurred due to poor planning 
and failure to inform the patient and family in a timely 
manner.

Planning is the key ingredient for a successful transi-
tion. It is also important to ensure that the entire team 
is in agreement with the process that is used. If all team 
members are not sharing the same message with pa-
tients and caregivers, it becomes confusing and causes 
problems. For example, if the pediatric pulmonary divi-
sion’s plan for transition is that all ventilator-dependent 
young adults transition between the ages of 19 and 20 
years, yet another physician disagrees and tells the pa-
tient that they do not have to transition until they turn 
21 years of age, the family is now confused and distrust-
ful of the team despite them following the transition 
policy.

Tracking and monitoring involves identifying those 
youth who are ready to begin the process as well as 
documenting progression. Sample tracking logs are 
available from the Got Transition Center to assist with 
this procedure. Because the pulmonary department may 
be one of several specialties involved in a young adult’s 
care, tracking can be helpful in monitoring outcomes 
and assisting with coordination of care with other ser-
vices. All discussions regarding transition to adult care 
should be documented in the medical record.

It is recommended to begin assessing readiness to 
transition at 14 years of age. This allows time to deter-
mine what the child knows about their healthcare needs 
and to establish goals for self-care if they will be manag-
ing their own care in the future. Even if not physically 
able to provide their own care, if the child has the cogni-
tive ability to understand their condition and treatment, 
then it may be feasible to begin shifting some of the 
responsibility. One example of beginning this is to have 
the child name all their medications and then move to 
explaining the purpose of each medication. Once the 
knowledge of medications has been grasped, atten-
tion is then moved to learning about the ventilator and 
other respiratory devices. Readiness assessments should 
be done annually to compare from year to year, gauge 
understanding, and determine where reinforcement 
is needed. These assessments should be documented 
in the plan of care. Unfortunately, not all respiratory 
technology–dependent children are candidates for self-
care. In many cases the goal is simply to maintain stabil-
ity and to ensure that the caregiver is knowledgeable 
about the medical needs and care.

Transition planning is ongoing up until the time of 
the actual transfer of care. The ventilator-dependent 
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young adult and/or their caregivers should be informed 
of the available options for adult pulmonologists. Once 
they have identified an adult provider, the pediatric 
team should begin communicating with the adult team 
regarding the impending transfer.

Regardless of the child’s ability to understand or 
participate in their own care, once 18 years of age is 
reached, they are legally considered an adult. It must 
be determined prior to turning 18 years of age if legal 
guardianship is needed. This should be addressed before 
the 18th birthday. If not dealt with in a timely manner, 
the responsible guardian will not have legal access to 
records and information and may be unable to make in-
formed decisions about medical care.

The time frame for transfer should be discussed 
throughout the course of planning. Many institutions 
use 21 years of age as the upper age limit. However, it is 
not good practice to wait until reaching the upper age 
limit to transfer. Ideally, the transfer to adult care should 
occur before the maximum age is reached to avoid gaps 
in care related to insurance coverage or other issues. De-
laying transition after attaining the upper age limit is a 
recipe for disaster. For example, a ventilator-dependent 
young adult who has turned 21 years of age may become 
acutely ill prior to a planned appointment with an adult 
pulmonologist. Being unable to return to the pediatric 
hospital, this individual’s only option is to go to the 
emergency department of an adult hospital that has no 
medical records or history about them. Establishing care 
with the adult provider before reaching the upper age 
limit of the pediatric institution can help prevent such a 
fiasco from occurring.

Transfer of care is the actual physical move to adult 
care. This is usually noted as being the first adult pul-
monary clinic appointment. It is important to plan for 
this transfer to occur during a stable clinical state, as 
the middle of an acute exacerbation is not an ideal time 
to attempt to establish new relationships with physi-
cians, nurses, and therapists. Once the first appoint-
ment has been scheduled with the adult pulmonologist, 
the pediatric team should ensure that there are enough 
prescriptions and supplies to last until that appointment 
time and that appointment details, including date, time, 
and location, have been relayed. Some of the biggest 
fears about transition are related to being uncertain of 
where to go and where to park. It is helpful to ensure 
that the adult team has received all medical records 
needed to care for the young adult. A plan for interim 
care should also be determined at the time of the last 
appointment or encounter with the pediatric team. 
Although this may vary by institution, most pediatric 
pulmonary practices will assume responsibility for the 
ventilator-dependent young adult until care has been 
established with the adult pulmonologist. For example, 
if the young adult becomes ill or needs medication 

refills before being seen in the adult clinic, the pediatric 
team is the contact.

Transfer completion involves communicating with 
either the adult provider or the ventilator-dependent 
young adult to confirm attendance of the first appoint-
ment so that there is no loss to follow-up or inter-
ruptions in care. This is also included as part of the 
tracking and monitoring process. Once transfer of care 
has been completed, the young adult is considered of-
ficially transitioned to the adult pulmonary provider. 
Collaboration between the pediatric and adult groups  
is as equally as important as planning to ensure a  
seamless transition.

Summary
Planning for the initial hospital discharge of the 
tracheostomy- and ventilator-dependent child is a 
process that takes time and careful preparation for a 
successful transition to home. There are many aspects 
that must be taken into consideration, including ad-
equate number of caregivers available to care for the 
child, caregiver training and education, home prepa-
ration, and obtaining home equipment and nursing 
services. When any of these areas are not satisfactory, 
discharge can be delayed. Caregivers need adequate 
time for training and skills validation. They also need 
realistic expectations prior to the training process so 
that they will be fully informed of everything they will 
be required to learn. Unfortunately, not all ventilator-
dependent children are candidates to discharge home. 
It may take weeks or months before they are deemed 
medically stable for discharge. At times caregivers 
may be unable to demonstrate proficiency of the skills 
or lack the resources to care for the child at home. 
Caring for these children can be quite stressful and 
overwhelming at times.

Some ventilator-dependent children may eventually 
be able to wean from the ventilator and have the trache-
ostomy removed. Others may require the tracheostomy 
and ventilator for their lifetime. For those who become 
young adults, planning for eventual transition to adult 
care should begin in the early teen years. The mission 
of the healthcare team should be to prepare and equip 
both the children and their caregivers to be success-
ful at home so that they can attempt to assume a sense 
of normalcy. Although there has been improved care 
and technology, as evidenced in the increased lifespan 
of technology-dependent children, more research and 
 published standards of care are needed to standardize 
the approach to managing their long-term care.
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Case Study 1
A 2-year-old girl with Pompe disease, a rare and often 
terminal disorder that affects the heart and skeletal 
muscles, is admitted to the hospital due to progres-
sion of the disease. Her past medical history is sig-
nificant for hypotonia, developmental delay, feeding 
difficulties, and significant dilated cardiomyopathy 
with cardiac hypertrophy, which led to the diagnosis 
of Pompe disease at 8 months of age. She lives in a 
one-bedroom apartment with her mother and 4-year-
old brother. She attends day care while her mother 
works. In the past 12 months, she developed a pro-
gressive sleep disorder and respiratory insufficiency, 
requiring noninvasive ventilation (NIV). During this 
hospitalization her cardiorespiratory status could 
not be stabilized, and she required a tracheostomy 
and continuous invasive mechanical ventilation. This 
intervention reduced her chronic cardiac failure, but 
the respiratory muscle function remained severely 
compromised. After a month she became a candidate 
for investigative interventions, which were started and 
well tolerated. Her respiratory status improved, and 

she began sprints from the ventilator for 10 minutes, 
three times a day. While preparing for discharge, the 
child’s mother told the social worker that she had lost 
her job due to missing multiple workdays while staying 
at the hospital with her daughter. She also shared that 
she was fearful she would not have financial resources 
to pay her apartment rent and that she had very little 
family support to help her. The multidisciplinary medi-
cal team met weekly with the mother to strategize on 
successfully transitioning her daughter home with a 
tracheostomy and continuous mechanical ventilation. 
Several weeks later this child was discharged home 
where she is expected to  continue to need this level of 
care indefinitely due to her disease process.

1. What are the benefits of being home for this 
patient?

2. Who should be included in the multidisciplinary 
discharge planning team?

3. What barriers to discharge did this family face?

Case Study 2
A 15-year-old male with Duchenne’s muscular dys-
trophy is admitted to the hospital due to increased 
oxygen requirement following a viral infection. He had 
been stable and managed at home with NIV by mask 
at night and a cough assist device for most of his ado-
lescent years. Over the next 24 hours, his PCO2 levels 
increased and he required continuous mechanical 
ventilation. On hospital day 14, the decision was made 
for him to receive a tracheostomy and percutaneous 
endoscopic gastrostomy tube. Considering his diagno-
sis, the patient and family expressed a desire to return 
home as soon as possible. A hospital interdisciplinary 
team worked to identify his needs and to achieve fi-
nancial approval from his health insurance. Resources 
were outlined to cover home equipment, patient care, 
education/training, and other miscellaneous costs. A 
targeted discharge date was proposed, and a training 
schedule for the home care nurses and the family was 

developed. Weekly interdisciplinary meetings were 
held to update and review discharge plans. Home vis-
its were completed to examine elements of the home 
environment. Before discharge, the patient was tran-
sitioned to home equipment, including the ventilator 
and various devices to mimic the home environment. 
The family then provided 48 hours of continuous 
care, which was observed by nursing and respira-
tory staff. Any concerns were addressed in real time. 
One week later the patient was transported home 
via ambulance. 

1. Now that this patient has a tracheostomy tube, 
what equipment should be provided in the 
home?

2. What are some risks of providing care at home?

3. What training must the family/caregivers suc-
cessfully complete before discharge can occur? 
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Introduction
A life-limiting illness is one that limits normal life ex-
pectancy. Examples include cancer, heart disease, cystic 
fibrosis, and muscular dystrophy. When children de-
velop such a chronic or life-threatening illness, dramatic 
life changes occur. Not only do they experience physical 
suffering but also their lives, along with the lives of their 
family, are often filled with fear, anxiety, confusion, and 
sadness. This creates unique challenges, especially when 
that condition persists for months and sometimes years. 
Pediatric palliative care involves developing a plan of 
care that is as individual as the child and family it serves 
and includes all measures taken to lessen suffering and 
to improve quality of life at every stage of the illness.

Pediatric Palliative Care
The essential difference between adult and pediatric 
palliative care is the age of the patient. In adult medi-
cine, typically the patient (adult) provides consent. In 
pediatric medicine, consent is provided by the child’s 
primary caregiver(s), typically one or both parents.

Definition
Pediatric palliative care is specialized care for infants 
and children who have a life-limiting or terminal illness. 
It includes comprehensive medical, psychosocial, and 
spiritual care aimed at relieving symptoms and suffer-
ing, slowing the progression of the disease, and achiev-
ing the best possible quality of life for the child while 
also providing emotional support to the family.1 Pallia-
tive care ideally begins when the illness is diagnosed. It 
can be provided at any stage of the illness—at diagnosis, 
during active treatment, when all treatment has been 
completed, or near the end of life—and alongside con-
current disease-modifying curative treatment plans. It 
does not replace the active treatment team but instead 
works with this team. Palliative care is provided in hos-
pitals, community-based health centers, long-term care 
facilities, and in a child’s home.2,3 Services provided by a 
palliative care team are listed in Table 35-1.

Goals
Palliative care focuses on supporting children and their 
families, on both an inpatient and outpatient basis, 
while enhancing their quality of life. Table 35-2 lists the 
goals of pediatric palliative care.

Indications
Palliative care is appropriate for children (birth to 21 
years of age) with a wide range of conditions, even 
when cure remains a distinct possibility.4 It is not only 
indicated by a specific diagnosis but also when physi-
cal and psychosocial stressors occur as a result of the 
life-limiting illness. Children and their families can 
suffer physically and emotionally with pain caused by 
anxiety from a diagnosis or fear of an uncertain future 
at all stages of chronic and life-limiting conditions. 
Table 35-3 and Table 35-4 provide indications that may 
call for a palliative care consult.5,6

Communication
Communication is the key to building a trusting rela-
tionship when providing palliative care to children and 
their families. A systematic, individualized, and com-
passionate approach is essential when invited into their 
medically complex world. Effective communication 
requires the palliative care team to be emotionally avail-
able and to honestly discuss physical and emotional suf-
fering, treatment strategies, and the possibility of death. 

TABLE 35-1
Possible Services from a Palliative Care Program

Pain and symptom management
Emotional, psychological, and spiritual support
Coordination of care
Identification of available community resources
Assistance with complex decision making
Assistance with communication between the child/family and 

medical staff
Memory-making
Sibling support
Anticipatory grief support
Advanced care planning
Bereavement follow-up

TABLE 35-3
Pediatric Disorders That May Indicate the Need  
for Palliative Care

Cancer
Congenital heart disease
Congenital malformations
Chronic respiratory failure
Cystic fibrosis
Cerebral palsy
Muscular dystrophy
Chromosomal abnormalities (e.g., trisomy 13, trisomy 18)
Hypoxic or traumatic brain injury
Sickle cell anemia
Severe brain malformation

TABLE 35-2
Goals of Pediatric Palliative Care

Manage symptoms caused by illness and treatment
Minimize suffering
Improve quality of life for the child and family
Provide support for the child and family during transition and loss
Assist the child and family in making difficult decisions
Customize care for specific needs
Collaborate with providers, community resources, and schools
Prevent and alleviate unnecessary hardships and suffering
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As the child and family are guided through the hospital 
experience, they are educated about what to expect dur-
ing treatment and given assistance in identifying goals 
of care and making decisions as the illness changes.

Psychosocial and Spiritual Concerns
A chaplain, social worker, and child life specialist who 
are trained in family systems and childhood develop-
ment are included in an interdisciplinary palliative care 
team. These team members bring assessment and in-
tervention tools unique to the needs of the child with a 
life-limiting illness. When addressing psychosocial and 
spiritual needs, special attention is given to develop-
mentally appropriate interventions. A child’s develop-
mental age and chronological age may not be the same 
due to an illness. If an illness begins at infancy, the child 
may not reach developmental milestones as would be 
expected with normal development. How a child under-
stands their illness and death depends upon their level 
of development. Careful assessment of what a child can 
currently do is required to estimate developmental age. 
Moreover, the impact that the illness has on the entire 
family will alter the parents’ hopes and dreams for their 
child. Stress on the family may cause and/or exacerbate 
conflict among family members. The family’s spiritual 
beliefs and cultural values and beliefs influence the plan 
of care and how they view death. These beliefs and val-
ues must be carefully assessed.

Symptom Management
Management of symptoms and pain in the pediatric 
population is a top concern for both the child and the 
family. When asked what worries parents the most 
about their child’s illness, parents typically list pain 
management as their biggest concern. Being cognizant 
of the family’s fears related to pediatric pain manage-
ment ensures that a child receives appropriate and 
effective pain relief. Education and support regarding 

the treatment of a child’s pain is provided by the pal-
liative care physician. The palliative care team provides 
a thorough assessment of pain and can assist with 
recommendations for the most appropriate route for 
medication administration and compounded medicine 
preparations. Educating the child and family about the 
body’s physiologic response to the end of life is essen-
tial in relieving them of the anxiety related to symptom 
management.7 Table 35-5 includes adjunctive thera-
pies that may be used along with pharmacologic pain 
interventions.

Pediatric Hospice Care
The goals of care are similar in palliative care and 
hospice care medicine. However, palliative care is 
open-ended, and although support is ongoing during 
palliative care, it may be sought alongside goals of a 
cure. In a typical hospice setting, in contrast, a cure is 
no longer an option. To be eligible for hospice care, a 
physician must attest that the child’s life expectancy is 
approximately 6 months or less.

Concurrent Care for Children
Concurrent curative care occurs when a child receives 
curative care to treat a disease or normalize an un-
derlying health condition while also receiving hospice 
care for pain and symptom management and psy-
chosocial end-of-life needs. For many years, children 
whose illnesses became life threatening were unable 
to receive concurrent curative care. They were un-
able to receive hospice services while getting curative 
treatment or they had to discontinue curative treat-
ments in order to be eligible for hospice services. On 
March 23, 2010, when President Obama signed the 
Patient Protection and Affordable Care Act (PPACA) into 
law, it enacted a new provision known as the Concur-
rent Care for Children Requirement (CCCR). This small 
provision has significantly affected concurrent curative 
care for terminally ill children. The law now mandates 
that children with a life-limiting illness can receive hos-
pice care concurrently with full medical management 
and hopes for a cure. Today, all state Medicaid programs 
pay for both curative and hospice services for qualifying 
children younger than 21 years of age. Children who are 
eligible for and receive hospice care must also have avail-
able all other services related to treatment.8

TABLE 35-4
Child/Family Stressors That May Indicate a Need  
for Palliative Care

Multiple unplanned hospitalizations
Difficulty managing pain or symptoms
Prolonged hospitalizations or intensive care admissions without 

medical improvement
Requests for futile care
Family with limited social support (e.g., homeless, chronic mental 

illness)
Psychological or spiritual distress
Declining ability to complete activities of daily living
Difficulty controlling physical or emotional symptoms
Uncertainty regarding prognosis
Uncertainty regarding goals of care (e.g., resuscitation, nutrition, 

chemotherapy)
Request for information regarding hospice appropriateness

TABLE 35-5
Adjunctive Therapies for Symptom Management 
during Palliative Care

Therapeutic play using child life specialists
Aromatherapy
Guided imagery
Massage
Music therapy
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When Goals of Care Change
When treatment of an illness involves risk versus ben-
efit, a child’s quality of life becomes a significant issue. 
The family may question current medical management. 
At this point, a family-centered approach that includes 
discussion with the multidisciplinary team is impera-
tive. The focus now shifts from treatment of an illness 
to symptom and pain management, with an emphasis 
on comfort and the child’s retention of dignity. This 
redirection of care emphasizes continual recognition of 
the family’s perception of care delivered. Withdrawal of 
medical devices and technology may take place simulta-
neously with an increase in delivery of psychosocial and 
emotional care.

A Case Study: Assisting with  
End-of-Life Care
The following case study is representative of a child who 
received both palliative and hospice care services.

Medical History and Present Illness
Taylor was an 8-year-old female with a genetic disorder 
nearing the projected life expectancy of this disease. 
She was referred to palliative care at 2 years of age. The 
consult goal at that time was to assist the family in iden-
tifying goals of care and to provide overall support to 
Taylor and her family. Since her diagnosis, Taylor had 
received care from several specialists that required mul-
tiple outpatient clinic visits. This also included biweekly 
enzyme infusions at the infusion center, which were an 
all-day endeavor. At the age of 4 years, Taylor developed 
chronic respiratory failure and required placement of a 
tracheostomy tube and 24-hour mechanical ventilation. 
Gastrostomy tube feedings were needed to maintain her 
nutrition. At this time, Taylor lived at home with her 
family, who felt that their daughter’s quality of life was 
good. She received in-home therapies, went on family 
trips, and smiled often when interacting with others.

Escalation of Care
Approximately 3 months prior to her 9th birthday, 
 Taylor required frequent admissions to the critical 
care unit. Each time she presented with various acute 
 illnesses related to the progression of her disease. With 
each illness, her family noted that Taylor was less re-
sponsive to them. She no longer smiled at the people 
and things that used to bring her joy. As both Taylor 
and her family’s needs changed during this time, the 
palliative care team increased their visits. One month 
prior to her 9th birthday, while admitted to the critical 
care unit, the family requested to take Taylor home.

Wishes Honored
A multidisciplinary team meeting with the family was 
arranged. Attending the meeting were Taylor’s family 

and a palliative care physician, pulmonologist, nurse, 
respiratory therapist, social worker, child life special-
ist, chaplain, and hospice coordinator. The palliative 
care team directed the meeting while the family’s ques-
tions and concerns were answered by the appropriate 
specialist. The family did not wish to discontinue use 
of the ventilator at that time. The palliative care team, 
in conjunction with the pulmonary and hospice teams, 
honored the family’s wishes and developed a plan to 
transition Taylor to her home. A detailed plan of care 
included ventilator management by the pulmonologist 
while all other symptoms were managed by the pallia-
tive care and hospice teams. Focus was placed on mak-
ing each day of Taylor’s life meaningful. Once she was 
home, the palliative care team worked closely with the 
hospice team. The child life specialist with hospice used 
play therapy with Taylor’s siblings to help them under-
stand death and made memory and legacy items. The 
hospice chaplain assisted the family with their spiritual 
needs and pre-death funeral arrangements.

Celebration of Life
Upon discharge from the hospital, Taylor’s family was 
hopeful that she would be more responsive once she 
returned to her home environment. However, this did 
not occur, and Taylor had fewer and fewer moments of 
wakefulness. Through building rapport with the hospice 
team, the family decided that Taylor’s death at home 
would not be in the best interests of Taylor and her sib-
lings. The parents’ wish was to plan removal of the ven-
tilator with Taylor in the hospital on her 9th birthday, 
surrounded by staff the family had built relationships 
with during Taylor’s life. With new goals established and 
in conjunction with the hospice team, the palliative care 
team made arrangements for Taylor’s admission to the 
hospital.

On the morning of her 9th birthday, a celebration  
of life party was held. Many of the physicians, nurses, 
respiratory therapists, and other medical support 
staff were present. Pictures and banners lined Taylor’s 
room. Taylor woke up momentarily during the cel-
ebration. Once the guests had left, the family closed 
the door of Taylor’s room, leaving only Taylor and her 
parents inside the room. After 30 minutes of quiet 
time with Taylor, her parents requested removal of the 
ventilator. The palliative care team stood quietly by as 
the physician prepared to administer comfort medica-
tion, should it be needed. Taylor’s parents requested 
that a respiratory therapist who had provided care to 
Taylor throughout the years be present. This therapist, 
at the direction of the physician, turned off the ven-
tilator, removed the ventilator  circuit, and gently laid 
Taylor in the arms of her parents. Within 2 minutes, 
Taylor took her last breath. With tears in the eyes of 
everyone present, Taylor’s parents were allowed the 
controlled, dignified death they had hoped for their 
daughter.
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Palliative and Hospice  
Care Projections
Children are living longer as advancements in medi-
cal technology and research in pediatric medicine 
evolve. Technology is enabling families to care for their 
children outside of an acute care setting. Through the 
expanded use of telemedicine, medical access is more 

widely available than ever before. Families have the 
 option to continue to “do everything possible” or to 
choose to limit what is done and, with available out-
patient resources, children are able to receive more 
advanced care in their homes. If the family wishes, 
children no longer need to die in hospitals. Instead 
they can  remain at home surrounded by family, 
friends, and all things familiar.

Case Study
A mother of two had an extremely difficult birth with 
her third child, a son, which resulted in a diagnosis of 
hypoxic ischemic encephalopathy. He received feed-
ings through a gastrostomy tube, required frequent 
suctioning and secretion clearance therapy, and had 
frequent seizures. The medical team, which included 
palliative care, explained to the family that the infant’s 
life would be difficult and likely shorter than other 
newborns going home. He had an increased likeli-
hood of having recurrent pneumonia and frequent 
hospitalizations. His parents talked about coordinat-
ing care and how they wanted to give him the best 
possible life without adding to his suffering. Over the 
next couple of months, he was hospitalized twice after 
discharge from the neonatal intensive care unit. Dur-
ing each admission, the infant’s condition seemed to 
be worsening. The family expressed concern that he 

was suffering and experiencing a decreasing number 
of “good days.” The possibility of placing the infant in 
hospice care was discussed, but at this time the infant 
was too sick to leave the hospital. An empathetic com-
munication about prognosis and goals of care allowed 
the parents to embrace the concept of a good death. 
At the family’s request, their son was baptized.  Photos, 
handprints, and footprints were also taken. Time was 
allotted for other family members to arrive. Many 
 family members were able to hold him in his final  
moments, and he died peacefully in his mother’s arms.

1. What are the goals of palliative care?

2. What is the key to building trust between the 
medical team and the family?

3. What is the difference between palliative care 
and hospice care?
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Glossary

A
acinus A region of lung supplied by a first-order respiratory 
bronchiole and includes the respiratory bronchioles, alveolar 
ducts, and alveolar sacs distal to a single terminal bronchiole.

acrocyanosis A bluish color of the hands and feet caused by 
decreased extremity circulation for the first few minutes of life in 
newborns.

adaptive support ventilation (ASV) An automatic weaning 
mode that uses a percentage of minute ventilation to determine 
the level of ventilator support provided.

adenotonsillar hypertrophy A condition in which the ad-
enoids and tonsils are enlarged. It is a common cause of obstruc-
tive sleep apnea in children.

Adenotonsillectomy (AT) An operation to remove both the 
adenoids and the tonsils; the primary treatment for adenotonsil-
lar hypertrophy in children.

adherence programs Programs that have been developed to 
improve adherence with positive airway pressure (PAP) in the 
inpatient and outpatient settings. These programs attempt to 
build a positive, supportive relationship with patients and fami-
lies by implementing behavioral interventions and desensitiza-
tion protocols that will facilitate PAP introduction and maintain 
long-term adherence.

advanced maternal age (AMA) Women older than 35 years 
at a stage of reproduction that is associated with greater odds of 
complications, such as preterm labor and delivery, preeclampsia, 
poor fetal growth, fetal distress, postpartum hemorrhage, and 
intrauterine fetal demise.

aerosol A suspension of liquid or solid particles in a carrier 
gas.

afterload The resistance the heart must overcome to eject 
blood from the ventricle. It is elevated in some congenital heart 
defects, such as aortic stenosis.

air leak syndrome The accumulation of air or gas, particu-
larly in the space found between the chest wall and the lung of an 
infant. The common conditions are pneumothorax, pneumome-
diastinum, and pneumopericardium.

airborne infection isolation room A patient-care room used 
to isolate persons with a suspected or confirmed airborne infec-
tious disease, such as tuberculosis.

air-entrainment mask A fixed performance oxygen delivery 
device that provides a range of low to moderate concentrations of 
oxygen through the use of jet port mixing of gas from the oxygen 
source and air entrained from the atmosphere.

air-entrainment nebulizer A large-volume nebulizer that 
provides a precise oxygen concentration, using the principle 
of air entrainment, while delivering an aerosol. The nebulizer 
directly connects to the oxygen flowmeter, and oxygen flows 
through a jet nozzle surrounded by an air-entrainment port. The 
concentration of oxygen delivered to the patient depends on the 
flow of gas set on the flowmeter and the size of the entrainment 
port.

airway biopsy A biopsy obtained by inserting a biopsy forceps 
through the working channel of a bronchoscope and obtaining a 
sample of airway tissue.

airway brushing A methodology performed by inserting a 
specimen brush through the working channel of a bronchoscope 
and gently scrubbing the airway mucosa. The brushing sample 
can be used to identify pulmonary dyskinesia or to enhance a 
lung biopsy performed to identify pulmonary dyskinesia.

airway clearance therapy (ACT) Airway clearance tech-
niques that may include percussion, vibration, deep breathing, 
and huff coughing; used to clear retained pulmonary secretions 
from the airways.

airway pressure release ventilation (APRV) An alterna-
tive mode of mechanical ventilation in which the high positive 
end-expiratory pressure setting is applied for a longer duration 
of time than the lower positive end expiratory pressure with the 
majority of the respiratory cycle spent at the high pressure. It 
provides an inverse I:E ratio and is most commonly used in con-
ditions associated with hypoxic respiratory failure and low lung 
compliance.

airway secretion overload A clinical picture created by 
the introduction, production, and retention of secretions in the 
airway. Airway secretions naturally occur in the airway and are 
responsible for maintaining normal airway function

alert verbal painful unresponsiveness (AVPU)  
algorithm A method of rapidly assessing level of conscious-
ness during a neurologic assessment. It is a simplification of the 
Glasgow Coma Scale used to assess the level of consciousness 
and/or deterioration in the mental status of infants and children.

allergic bronchopulmonary aspergillosis (APBA) A hy-
persensitive immune response to airway colonization of fungi 
and molds, such as Aspergillus.

alpha-adrenergic receptors Autonomic receptors that 
when activated, generally produce excitatory responses of the 
smooth muscle in which they are located.

amniocentesis The most common invasive diagnostic test per-
formed during pregnancy in which the amniotic fluid is sampled 
using a hollow needle inserted into the uterus. It is performed 



582 Glossary

between 16 and 18 weeks’ gestation to screen for chromosome 
abnormalities in the developing fetus.

amniotic fluid A watery fluid, usually clear or light yellow in 
color, in which the fetus is completely surrounded.

anastomosis A new surgical connection between two body 
structures.

animal-assisted therapy A therapeutic intervention that 
incorporates animals, such as horses, dogs, cats, pigs, and birds, 
into the treatment plan. It is used to enhance and complement 
the benefits of traditional therapy.

antenatal steroids Medications administered to the mother 
when preterm delivery is expected. They have been shown to 
reduce morbidity and mortality related to surfactant-deficient 
diseases.

antepartum period The period before childbirth, with refer-
ence to the mother.

anteroposterior (AP) A radiographic projection position in 
which the radiographic beam enters the chest from front to back.

anticholinergic bronchodilators Bronchodilators that block 
muscarinic cholinergic receptors, which hinders the action of 
acetylcholine. This decreases the formation of cyclic guanosine 
monophosphate, which results in decreased contractility of the 
smooth muscle.

antimicrobials Drugs used to treat a broad spectrum of po-
tential pathogens that are harbored in the upper respiratory tract.

aortic stenosis A congenital heart defect with narrowing of 
the aortic valve; it is a defect that primarily involves an obstruc-
tion to the left ventricular outflow. This occurs because the aortic 
valve, positioned between the left ventricle and the aorta, does 
not properly open and close.

Apgar score An assessment tool for the evaluation of the 
newborn in the delivery room. This scoring system evaluates the 
presence and characteristics of five parameters: heart rate, respi-
ratory rate, skin color, reflex irritability, and muscle tone.

apnea A pause in breathing of longer than 20 seconds, often as-
sociated with bradycardia, cyanosis, or both; resulting in patho-
logical changes in heart rate and oxygen saturation.

apnea of prematurity A developmental disorder common to 
infants born before 35 weeks’ gestation; it is the result of an im-
mature respiratory control. It is characterized by apneic events 
that last more than 20 seconds or shorter apneic periods associ-
ated with oxygen desaturation and/or bradycardia.

arterial blood gas analysis A blood test for the evaluation 
of oxygenation, gas exchange, and acid–base balance; often used 
in diagnostic evaluation and to assess the patient’s response to 
therapeutic interventions.

arterial catheters A thin catheter inserted into an artery 
to continuously measure blood pressure or to obtain arterial 
blood. It is useful when frequent sampling of arterial blood is 
required.

asthma A chronic inflammatory disorder of the airways in 
which many cells and cellular elements play a role: in particular, 
mast cells, eosinophils, neutrophils (especially in sudden onset, 
fatal exacerbations, occupational asthma, and patients who 

smoke), T lymphocytes, macrophages, and epithelial cells. In 
susceptible individuals, this inflammation causes recurrent epi-
sodes of coughing (particularly at night or early in the morning), 
wheezing, breathlessness, and chest tightness. These episodes 
are usually associated with widespread but variable airflow ob-
struction that is often reversible either spontaneously or with 
treatment.

asthma action plan A set of written instructions based on 
zones defined by the child’s peak flow and symptoms that direct 
the actions a child and family need to take in response to changes 
in the child’s peak flow or asthma symptoms.

atelectotrauma An injury to the lung due to repeated collapse 
and reexpansion of the under-recruited alveoli, associated most 
often with mechanical ventilation.

atretic plate The anatomical thin tissue plate that separates 
the nasal cavity from the pharynx.

atrial septal defect (ASD) A congenital heart defect with 
a hole in the wall (septum) between right and left atria (upper 
chambers of the heart). At birth, a small atrial septal defect may 
not cause any symptoms, but a larger atrial septal defect could 
lead to heart failure.

atrioventricular canal (AVC) defect  A congenital heart 
defect with incomplete development of the septa involving both 
atria and both ventricles, resulting in a large hole that allows oxy-
genated and deoxygenated blood to mix.

autogenic drainage (AD) A form of airway clearance therapy 
that uses a cycle of controlled breathing exercises at varying 
depths to loosen secretions in different areas of the lungs. The 
exercises consist of three phases, with the depth of inspiration 
increasing with each phase.

auto-mode An automatic weaning mode that monitors the 
spontaneous breathing efforts and automatically switches to a 
spontaneous mode of pressure support or volume support, when 
the patient makes a respiratory effort and then reverts to a 
mandatory breath if no effort is recognized.

auto-trigger The delivery of a breath during mechani-
cal ventilation above the breathing rate set on the ventilator 
and without a spontaneous inspiratory effort; also known as 
self-cycling.

Avian influenza The H5N1 influenza virus; a virus infection 
is transmitted to humans primarily through direct contact with 
diseased or deceased birds infected with the virus. Contact with 
excrement from infected birds or contaminated surfaces or water 
are also considered mechanisms of infection.

B
bacterial colonization A condition in which bacteria are 
identified in the airway, even though the patient is stable and free 
of acute respiratory illness.

beaking The portion of the pressure–volume curve where pres-
sure continues to rise but volume plateaus.

bedside pulmonary function testing Standard pulmonary 
functions tests, which are performed in the laboratory, are also 
performed at the patient’s bedside. This is an important option in 
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evaluating critically ill patients in the intensive care unit, patients 
in isolation, and those who are unable to go to the laboratory. 

beta-adrenergic receptor agonists Bronchodilators that are 
used to both prevent and treat bronchospasm. Activation of ad-
renergic receptors of the smooth muscle in the lungs and vascu-
lature supplying the skeletal muscle system relaxes the bronchial 
and tracheal smooth muscles and relieves bronchospasm.

bicycle ergometer A device with saddle, pedals, and some 
form of handlebars arranged as on a bicycle to use in children as 
they are more familiar with bicycles than treadmills. It is easier 
to monitor oxygen saturation, blood pressure, and electrocardio-
gram with fewer artifacts from motion.

biphasic positive pressure A noninvasive ventilation tech-
nique that delivers positive pressure during inspiration to im-
prove ventilation and provide ventilatory support.

biphasic ventilation A mode of ventilation that applies two 
distinct positive end-expiratory pressure levels (high and low), 
which allows for spontaneous ventilation throughout the ventila-
tion cycle and the availability to add pressure support to augment 
a spontaneous breath.

blastocyte An undifferentiated embryonic cell.

body plethysmography Also known as a body box; the most 
common measurements obtained are airway resistance and static 
lung volumes.

bonding The formation of a close relationship between a parent 
and an infant or child.

breath-actuated nebulizers A jet nebulizer that uses a one-way 
valve to deliver aerosol only during inspiration. There are two dif-
ferent designs to this type of nebulizer. One design modifies a con-
tinuous output jet nebulizer by adding a one-way valve proximal to 
the patient and a reservoir bag distal to the patient that is filled with 
aerosol during exhalation. The other design incorporates a spring-
loaded valve that allows aerosol production only during inhalation. 
Both designs result in zero waste to the environment.

breath-enhanced nebulizers A jet nebulizer that incorporates 
a one-way valve into the design that allows an increase of the 
airflow in the chamber during inspiration, leading to an increase 
in aerosol output. Aerosol output still occurs during expiration, 
and so some models have incorporated an expiratory valve in the 
mouthpiece, while others offer a Y-shaped connector that allows 
for the addition of an exhalation filter.

bronchiolitis An acute inflammatory disease of the lower re-
spiratory tract, resulting in obstruction of the small airways, or 
bronchioles. It is a common seasonal viral infection, with inci-
dence peaking in the winter, that causes wheezing and conges-
tion in infants up to 2 years of age.

bronchoalveolar lavage (BAL) A procedure to obtain sam-
ples of airway secretions to diagnose infection.

bronchogenic cyst An abnormal growth of lung tissue char-
acterized as a malformation of the bronchial tree.

bronchoprovocation A test that assesses bronchial hyperre-
sponsiveness or airway hyperresponsiveness.

bronchoprovocation challenge test A diagnostic test used 
to differentiate asthma from other diseases; it is performed in a 
clinic setting using either methacholine or mannitol.

bronchopulmonary dysplasia (BPD) A chronic lung disease 
that most often affects premature babies who received oxygen 
and/or positive pressure ventilation.

bronchoscopy A procedure that allows direct visualization 
and assessment of upper and central airway anatomy for diag-
nostic, therapeutic, or research purposes.

Broselow tape A commercially available, color-coded, length-
based tape that can be used to quickly select the proper size of 
equipment and dosage of emergency medications in the pediatric 
patient.

Brownian diffusion A mechanism that affects aerosol deposi-
tion; random motion of particles immersed in a fluid, in which 
particles smaller than 0.5 μm are deposited at the alveolar level.

C
capillary blood gas A blood sample obtained from a cap-
illary is a useful alternative for assessing acid–base balance 
and ventilation in infants and children. A capillary blood gas 
sample correlates well with the pH, PaCO2, HCO3, and base 
excess (BE) obtained from an arterial sample and provides a 
less invasive sampling method.

capillary refill A valuable initial physiologic parameter, in 
which the finger or toe should be lifted slightly above the level 
of the heart to assure assessment of arteriolar capillary refill and 
not venous stasis. Light pressure is applied to blanch the nail bed. 
The pressure is released and the amount of time until color re-
turns is measured. In neonates, the skin over the sternum is com-
pressed. Capillary refill is normal if color returns in fewer than 2 
seconds. Volume depletion or hypotension can cause a delay in 
capillary refill of more than 3 seconds.

capillary refill time A method to assess cardiac output and 
peripheral circulation. It is the time it takes for the skin color 
to return to normal after the capillaries have been compressed. 
In a neonate, it is checked by compressing the skin over the 
sternum. In others it is done by pressing on the toe or finger. 
Normal capillary refill time is fewer than 2 seconds.

capnography The continuous noninvasive measurement, 
analysis, and recording of the partial pressure of CO2 at the end 
of a tidal breath. It is the graphical representation of ventilation. 
Most capnographs have the ability to display a breath-to-breath 
waveform in addition to a trend graph of end-tidal CO2 values 
over time.

capnometry The noninvasive measurement (digital) of the 
partial pressure of CO2 at the end of a tidal breath, without a 
graph or continuous waveform.

cardiomegaly A medical condition in which the heart is en-
larged; and it is often an indication of a congenital for enlarged, 
indicating acyanotic heart defect.

celebration of life A memorial service to pay tribute to a life 
lived.

central cyanosis Bluish discoloration of the tongue or mu-
cous membranes due to poor blood oxygenation.

central sleep apnea A heterogeneous group of sleep dis-
orders in which respiratory effort is repetitively diminished or 
absent.
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central venous catheter A catheter inserted via a large vein 
into the superior vena cava or right atrium to provide a direct 
route for fluid, medication, and nutritional support to the central 
circulation.

central venous line (CVL) A central venous catheter.

centrifugal pumps Nonocclusive mechanical pumps used for 
the displacement of blood through an extracorporeal membrane 
oxygenation (ECMO) circuit; it responds to changes in circuit 
resistance and patient hemodynamics.

cepacia syndrome A combination of necrotizing pneumo-
nia, respiratory failure, and bacteremia as a result of infection 
with Burkholderia cepacia. 

cerebral palsy (CP) A group of nonprogressive neurodis-
ability disorders that appear in infancy or early childhood and 
permanently affect body movement and muscle coordination.

cystic fibrosis transmembrane conductance  
regulator (CFTR) A membrane protein and A chloride chan-
nel expressed in the apical membrane of epithelial cells lining the 
lung, pancreas, gut, sweat duct, reproductive tract, kidney, liver, 
and submucosal glands. It regulates several ion conductance path-
ways, including epithelial sodium, chloride, and potassium chan-
nels, as well as bicarbonate transport.

chest compressions An act of applying pressure on the chest 
to help blood flow through the heart during cardiopulmonary 
resuscitation.

chest physiotherapy (CPT) An airway clearance therapy 
that uses percussion or vibration on the chest wall to mobilize 
secretions along with postural drainage to allow gravity to aid in 
draining those secretions to the large airways, where they can be 
coughed out and expectorated.

chief complaint (CC) The health problem or concern, de-
scribed in the child’s or parent’s own words, that caused the indi-
vidual to seek medical attention.

child life specialists Pediatric healthcare professionals who 
help children and families cope with the stress and uncertainty 
of acute and chronic illness, injury, trauma, disability, loss, and 
bereavement during hospitalization.

choanal atresia A congenital disorder in which there is a nar-
rowing of the back of the nasal cavity (choanae), resulting in a 
lack of continuity between the nasal cavity and the pharynx; it 
is the most common form of congenital nasal obstruction and 
infants often present with difficulty breathing.

chronic lung disease (CLD) A term used interchangeably 
with bronchopulmonary dysplasia, it is a lung disease of the 
premature infant who has received oxygen therapy and positive 
pressure ventilation.

chylothorax Also known as chylopleura, it is the presence of 
chyle in the pleural space secondary to leakage from the thoracic 
duct. It can be caused by trauma to the neck or thorax or by an 
obstruction of the thoracic duct.

coarctation of the aorta A congenital heart defect with nar-
rowing of the aorta, ranging in severity from mild to severe, that 
causes increased work of the heart to pump blood to the lower 
portion of the body.

compliance The change in volume divided by the change in 
pressure; it is used to describe the elastic properties of the respi-
ratory system.

computerized tomography scan An imaging procedure 
that generates and records many radiographic images as the de-
tector moves around the patient’s body. A computer reconstructs 
the individual images into cross-sectional images or “slices” of 
internal organs and tissues.

concurrent curative care Curative and hospice care; it is 
when a child receives curative care to treat a disease or normalize 
an underlying health condition while also receiving hospice care 
for pain and symptom management and psychosocial end-of-life 
needs.

congenital central hypoventilation syndrome  
(CCHS) Also known as Ondine’s curse; a rare genetic disorder 
characterized by severe alveolar hypoventilation and autonomic 
nervous system dysfunction. It is due to a mutation in the 
PHOX2B gene that is essential in the migration of neural crest 
cells and development of the autonomic nervous system.

congenital diaphragmatic hernia (CDH) A complex 
congenital disorder with high mortality due to a hole in the 
diaphragm that allows abdominal organs to move into the chest, 
which hinders lung development; infants suffer a combination 
of various degrees of insufficient lung growth and pulmonary 
hypertension.

congenital pulmonary airway malformation A rare, dis-
organized overgrowth of fetal lung tissue, formally known as 
congenital cystic adenomatoid malformation.

congenital pulmonary anomalies A collection of uncom-
mon lung deformities that affect the airway, parenchyma, and 
vasculature of infants who require intervention at birth or later in 
life.

conscious sedation Administrating a combination of medi-
cines (anesthesia) without loss of consciousness but to help the 
patient relax and to block pain during a medical procedure.

continuous mandatory ventilation (CMV) Commonly re-
ferred to as assist control; a mode of mechanical ventilation that 
provides a fully supported or mandatory breath. The breath can 
be patient-triggered or machine-triggered.

continuous output jet nebulizers Jet nebulizers that have 
constant output of aerosol irrespective of the timing of the respira-
tory cycle. The design of nebulizers that continuously nebulize 
and deliver medication leads to significant waste of the aerosolized 
medication. The use of a mouthpiece and the addition of a 15-cm 
extension tube distal to the patient acts as a reservoir for aerosol 
particles and enhances drug delivery when a continuous nebulizer 
is used.

continuous positive airway pressure (CPAP) A spontane-
ous mode of ventilation that enhances oxygenation and preserves 
lung inflation by improving the functional residual capacity to 
treat acute and chronic conditions in neonates with impaired 
lung inflation and gas exchange.

continuous spontaneous ventilation (CSV) A mode of ven-
tilation in which every breath is spontaneous, it includes pres-
sure support ventilation and neutrally adjusted ventilatory assist 
ventilation.
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contraction stress test (CST) A test to evaluate the fetus’s 
ability to tolerate changes in blood flow and oxygenation during 
contractions; fetal heart rate response to uterine contractions is 
measured.

corticosteroids Anti-inflammatory drugs that are frequently 
used in the treatment of respiratory disease in neonatal and pe-
diatric patients.

cough assistance therapy Also referred to as mechanical 
insufflation-exsufflation; an airway clearance therapy that consists 
of mechanical devices that simulate a cough. These devices pro-
vide positive pressure to inflate the lungs and at the end of inspira-
tion quickly follow with a negative pressure, which produces an 
expiratory flow that shears secretions from the airway walls and 
moves them to where they can be expectorated or suctioned. The 
fast, expiratory flow rate from the lungs simulates a natural cough.

cough peak flow (CPF) A measurement of the velocity of air 
as a patient coughs into a flow measuring device, such as a peak 
flow meter. This measurement represents the effectiveness of a 
patient’s cough for clearing secretions.

crew resource management (CRM) A course developed 
in 1979 from the NASA training workshops that taught com-
munication skills in addition to practicing with closed-loop 
communication in simulation and certification courses. It 
has a focus on leadership, interpersonal communication, and 
decision making.

cricothyrotomy An incision made through the skin and cri-
cothyroid membrane to secure a patent airway during certain 
life-threatening situations.

Cushing’s triad A sign of increased intracranial pressure. It is a 
triad of hypertension, bradycardia, and widening pulse pressure.

cut-down procedure A procedure in which a central venous 
catheter is placed percutaneously or through surgical cannula-
tion to access the internal and external jugular, common facial, 
brachial, femoral, and saphenous veins.

cyanotic The bluish appearance of the skin that occurs because 
blood is not oxygenated. Patients with cyanotic cardiac defects 
will have lower than normal oxygen saturations.

cyberbullying Covert psychological bullying conveyed 
through electronic means; it can result in physical and psycho-
logical harm with emotional distress, symptoms of depression, 
and adverse coping mechanisms, such as withdrawal and sub-
stance abuse.

cycle sensitivity The setting that terminates the inspiration, 
transitioning the breath to exhalation. The term used for this 
setting is not standard and varies by ventilator manufacturer. It 
is used to control the duration of the breath during pressure sup-
port breaths.

cycle time A parameter available on ventilators that deter-
mines the transition period from inhalation to exhalation and 
may be flow- or time-based.

cystic fibrosis (CF) A life-limiting autosomal recessive 
disorder.

cytokines Regulatory proteins, such as lymphokines and in-
terleukins, that are produced by immune system cells and act as 
intercellular mediators in the modulation of immune response.

D
decannulation Removal of the tracheostomy tube.

deformational plagiocephaly A physical condition whereby 
the soft bones of the head become misshapen or flat as a result 
of frequently laying in the same position for prolonged periods 
of time.

delta P The difference between the inspiratory positive airway 
pressure and the expiratory positive airway pressure settings; 
a key determinant of volume delivery in non-invasive ventila-
tion because there is a linear relationship between pressure and 
volume.

delta pressure (∆P) The calculation of PIP – PEEP at a specific 
tidal volume; it provides the set level of PEEP of best compliance 
(PIP denotes peak inspiratory pressure).

demand flow A ventilator feature that allows the patient to ac-
cess additional flow of gas during inspiration.

developmental milestones Behaviors and tasks that most 
children can do by a certain age. Like growth, developmental 
milestones are built upon the experience and mastery of the be-
haviors before them.

diaphragm pacing A treatment option for patients with con-
genital central hypoventilation syndrome. It provides daytime 
ventilatory support for those who are 24-hour ventilator depen-
dent, allowing for mobility and independence from the ventilator 
during the day. It can be the sole source of ventilation, permit-
ting tracheal decannulation for those patients who are ventilator 
dependent only during sleep.

diffusing capacity (DLco) A pulmonary function test that 
indirectly measures gas transport at the alveolar level.

digital clubbing A deformity of the finger- or toenails; it is 
often associated with chronic respiratory or cardiac diseases in 
which there has been long-term hypoxia.

dipalmitoylphosphatidylcholine (DPPC) The most abun-
dant phospholipid in pulmonary surfactant, often referred to as 
lecithin, that may be used as a marker for fetal lung maturity.

discharge planning A multidisciplinary process that involves 
a child’s transition from a healthcare setting to home.

distal intestinal obstruction syndrome (DIOS) An intes-
tinal obstruction in the distal or terminal ileum; it is associated 
with the passage of large amounts of food that are not completely 
digested into the small bowel. Symptoms include right lower 
quadrant pain, anorexia, nausea, vomiting, and occasionally 
fever.

distraction osteogenesis A treatment option to correct man-
dibular hypoplasia by making a longer bone out of a very short 
bone.

dry powder inhalers (DPIs) Devices that allow delivery of 
a drug to the lungs without the need of a suspending medium, 
which results in the delivery of larger drug amounts compared to 
pressurized metered dose inhalers.

ductus arteriosus An anatomic shunt that serves to enhance 
the efficacy and distribution of blood flow to the developing fe-
tus; this short, broad vessel connects the trunk of the pulmonary 
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artery to the aorta. It is a normal part of a baby’s circulatory sys-
tem before birth that usually closes shortly after birth.

ductus venosus An anatomic shunt connecting the intra-ab-
dominal umbilical vein to the inferior vena cava at its inlet to the 
heart; this vein channels 70% to 80% of umbilical blood through 
the liver before entering the inferior vena cava.

Dunn formula The measurement of shoulder to umbilicus 
length. A method used to determine the umbilical arterial cath-
eter insertion length.

E
Ebstein’s anomaly A rare congenital heart defect in which the 
tricuspid valve does not properly close. As a result, blood flow 
does not move in the right direction, causing the heart to work 
less efficiently.

eclampsia A complication of pregnancy in which a mother 
with hypertension from preeclampsia develops seizures, after 
other seizure disorders or causative factors have been ruled out.

ectoderm The outermost of the three germ layers of an embryo 
formed by the 3rd week of life; it forms the nervous system, skin 
or epidermis, glandular tissue, and many of the sensory organs.

Edimax A signal that represents diaphragmatic contraction; the 
start of inspiratory effort.

Edimin A signal that represents diaphragmatic relaxation, or 
the expiratory effort required to maintain functional residual 
capacity.

embryoblast A compact mass of approximately 46 cells inside 
the primordial embryo that form the embryonic tissues.

encephalopathy A term that means brain disease, damage, or 
malfunction.

enclosure devices Devices that deliver oxygen therapy by en-
veloping all or a part of the patient’s body and are supplemental 
oxygen to neonates and infants; included are oxygen hoods and 
incubators.

endoderm The innermost of the three germ layers of an 
embryo formed by the 3rd week of life; it produces the cecum, 
intestine, stomach, thymus, liver, pancreas, thyroid, prostate, and 
lungs.

endoscope The general term for an instrument with a slim, 
flexible tube attached to a camera source used to look some-
where inside the body.

endotracheal tube A tube that is inserted into the trachea 
to provide positive pressure ventilation, effective suctioning of 
pulmonary secretions, or protection from pulmonary aspiration. 
It is made of polyvinylchloride (PVC) and designed with a slight 
curve, making it easier to pass around the tongue without the 
need for a stylet.

epiglottitis A serious airway emergency that can be life threat-
ening. It results from a bacterial infection that causes acute in-
flammation of the supraglottic region of the oropharynx and is 
seen in children between 2 and 5 years of age.

epinephrine The primary vasopressor for use in resuscitation. 
It is used with neonates in the delivery room to increase the 

rate and force of cardiac contractions and is recommended for 
a heart rate of fewer than 60 beats per minute after 30 seconds 
of adequate positive pressure ventilation with 100% oxygen and 
chest compressions.

Epworth Sleepiness Scale (ESS) A scale intended to 
measure routine sleep practice. It is a questionnaire that asks 
caregivers to rate how often their child will doze off or fall asleep 
in different situations, such as watching television, doing home-
work, and riding in a car.

esophageal atresia A congenital defect that affects the ali-
mentary tract in which the upper esophagus ends and does not 
connect with the lower esophagus and stomach.

esophageal manometry A diagnostic test used to identify 
problems with movement and pressure in the esophagus.

eucapnic voluntary hyperpnea (EVH) A bronchoprovo-
cation test performed in a pulmonary function laboratory to 
identify exercise-induced bronchospasm.

excessive daytime sleepiness (EDS) Persistent sleepiness 
and often a general lack of energy that is present even during the 
day after apparently adequate or even prolonged nighttime sleep.

exercise-induced bronchospasm (EIB) A condition in 
which the airways in the lungs narrow in response to physical 
exercise.

expiratory positive airway pressure (EPAP) Positive 
airway pressure applied during the expiratory phase of mechani-
cally assisted ventilation.

expiratory reserve volume (ERV) The maximal amount of 
air that can be exhaled from the lungs.

extracorporeal cardiopulmonary resuscitation 
(ECPR) Rapid initiation of extracorporeal membrane oxygen-
ation (ECMO) during cardiopulmonary resuscitation.

extracorporeal membrane oxygenation (ECMO) A form 
of mechanical circulatory support that incorporates an artificial 
lung or membrane oxygenator and is used to support neonates, 
infants, and children with severe cardiac, respiratory, or cardio-
respiratory failure.

exudate The fluid that accumulates within a pleural effusion 
that characteristically has a high protein count and some white 
and red blood cells; usually associated with increased capillary 
permeability due to infection, inflammation, or malignancy.

exudative phase The acute phase in acute respiratory distress 
syndrome characterized by disrupted fluid balance following in-
jury to the alveolar–capillary barrier.

F
failure to thrive A term used in pediatric medicine to indicate 
inadequate weight gain or inappropriate weight loss.

family-centered care An innovative approach to the plan-
ning, delivery, and evaluation of health care that is grounded 
in a mutually beneficial partnership among children, their 
families, and the clinical practitioners and professionals caring 
for the child who recognize the importance of the family in the 
patient’s life.
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family-centered rounds A process in which a hospitalized 
child’s medical teams often meet in the child’s room (to discuss 
current plan of care) where they speak with the family and child, 
incorporating their opinions, questions, suggestions, and beliefs 
into the plan—that is, including family in clinical rounds.

fetal biophysical profile (BPP) A noninvasive test that uses 
observations obtained during an ultrasound and the results of a 
nonstress test (NST) to evaluate the well-being of a fetus and to 
determine if a fetus is at risk of fetal death.

fetal lung maturity testing Tests performed on fetal amniotic 
fluid to provide an indirect assessment of the likelihood of lung 
maturity and that assists in determining the course of compli-
cated as well as uncomplicated pregnancies.

FEV1 Forced expiratory volume in 1 second (FEV1); measure-
ment that in children is reflective of the degree of small-airway 
obstruction. It is measured prior to a bronchodilator treatment 
and again 15 minutes after bronchodilator administration, to de-
termine reversibility of airway obstruction.

FEV1/FVC ratio A calculated ratio used in the diagnosis of ob-
structive and restrictive lung disease.

fibroproliferative phase A phase in acute respiratory distress 
syndrome characterized by continued inflammatory response, 
fibrosis, and scarring of the alveolar–capillary unit.

fixed performance devices Devices that deliver a precise 
concentration of oxygen at a flow rate that meets or exceeds the 
patient’s inspiratory demands.

fixed wing An airplane used to transport critically ill children, 
typically reserved for long distances often greater than 150 miles.

flail chest A fracture of two or more contiguous ribs in two or 
more places. The segment of fractured ribs creates a paradoxical 
breathing pattern, moving inward with inspiration and outward 
with expiration.

flexible airway endoscope An instrument with a slim, flex-
ible tube attached to a camera source used to evaluate the lungs.

flexible airway endoscopy (FAE) The procedure of evaluat-
ing the lungs with a flexible airway endoscope, interchangeably 
referred to as bronchoscopy.

flow cycling A variable used to determine when a mechanical 
ventilator cycles to exhalation in which inspiration ends when 
air flow decreases.

flow-triggered breath A breath that occurs when the patient 
generates enough inspiratory effort (above a threshold or sensi-
tivity setting) to initiate a flow of gas to the patient.

flow-volume loop A graph that plots measured flow on the Y 
axis and volume on the X axis for pulmonary function.

fluoroscopy An imaging technique that uses X-rays to exam-
ine tissues and deep structures of the body.

focal bronchiectasis A condition that occurs when a large 
airway becomes obstructed. The resulting inability to clear secre-
tions leads to a cycle of infection, inflammation, and airway wall 
damage.

foramen ovale A small hole located in the septum between the 
two upper chambers of the heart that allows oxygenated blood to 

go from the left atrium to the left ventricle to the aorta to supply 
blood to the brain.

forced expiratory flow rate over the midportion  
of exhalation (FEF25–75%) Measurement that represents the 
flow rate measured over the midportion of a maximal exhalation. 
It is accurate only if the patient consistently blows to residual vol-
ume and produces multiple repeatable from efforts that have evi-
dence of upper airway tension or glottis closure are not accurate.

forced expiratory volume in 1 second (FEV1) A measure-
ment that is reflective of flow in the large or central airways in 
adults in 1 second; however, in children, this measurement also 
reflects flow in the medium to small airways because their lungs 
are smaller and empty more quickly.

forced vital capacity (FVC) The volume of air that can be 
exhaled from the lungs after taking the deepest breath possible 
and then forcibly exhaling as much air as possible.

functional residual capacity (FRC) The volume of air pres-
ent in the lungs at the end of passive expiration.

G
geometric standard deviation A measurement of how 
spread the size of aerosol particles are around the mass median 
aerodynamic diameter.

gestational age The amount of time that a fetus grows inside 
the mother’s uterus, which is usually measured in weeks, that is 
the time period between the first day of the mother’s last men-
strual period and the day of delivery.

gestational diabetes mellitus (GDM) A form of diabetes 
that first occurs in women during a pregnancy.

Glasgow Coma Scale (GCS) A numeric scoring system used 
to evaluate patient alertness following a head injury. The scale 
ranges from 3 to 15. A lower score indicates a decreased level of 
consciousness and more severe head trauma; a score of 8 or less 
indicates a congenital condition in which there is downward 
displacement or retraction of the tongue and the patient will 
likely be in a coma and the outcome is poor.

glossoptosis An abnormal formation in which the base of the 
tongue is positioned upward and posterior toward the pharynx; 
it is often associated with Pierre Robin Syndrome and Trisomy 
21 and can result in airway obstruction.

granulomas A small area of inflammation in tissue that is 
produced due to infection, inflammation, or the presence of a 
foreign substance.

grasp reflex An involuntary action of neonates; when placing 
a finger in a neonate’s open palm results in the neonate closing 
their hand around the finger and tightening their grasp when the 
finger is moved within the palm. This is a normal reflex that is 
present until about 4 months of age.

gravida A term used to indicate the number of times the 
mother has been pregnant.

growth charts A series of percentile curves in which the 
selected body measurements of a particular child are plotted 
against the known percentile of other children.
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grunting The sound an infant makes when expiring against a 
partially closed glottis. It is not a normal finding; rather, it is a 
compensatory mechanism to maximize gas exchange and is a 
hallmark sign of respiratory distress.

guided imagery Any of various techniques (as a series of 
verbal suggestions) used to guide another person or oneself in 
imagining sensations and especially in visualizing an image in 
the mind to bring about a desired physical response (as a reduc-
tion in stress, anxiety, or pain).

Guillain-Barré syndrome (GBS) A rare neurologic  
disorder in which the body’s immune system attacks the nerves. 
Tingling and weakness in the legs are usually the first symp-
toms. Over the course of hours, days, or weeks, symptoms can 
spread to the upper body and lead to paralysis of the respiratory 
muscles.

H
head bobbing A condition that occurs when the sternoclei-
domastoid muscles, which are also used to stabilize the head, are 
being used to assist with respiration.

heart murmur A sound heard when there is turbulent or ab-
normal blood flow in or around the heart. A common finding 
in neonates usually resolves within the first 48 hours following 
birth. Murmurs are evaluated for their intensity or loudness, with 
descriptions that range from barely audible, soft, loud, to loud 
enough to hear with the stethoscope off of the chest.

heated high-flow nasal cannula (HHFNC) An oxygen-
delivery device that provides a flow of heated, humidified gas 
through nasal prongs at flow rates that meet and/or exceed the 
patient’s incubator.

heliox A mixture of helium and oxygen used to treat acute 
asthma as well as upper airway obstruction.

helium dilution One of three techniques to measure the func-
tional residual capacity of the lung in which a patient breathes 
through a spirometer containing a known concentration of 
helium.

HELLP syndrome A syndrome characterized by Hemolysis 
(H), Elevated Liver enzymes (EL), and Low Platelet count (LP) 
that occurs during pregnancy; it presents serious morbidity con-
cerns and is managed similarly to preeclampsia.

hemoptysis Expectoration of blood from the larynx, trachea, 
or lungs.

hemothorax A condition in which there is the presence of 
blood in the pleural space. The source of blood may be the 
chest wall, lung parenchyma, heart, or great vessels, secondary 
mainly to a blunt trauma, iatrogenic causes, or a spontaneous 
occurrence.

high-frequency chest wall oscillation (HFCWO) A form of 
airway clearance therapy in which the child wears a garment or 
vest that delivers compression pulses to the chest wall. The alter-
nating pulses quickly compress and release the chest wall, help-
ing to loosen and thin mucus so that it is more easily removed 
from the lungs.

high-frequency jet ventilation (HFJV) A nonconventional 
mode of ventilation often used as a primary proactive strategy to 
limit exposure to excessive alveolar stretch and prevent lung  
injury when volutrauma exists; it is microprocessor controlled 
and capable of delivering and monitoring between 240 and 
660 humidified breaths per minute. HFJV provides small 
pulses of fresh gas using high-velocity flow interruption during 
inspiration.

high-frequency oscillatory ventilation (HFOV) A  
nonconventional mode of ventilation often used as a primary 
proactive strategy to limit exposure to excessive alveolar stretch  
and prevent lung injury when volutrauma exists; a high-flow 
CPAP system with superimposed pressure oscillations. The  
pressure oscillations are created by an electronically driven  
diaphragm. HFOV incorporates a recruitment strategy by  
applying mean airway pressure to inflate the lung at or beyond  
the opening pressure and a lung protective strategy that uses 
rapid shallow delivery of active oscillation to provide minute 
ventilation, resulting in attenuated pressure delivery of gas to  
the lungs.

high-level disinfection (HLD) A process of cleaning the med-
ical devices for complete elimination of all microorganisms.

high-risk delivery The delivery of a neonate as a result of a 
pregnancy that threatened the health or life of the mother or 
her fetus.

high-risk pregnancy A pregnancy that places the mother 
and/or her fetus at high risk for having complications that 
threaten the health of the mother or neonate.

history of present illness (HPI) A thorough description of 
relevant symptoms listed in chronological order and including 
any previous treatment.

home evaluation An assessment of a home to determine if 
the environment is safe and accessible for a child who has re-
spiratory equipment needs at home.

home medical equipment company The company that 
provides medical equipment that can be used in the home.

home nursing agency A nursing agency that provides nurs-
ing support in the home.

home ventilator A mechanical ventilator that is capable of 
providing ventilation in the home setting.

hospice care End-of-life care in which a cure is no longer 
an option. To be eligible for hospice care, a physician must at-
test that the child’s life expectancy is approximately 6 months 
or less.

hospitalized children The confinement of a child or infant in 
a hospital for diagnostic testing or therapeutic treatment.

huff coughing A type of deep breathing and coughing exercise 
in which a patient inhales deeply while leaning forward and ex-
hale sharply while making a “huff ” sound to mobilize secretions 
in the airway.

hypoplastic left heart syndrome A complex congenital 
heart disease in which the left side of the heart does not develop 
correctly in utero. This leaves the heart without the ability to ef-
fectively pump blood to the rest of the infant’s body.
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I
impedance pneumography A noninvasive method to moni-
tor changes in the breathing activity of infants and children. 
Electrodes are placed on the infant’s or child’s chest wall and are 
typically held in place by a soft wrap. The electrodes are attached 
to a monitor by leads and a cable, similar in appearance to those 
used for electrocardiogram monitoring.

impeller A rotating device used in centrifugal pumps that are 
magnetically paired with an electric motor; the rotation of the motor 
causes a pressure differential that urges the forward flow of blood.

impulse oscillometry (IOS) A method to measure airway 
resistance in the preschooler. The child breathes through a pneu-
motach with a mouthpiece and nose clip in place. Downstream 
from the pneumotach is a miniature loudspeaker that produces 
forced oscillations generated by soundwaves with a range of fre-
quencies into the airway. 

incentive spirometry Also referred to as sustained maximal 
inspiration; a device that uses a visual aid to encourage children 
to take a deep breath, with the spirometer providing feedback on 
the child’s inspiratory volume.

incubator A Plexiglas enclosure device that encompasses 
the infant’s entire body and is capable of delivering a range of 
low concentrations of oxygen in a temperature- and humidity-
controlled environment. 

infant pulmonary function test (IPFT) A test that collects 
lung flow and volume and then adjusts the measurements for 
the lower lung volumes and flows of infants; comparable to spi-
rometry and plethysmography in older children and adults. 

influenza An extremely contagious respiratory illness caused 
by influenza A or B viruses; commonly known as “flu” and ap-
pearing most frequently in winter and early spring.

inhaled carbon dioxide A specialty gas used to allow for 
mild hypercapnea that will limit pulmonary blood flow in 
single ventricle congenital heart defects.

inhaled corticosteroids (ICSs) Medications used for asthma 
control that contains corticosteroids.

inhaled nitric oxide (iNO) A specialty gas that is inhaled to 
produce pulmonary vasodilation. Exogenous iNO enters the al-
veoli, diffuses across the alveolar–capillary membrane to the pul-
monary smooth muscle cells, and results in vasodilation. iNO has 
a high affinity for hemoglobin, where it is bound and deactivated.

inspiratory capacity (IC) The total volume of air that can be 
drawn into the lungs after normal expiration.

inspiratory positive airway pressure (IPAP) The positive 
airway pressure delivered to the lungs during inspiration. It is 
applied above expiratory positive airway pressure and directly 
controls volume delivery to the patient.

inspiratory time The amount of time devoted to inspiration.

inspired carbon dioxide A specialty gas used to induce hy-
percarbia and increase pulmonary vascular resistance, which 
limits pulmonary blood flow in congenital heart defects such as 
hypoplastic left heart syndrome.

insufflation-exsufflation See cough assistance therapy.

intermittent mandatory ventilation (IMV) A mode of me-
chanical ventilation in which mandatory breaths are delivered 
at a set rate while spontaneous breaths can be taken between 
the mandatory breaths.

intraosseous (IO) An effective route through marrows of the 
bone for fluid resuscitation, drug delivery, and laboratory evalua-
tion; an acceptable route for vascular access.

intraosseous (IO) needle A needle used to inject fluids or 
medication directly into the marrows of the bone.

intrapartum The period from the onset of labor to the end of 
the third stage of labor.

intrapulmonary percussive ventilation (IPV) An airway 
clearance therapy that delivers small, rapid, high-flow bursts of 
air directly into the airway. These bursts of air oscillate, causing 
a wedge of pressure to get behind secretions, loosening them so 
that they can then move to the large airways where they are ex-
pectorated or removed through suctioning. This provides airway 
clearance as well as hyperinflation.

invasive mechanical ventilation A method that requires the 
use of an artificial airway (e.g., endotracheal tube, tracheostomy 
tube) to provide continuous or intermittent mechanical ventila-
tory support.

isoflurane  An anesthetic gas used in the treatment of status 
asthmaticus for its bronchial dilation properties.

ivacaftor The first available CFTR modulator therapy drug 
that targets the underlying cause of cystic fibrosis (CF). It is an 
oral medication approved for use in patients with cystic fibrosis 
who are 6 years of age and older with the CFTR gene mutation 
G551D. This medication is classified as a “potentiator” because it 
improves (potentiates) the function of the CFTR protein on the 
cell surface by allowing chloride absorption in the sweat gland, 
decreasing sweat chloride concentration.

J
jet nebulizers A type of nebulizer that uses a gas source to 
convert a solution/suspension into a mist. The gas is forced 
through a very small orifice, resulting in a decrease in pressure at 
the sides of the high-velocity jet stream (Bernoulli effect). Solu-
tions/suspensions present in the nebulizer cup are drawn up the 
capillaries and aerosolized.

K
kyphoscoliosis A deformity of the spinal vertebrae that is a 
combination of kyphosis and scoliosis.

kyphosis A spinal vertebrae deformity due to excessive outward 
curvature of the spine, causing a hump-like appearance of the back.

L
lactate Any salt of lactic acid or the anion of lactic acid.

large for gestational age (LGA) Neonates having birth 
weights that are above the 90th percentile for their gestational age.
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large-volume nebulizers Continuous output nebulizers used 
for continuous aerosol delivery of bronchodilators in the treat-
ment of status asthmaticus. They have a favorable cost–benefit 
ratio over small-volume nebulizers. In general, the nebulizer 
reservoir can hold 200 to 240 mL of solution and produce an 
aerosol for 8 hours.

laryngeal mask airway A widely used supraglottic airway 
device; a small, elliptically shaped mask designed to fit in the 
hypopharynx and to provide a conduit that bypasses the upper 
airway and allows positive pressure ventilation.

laryngotracheal groove A furrow that develops in the fore-
gut endoderm during the embryonic stage, which lasts from 
about 3 to 7 weeks’ gestation, that develops into the lungs.

Laryngotracheobronchitis (LTB)  An inflammatory process 
that affects the larynx, trachea, and occasionally the bronchi, 
resulting in edema and varying degrees of airway narrowing. It 
is the most common cause of upper airway obstruction due to 
infection in young children 

lateral decubitus Position of the patient while doing radiog-
raphy examination that is used to evaluate the presence of air or 
fluid in the pleural space.

lecithin-to-sphingomyelin (L:S) ratio A marker for fetal 
lung maturity; ratio between the lecithin and the amount of 
sphingomyelin in amniotic fluid.

left ventricular outflow tract obstruction A congenital 
heart defect that results from a series of stenotic areas between 
the left ventricular outflow tract and the descending aortic arch. 
This can lead to left ventricular hypertrophy and left ventricular 
failure.

leukotriene modifiers Medication used for the prophylaxis 
and chronic treatment of asthma in adults and children.

ligation A surgical procedure of tying a ligature tightly around 
a blood vessel or other duct or tube in the body for treating dis-
eases such as patent ductus arteriosus.

long-acting beta2-agonists (LABAs) Also commonly called 
“long-acting beta-agonists”; medications used for asthma main-
tenance therapy in conjunction with inhaled corticosteroids to 
relieve bronchospasm and reduce airway inflammation. These 
inhaled medications have a slightly longer onset of action but 
provide bronchodilation for a longer duration of time (e.g., 12 
hours).

looping A process in which the heart undergoes dramatic 
changes through differential cellular growth by the 4th gesta-
tional week.

lung biopsy A procedure performed by inserting biopsy for-
ceps through the working channel of a bronchoscope to obtain a 
sample of transbronchial lung tissue.

lung bud A pouch that appears as the laryngotracheal groove, 
formed during the development of lungs in the embryonic stage, 
separates from the primitive esophagus.

lung clearance index (LCI) A measure of the cumulative 
expired volume needed to clear a tracer gas from the lungs 
divided by the functional residual capacity; it is measured by 
performing a gas washout using a low concentration of an 
inert gas.

M
machine-triggered A mechanical ventilation breath initiated 
after a preset time has elapsed.

macrocephaly A head circumference that is greater than two 
standard deviations above the mean for a given age, gender, and 
gestation.

macroglossia An enlarged tongue that can create chewing, 
speech, and airway management problems and can be associated 
with dentomusculoskeletal deformities as well as other disorders, 
including Beckwith Wiedemann and Down syndrome.

magnetic resonance imaging An imaging technique that 
uses a combination of magnetism, radio waves, and computer 
processing to create detailed anatomical images.

mandatory minute ventilation (MMV) An automatic wean-
ing mode that involves setting a target minute ventilation that is 
the reference point for support. The ventilator predicts the min-
ute ventilation over 8 to 10 breaths and provides support based 
on that prediction.

mandibular hypoplasia A craniofacial disorder in neonates, 
also known as micrognathia, strawberry chin, or hypognathia, 
characterized by an undersize facial jaw, specifically a small man-
dible and receding chin.

mannitol challenge Optional testing to assess bronchial hy-
perresponsiveness for individuals who cannot achieve and/or 
maintain the recommended target heart rate and ventilation to 
evaluate exercise-induced bronchospasm.

mass median aerodynamic diameter (MMAD) The par-
ticle diameter at which half of the mass of the particles in an 
aerosol are smaller and the other half of the particles are larger.

massive hemoptysis The expectoration of a large amount of 
blood originating from the tracheobronchial tree or lung pa-
renchyma and is regarded as a life-threatening situation.

maximal expiratory pressure (MEP) A measurement made 
when the patient expires maximally against an occlusion for 1 to 
3 seconds. The measured pressure is recorded in cm H2O. MEP 
measures the accessory muscles and elastic recoil of the lungs.

maximal inspiratory pressure (MIP) A measurement made 
when the patient inspires maximally against an occlusion for 1 to 
3 seconds. The measured pressure is recorded in cm H2O. MIP 
primarily measures inspiratory muscle strength.

mean blood pressure Also referred to as “mean arterial pres-
sure” or “MAP.” An average blood pressure in arteries during one 
cardiac cycle. For a neonate it is calculated as follows: adequate 
mean blood pressure = gestational age in weeks + 5.

meconium aspiration syndrome (MAS) A condition in 
which the infant aspirates meconium (fetal bowel content) prior 
to or during birth.

meconium ileus An intestinal obstruction resulting from 
the impaction of thick, tenacious meconium in the distal small 
bowel of a newborn infant.

membrane oxygenator A silicone sheet arranged in a spool 
with separated blood and gas compartments. Gas exchange 
across the silicone sheet is dependent on the driving pressures of 
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oxygen and carbon dioxide and is influenced by the composition 
of the supply gas, referred to as sweep gas; the degree of desatu-
ration of the blood; and the rate at which it flowed through the 
membrane.

meninges The three connective tissue layers that protect the 
brain and spinal cord. It contains cerebrospinal fluid and sup-
ports the blood vessels that run throughout the central nervous 
system.

mesoderm The middle of the three germ layers of an embryo 
formed by the 3rd week of life; it contributes to the blood; en-
dothelium; heart; kidneys; reproductive organs; bones; skeletal 
tissues; and smooth and connective tissue, such as tendons, liga-
ments, dermis, and cartilage.

methacholine challenge A test to assess bronchial or airway 
hyperresponsiveness in which a patient is given increasing 
inhaled doses of methacholine followed by spirometry to deter-
mine changes in the FEV1.

Methemoglobin (MetHb) An abnormal hemoglobin formed 
when inhaled nitric oxide binds with hemoglobin (Hb), which 
reduces the hemoglobin’s affinity for oxygen and ability to 
transport O2.

methylxanthines Medications indicated for asthma, neonatal 
apnea, and status asthmaticus. They inhibit phosphodiesterase 
and histone deacetylase-2 activation, causing an increase in 
cAMP and resulting in the deactivation of inflammatory genes, 
which leads to bronchodilation.

microcephaly A head circumference that is two or more 
standard deviations below the mean for a given age, gender, 
and gestation.

minor hemoptysis The expectoration of a small amount of 
blood, less than 200 ml, originating from the tracheobronchial 
tree or lung parenchyma.

minute ventilation A product of respiratory rate and tidal vol-
ume; it is the amount of air inhaled or exhaled in one minute 
and expressed as liters per minute.

mitochondrial disorders A group of neuromuscular diseases 
that occur when there is damage to the mitochondria in the cells. 
Enzymes within the mitochondria change nutrients into cellular 
energy; mitochondrial failure leads to death of the cells and ul-
timately organ failure. These disorders can be caused by genetic 
mutation or may be acquired following the adverse effects from 
drugs or infections.

mitomycin c An antibiotic that inhibits cell division, protein 
synthesis, and fibroblast proliferation, resulting in reduced gran-
ulation formation in patients undergoing nasal reconstruction; a 
topical agent aid used intraoperatively to prevent the formation 
of scar tissue and restenosis following choanal atresia repair.

modified Allen’s test The test used to verify the presence or 
absence of collateral circulation.

Moro reflex A reflex action of a neonate when it is held and 
the head allowed to drop slightly but suddenly; a normal re-
sponse is to be startled, with the arms extended and abducted 
outward and the palms open. This is quickly followed by the 
neonate bringing the arms inward in an embracing posture 
with the hands clenched into fists, and is often associated with 
a momentary cry.

morula A solid ball of blastomeres formed when the zygote un-
dergoes cellular division.

mucociliary escalator A mechanism involving ciliary action 
by which the mucus layer in the airway is moved from bronchi-
oles through the bronchi and trachea to the larynx.

mucolytics Medications that change the biophysical properties 
of secretions. They are capable of modifying mucus production, 
secretion, nature and composition, and interactions with muco-
ciliary epithelium.

mucus hypersecretion The increased production of mucus 
in the airways; a key pathophysiologic feature in many patients 
with asthma, cystic fibrosis, and bronchiectasis.

multiple breath washout (MBW) A method that has gained 
considerable interest in identifying lung disease in children with 
cystic fibrosis and is thought to be more sensitive than spirom-
etry in accomplishing this. MBW is used to measure functional 
residual capacity and to assess distribution of ventilation.

multiple gestation A pregnancy with twins, triplets, or more.

Murphy eye An additional orifice on the side of the endo-
tracheal tube (ETT) at the distal tip. It will allow bilateral lung 
ventilation when the tip of the ETT sits close to the carina; gas is 
able to pass to one lung out of the distal orifice of the ETT and to 
the other lung through the Murphy eye.

muscular dystrophy (MD) A group of genetic disorders that 
are characterized by progressive muscular degeneration and 
weakness. This weakness is usually due to abnormalities in mus-
cle proteins caused by genetic mutations. There are more than 30 
forms of muscular dystrophy.

myasthenia gravis A chronic autoimmune neuromuscular 
disease that causes varying degrees of muscle weakness. The 
body’s own antibodies block, alter, or destroy acetylcholine 
receptors, which in turn disrupts the transmission of nerve im-
pulses to the muscles. The most commonly affected muscles are 
those that control the eyes, face, speech, and swallowing.

N
nasal cannula A commonly used variable performance oxy-
gen delivery device that delivers low concentrations of oxygen 
to infants and children. It consists of small-bore oxygen tubing 
connected to two short prongs. The prongs are inserted in the 
nares and angled down to conform to the anatomic features of 
the nares.

nasal flaring A term used to describe the widening of the 
nares or nostrils with each breath during inspiration. It is a sign 
of respiratory distress and is the result of the neonate or child 
attempting to move more air through the nares and to decrease 
airway resistance.

nasopharyngeal airway A soft, flexible device placed inside 
the nares of the nose designed to maintain or improve upper 
airway patency by creating a conduit from the tip of the nose to 
the hypopharynx. This device often bypasses an upper airway 
obstruction.

near infrared spectroscopy (NIRS) A noninvasive, spec-
troscopic tool, which uses the near-infrared region of the 
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electromagnetic spectrum, and provides real-time continuous 
monitoring of regional tissue oxyhemoglobin saturation (rSO2).

nebulizers Devices used in aerosol therapy that convert a solu-
tion/suspension into an inhalable mist.

negative pressure ventilation A type of mechanical ventila-
tion. To generate ventilation, these ventilators apply a negative pres-
sure to the outside of the chest and abdomen during inspiration.

neurodisability disorders Conditions associated with im-
pairment involving the brain and/or nervous system.

neuromuscular blocking agents (NMBAs) Medications 
used for the induction of neuromuscular blockade and that 
provide skeletal muscle relaxation during surgery or mechanical 
ventilation.

neutral thermal environment Maintenance of ambient tem-
peratures in an incubator within 0.5°C of the newborn’s body 
temperature to avoid heat or cold stress and to optimize energy 
use and oxygen consumption.

neutrally adjusted ventilatory assist ventilation 
(NAVA) A spontaneous mode of ventilation that is available on 
the Servo-I and Servo-U ventilators (Maquet, Rastatt, Germany). 
Similar to pressure support, the patient’s own respiratory drive 
controls the rate of ventilation. This uses an orogastric catheter 
embedded with special sensors that detect electronic signals 
from the phrenic nerve to the diaphragm, sensing diaphragmatic 
contraction.

New Ballard Score A system that determines gestational age 
of a neonate through the assessment of six physical and six neu-
romuscular features. The system works on the presumption that 
fetal skin, subcutaneous tissues, and the neuromuscular system 
mature at predictable rates, and a numeric score is determined 
for each of the 12 features.

nitric oxide (NO) A colorless, odorless gas, consisting of one 
nitrogen and one oxygen atom, normally found in exhaled air, 
can be useful in monitoring airway inflammation. Also a free 
radical and highly reactive gas that is unstable in the presence of 
air and an endothelial-derived vasodilator and a pulmonary va-
sodilator that is inhaled to treat atrioventricular canal defect.

nitrogen dioxide (NO2) A toxic environmental pollutant 
formed by the oxidation of nitric oxide (NO) that it is associated 
with airway damage and inflammation.

nitrogen washout One of three techniques to measure the 
functional residual capacity of the lungs in which the patient 
breathes in 100% oxygen after which the nitrogen concentra-
tion of the exhaled gas is measured.

nonaccidental trauma (NAT) Trauma due to abuse or self-
harm that imposes a significant physical, psychological, emo-
tional, and financial burden on children and their families.

noncardiogenic pulmonary edema An accumulation of 
fluid within the lungs caused by increased permeability of the 
alveolar–capillary membrane.

noncommunicable Diseases not able to be transmitted from 
one sufferer to another, such as leukemia.

noninvasive biphasic positive pressure ventilation See 
continuous positive airway pressure (CPAP).

noninvasive positive pressure ventilation (NPPV) A mode 
of ventilation for older children who are stable and require sup-
port only during sleep.

noninvasive ventilation (NIV) A technique that delivers inter-
mittent or continuous assisted ventilation or provides continuous 
positive pressure during spontaneous breathing to enhance lung 
expansion by restoring or improving functional residual capacity 
(FRC) and/or improving minute ventilation without the use of 
an artificial airway.

non-rapid eye movement (NREM) A stage in the sleep state 
during which dreams do not occur.

nonrebreathing mask An oxygen reservoir device; it has 
a circular flap or valve at the juncture where the reservoir bag 
attaches to the disposable plastic mask. Oxygen is delivered in 
this device through small-bore, smooth lumen tubing below the 
flap or valve at the junction between the mask and the reservoir 
bag. The flap or valve between the reservoir bag and the mask 
prevents exhaled gas from entering the reservoir bag and diluting 
the concentration of oxygen available for delivery.

nonstress test (NST) A noninvasive test in which a monitor 
measures the fetal heart rate (FHR) in response to fetal move-
ment, generally over a 20-minute period, and records a tracing of 
the FHR and uterine activity.

normoxemic hypoxia The presence of tissue hypoxia in spite 
of having a normal PaO2 or SpO2.

nuchal cord An umbilical cord that becomes coiled around the 
fetus’s body, usually the neck.

O
oblique A radiographic position that is halfway between 
anteroposterior (AP) or posterioanterior (PA) and lateral po-
sitions that gains an additional perspective of the lungs. The 
oblique rotation will place the anatomic structures in a different 
position to provide further evaluation of areas previously su-
perimposed on the anteroposterior/posteroanterior image. This 
position also elongates the ribs to allow for better determination 
of fracture.

obstructive sleep apnea A disorder of breathing during 
sleep characterized by prolonged partial upper airway obstruc-
tion and/or intermittent complete obstruction that disrupts al-
veolar gas exchange and normal sleep patterns.

occipitofrontal circumference A measurement around the 
largest area of the head; it is used as a measurement of head 
growth.

oligohydramnios A condition occurring most often during 
the last trimester in pregnancy characterized by a decreased 
amount of amniotic fluid.

oropharyngeal airway A rigid, c-shaped device that is in-
serted through the mouth to provide a clear passage of airflow 
past the obstruction of the tongue and upper airway tissue to the 
level of the supraglottic area.

oscillatory positive expiratory pressure therapy Also 
known as vibratory PEP, this airway clearance therapy uses 
the resistance during exhalation while creating vibrations or 
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oscillations at the airway opening to sher mucus from the sur-
face of the airways.

oxygen hoods Enclosure devices that encompass the infant’s 
head and neck, typically to the shoulder area. An oxygen blender 
is used to provide the ordered or specified FiO2, ranging from 
0.21 to 1.0, which can be connected directly to the hood or to a 
circuit capable of providing heat and humidity. An oxygen ana-
lyzer is typically used to verify the oxygen concentration deliv-
ered to the infant.

oxygenation index (OI) A calculation that helps gauge disease 
severity. Mean airway pressure (mPaw) and FiO2 information 
obtained from the mechanical ventilator are used to calculate 
the oxygenation index (OI), which is determined as follows: OI 
× mPaw / (FiO2/PaO2) × 100. An OI in excess of 40 while using 
conventional mechanical ventilation has been associated with 
mortality risk great than 80%.

P
palliative care Specialized care for patients who have a life-
limiting or terminal illness. It includes comprehensive medical, 
psychosocial, and spiritual care aimed at relieving symptoms and 
suffering, slowing the progression of the disease, and achieving 
the best possible quality of life for the patient, while also provid-
ing emotional support to the family.

paradoxical cyanosis Cyanosis that is relieved when an 
infant cries; most often occurring when there is relief of an air-
way obstruction such as choanal atresia.

paradoxical respirations A breathing pattern in which the 
chest moves in on inspiration and out on expiration; also called 
seesaw breathing or thoracoabdominal asynchrony, a condition 
that may be noted during respiratory distress of any cause.

parallel play Playing alongside other children but not 
engaging.

parity A term used to indicate the number of pregnancies that 
went beyond 20 weeks’ gestation or to viability. The number of 
fetuses does not affect the parity.

partial rebreathing mask A reservoir device used to deliver 
oxygen to children; it has a reservoir bag attached to the dispos-
able plastic mask. Oxygen is delivered in this device through 
small-bore, smooth lumen tubing at the junction between the 
mask and the reservoir bag. It has exhalation ports on either side 
of the mask to allow exhaled gas to escape, and to provide a mech-
anism for the patient to entrain air should the oxygen source fail.

patent ductus arteriosus (PDA) An acyanotic heart defect 
in which the ductus arteriosus fails to close after birth. The duc-
tus arteriosus is a channel that connects the aortic arch to the 
pulmonary arteries and is a normal and essential fetal structure. 
Closure typically occurs within the first few hours to first few 
days of life.

Patient Protection and Affordable Care Act (PPACA) Also 
known as the Affordable Care Act or ACA; the health care re-
form law enacted in March 2010 that has three primary goals: 
to make affordable health insurance available to more people, 
to expand the Medicaid program to cover all adults with in-
come below 138% of the federal poverty level, and to support 

innovative medical care delivery methods designed to lower 
the costs of health care generally.

patient-triggered During mechanical ventilation, the inspi-
ration begins or is initiated by the patient and not by the me-
chanical ventilator. patient has an inspiratory effort that starts or 
initiates a mandatory breath.

peak flow meter A hand-held device used to measure the 
peak expiratory flow rate.

pectus carinatum Also known as pigeon chest, a condition in 
which there is anterior or outward protrusion of the sternum.

pectus excavatum The most common chest malformation, 
and often referred to as funnel chest, in which the chest has a 
sunken appearance and remains sunken even during inhalation.

Pediatric Assessment Triangle (PAT) A rapid, strategic 
primary assessment of a child’s severity of illness; it uses a visual 
and auditory assessment of the child, including evaluation of 
the child’s appearance, work of breathing, and circulation. It al-
lows the clinician to quickly form an accurate initial impression 
of the child as “sick” or “not sick” and, therefore, to prioritize as 
appropriate.

Pediatric Risk of Mortality Score (PRISM) A prognostic 
scoring system used to determine the risk for mortality. This 
tool, derived from 14 physiologic variables, assesses mortality 
risk for pediatric patients during their first 24 hours of care in 
the intensive care unit (ICU).

percent predicted Spirometry values are generally expressed 
as percent predicted. It is calculated as follows: percent predicted 
= (observed value ÷ Predicted Value) × 100.

percussion A rhythmic clapping made by percussing the chest 
using a cupped hand or a device made for percussion, focusing 
on the various segments of the lungs, to mobilize secretions.

periodic breathing A sequence of three or more consecutive 
respiratory pauses lasting 3 or more seconds, with 20 seconds 
or less of normal respiration between pauses. In premature neo-
nates, an irregular breathing pattern of intermittent respiratory 
pauses that last longer than 5 seconds.

peripheral artery catheter A small catheter placed through 
the skin into an artery of the arm or leg. It is used when frequent 
sampling of arterial blood is required or when cannulation of the 
umbilical artery is not a viable option.

peripheral IV A catheter placed into a vein to give fluids or 
medications.

peripherally inserted central catheter (PICC) A catheter 
inserted into the superior vena cava through a peripheral vein. It 
is threaded percutaneously through a superficial vein and can be 
used to administer vasoactive medications and parenteral nutri-
tion. It allows concentrated solutions to be delivered with less 
risk of complications.

permissive hypercapnia A lung-protective strategy used 
with mechanical ventilation in which the PaCO2 is maintained at 
45–55 mm Hg and the pH is maintained at greater than 7.2.

persistent pulmonary hypertension of the newborn  
(PPHN) A neonatal condition in which there is interference 
with the normal change from fetal to postnatal circulation and 
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the usual reduction in pulmonary vascular resistance does not 
occur; it is usually due to hypoxia associated with parenchymal 
lung disease, such as respiratory distress syndrome and broncho-
pulmonary dysplasia.

personal protective equipment (PPE) Protective cloth-
ing that must be worn by all staff involved at the bedside during 
certain procedures, including the flexible airway endoscopy. This 
includes face masks and eye protection, nitrile gloves, and gowns.

phospholipids Lipids that are the dominant component of lung 
surfactants, comprising nearly 80% of the surfactant complex.

photoplethysmography A simple and low-cost optical tech-
nique that uses light to analyze variations in volume changes in 
tissue during pulsatile blood flow to distinguish between arterial 
and venous blood flow.

Pierre Robin syndrome A set of facial abnormalities, consist-
ing of mandibular hypoplasia, cleft palate, and glossoptosis. This 
triad of deformities may potentially contribute to respiratory 
distress, airway obstruction, and hypoxia.

placenta The pancake-shaped organ that attaches, during 
pregnancy, to the mother’s uterus. By way of the umbilical cord 
it supplies the fetus with oxygenated blood and nutrients and 
removes waste products, including carbon dioxide, from the 
fetus.

placenta previa A condition in which the placenta is im-
planted abnormally low in the uterus, partially or completely 
covering the cervix.

placental abruption A condition in which the placenta ei-
ther partially or completely separates from the uterine wall, also 
known as abruptio placentae.

placental circulation Circulation between the mother and fe-
tus, established to provide gas exchange necessary to sustain life. 
It consists of the left umbilical vein and umbilical artery.

pleural effusion Any abnormal collection of fluid in the pleu-
ral space. It is the most common manifestation of pleural disease.

pleurodesis A medical procedure that is performed to prevent 
recurrent accumulation of pleural effusions.

pneumomediastinum A condition that occurs when free air 
traverses from the ruptured alveolus along the pulmonary vascu-
lature to the mediastinum.

pneumopericardium A condition in which air leaks into the 
pericardial space, which can lead to acute, life-threatening symp-
toms as air accumulates and comes under tension within the 
limited pericardial space.

pneumothorax A condition that occurs when air escapes from 
the airway and enters the space bounded by the parietal pleura of 
the chest wall and the visceral pleura of the lung.

polyhydramnios A condition in pregnancy characterized by 
an abnormally high level of amniotic fluid.

Polysomnography (PSG) The most commonly used test for 
the evaluation and diagnosis of sleep disorders. It includes moni-
toring of the patient’s airflow through the nose and mouth, blood 
pressure, electrocardiographic activity, blood oxygen level, brain 
wave pattern, eye movement, and the movement of respiratory 
muscle and limbs.

positive airway pressure A mode of ventilation used in the 
treatment of sleep apnea.

positive end-expiratory pressure (PEEP) The positive 
pressure that exists in the lungs at the end of an expiration dur-
ing mechanical ventilation.

post accident incident plan (PAIP) A plan developed to 
guide staff, management, dispatch, and local law enforcement in 
the event of an accident or incident.

postductal Placement of a pulse oximeter probe on a neonate’s 
left hand or on either foot measures oxygen saturation distal to 
the aortic opening of the ductus arteriosus.

posteroanterior (PA) A position in which the patient either 
is in a prone position or is standing and the radiographic beam 
enters from back to front.

postterm pregnancy A pregnancy that extends past 42 weeks.

postural drainage An airway clearance technique that uses 
gravity in moving secretions from the lung. The patient is  
placed in various positions to target drainage of specific lung 
segments.

pre- and post-bronchodilator testing A spirometry test 
that provides information regarding reversibility of bronchocon-
striction or airway hyperresponsiveness, as seen in asthma. 

preductal Placement of a pulse oximeter probe on a neonate’s 
right hand measures oxygen saturation proximal to the aortic 
opening of the ductus arteriosus.

preeclampsia A condition in which the mother develops 
elevated blood pressures and proteinuria after the 20th week of 
pregnancy.

premature rupture of membranes Rupture of membranes 
(breakage of the amniotic sac) prior to the onset of labor.

prenatal care The comprehensive medical care and monitor-
ing that a woman receives during pregnancy; it involves the phys-
ical assessment of the mother and fetus, screening and treatment 
for medical conditions, and emotional support and counseling.

pressure control ventilation (PCV) A mode of ventilation 
used in preterm infants. PCV results in the delivery of a prede-
termined pressure during inspiration, at a predetermined time 
and rate.

pressure support ventilation (PSV) A spontaneous mode 
of ventilation in which breaths are supported by an operator-set 
pressure target. The breath can be initiated by pressure or flow 
triggering.

pressure-triggered breath To initiate a breath, the patient 
must make sufficient effort to generate an airway pressure drop 
below end-expiratory pressure larger than the operator-set sensi-
tivity threshold.

pressurized metered dose inhalers (pMDIs) A device that 
delivers a specific amount of medication to the lungs when in-
haled; medication is delivered in an aerosol form.

preterm Before completion of the full term (not more than 37 
weeks of pregnancy).

preterm labor Regular contractions of the uterus that oc-
cur between 20 and 37 weeks’ gestation and are of sufficient 
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frequency and intensity to cause effacement and dilation of 
the cervix.

primary assessment A systematic approach to determine 
what life-threatening conditions may exist. The assessment is 
based on the mnemonic ABCDE, which is as follows: Airway, 
Breathing, Circulation, Disability, Exposure.

primary caregiver The person who takes primary responsi-
bility for the daily care and rearing of a child.

prostaglandin A hormone-like substance that participates 
in a wide range of body functions, such as the contraction and 
relaxation of smooth muscle, the dilation and constriction of 
blood vessels, control of blood pressure, and modulation of 
inflammation.

provocation dose (PD20) The dose of methacholine given to 
the patient in a methacholine challenge test at which a drop of 
20% or greater from baseline value of FEV1 is documented.

pseudomacroglossia A condition in which the tongue may 
be normal in size but is forced to sit in an abnormal position due 
to anatomical associations.

ptosis The drooping of one or both eyelids.

pulmonary agenesis A very rare congenital anomaly of the 
lung that is also commonly associated with other congenital 
malformations of the cardiovascular, skeletal, gastrointestinal, or 
urinary systems; characterized by the total absence of bronchus 
and lung with no vascular supply to the affected area.

pulmonary air leak syndromes Common syndromes that 
occur when there is a rupture of the trachea, bronchi, or smaller 
airways, leading to an escape of air into the surrounding tissue; 
caused by positive pressure applied during mechanical ventila-
tion, especially with high alveolar pressures and/or volumes. It 
occurs more frequently in the newborn period than at any other 
time of life.

pulmonary aplasia A rare congenital malformation that is 
usually associated with other congenital abnormalities and char-
acterized by the presence of a bronchus without any lung tissue.

pulmonary artery catheters Also known as Swan Ganz cath-
eters; insertion of a catheter into a pulmonary artery for direct 
monitoring of pulmonary and intracardiac pressures and mea-
surement of mixed venous oxygen tensions and cardiac output.

pulmonary artery hypertension (PAH) A condition in 
which blood pressure in the arteries is high.

pulmonary atresia A rare congenital heart defect in which 
the pulmonary valve fails to develop between the 6th and 9th 
weeks of gestation and results in a valve that is small and lacks an 
opening.

pulmonary composite A set of factors applicable to neu-
rodisability patients with pulmonary complications.

pulmonary function testing A group of noninvasive tests 
that measure lung volume, capacity, flow rate, and gas exchange.

pulmonary hypertension (PH) The condition of elevated 
systolic pulmonary artery pressure.

pulmonary hypoplasia A condition in which there is in-
adequate development of the fetal lung characterized by a 

decreased number of airways, cells, and alveoli; decreased size 
and weight of lungs; causes include impaired fetal breathing, 
decreased production of amniotic fluid, and fetal or maternal 
conditions that limit fetal lung growth.

pulmonary interstitial emphysema (PIE) A condition that 
occurs when air leaks into the pulmonary interstitial space.

pulmonary sequestration A congenital disorder in which the 
lung tissue has no connection to the bronchial tree or pulmonary 
arteries.

pulmonary stenosis (PS) A congenital heart condition  
characterized by obstruction to blood flow from the right 
ventricle into the pulmonary artery; stenosis at one or more 
locations from the right ventricular outflow tract causes the 
obstruction. The stenosis may be subvalvular (before the valve), 
supravalvular (after the valve), valvular, or in the pulmonary 
artery.

pulmonary surfactant A complex mixture of lipids and pro-
teins that is secreted into the alveolar space, whose deficiency 
leads to lung immaturity and is the primary causes of respiratory 
distress syndrome in neonates and older infants; it functions to 
lower surface tension at the air–liquid interface in the lung and 
in turn to stabilize the alveoli.

pulmonary vascular resistance The resistance blood faces 
when flowing across the pulmonary vascular bed; ejection of 
blood through the pulmonic valve against the low pressure of the 
pulmonary circulation in the right ventricle.

pulse contour analysis A minimally invasive technique that 
uses pressure measurements obtained from a pulmonary artery 
or central venous catheter to continuously calculate cardiac 
output.

pulse oximetry Widely used it means to noninvasively moni-
tor oxygenation status and to provide objective data to guide 
care. It provides continuous, instantaneous monitoring of heart 
rate and hemoglobin oxygen saturation, reported as SpO2.

pulse pressure The difference between the systolic and dia-
stolic blood pressures. A narrow pulse pressure occurs when car-
diac output is low and there is an increase in systemic vascular 
resistance.

Q
Qp/Qs ratio The ratio of pulmonary blood flow to systemic 
blood flow.

quality of life A person’s general well-being, including mental 
status, health status, stress level, freedom from disease, and abil-
ity to pursue daily activities.

R
radiolucent Allowing the passage of X-rays or other radiation; 
not radiopaque.

raised volume rapid thoracoabdominal compression 
technique (RV/RTC) A pulmonary function technique to ob-
tain measurements similar to forced vital capacity in which the 
infant’s inspiratory effort is augmented by 30 cm H2O positive 
pressure applied to the breathing circuit.
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ramp time The period in mechanical ventilation during which 
the inspiratory pressure is gradually increased. Adjustments in 
ramp time are made to assist with patient tolerance and comfort.

rapid eye movement (REM) A stage in sleep state in which 
there is random, rapid eye movement beneath the lids.

recirculation The tendency of reinfused oxygenated blood to 
mix with venous blood, reducing the overall amount of oxygen 
delivered.

reservoir device A device that provides a continuous flow of 
oxygen; it allows the patient to breathe in the flow of oxygen pro-
vided by the flowmeter in addition to the gas contained within 
the device.

residence time A measure of how long aerosol particles remain 
in the lung, in particular the last six generations of the airways.

residual volume (RV) The amount of air remaining in the 
lungs after a full exhalation.

respirable fraction The fraction of the aerosol that is highly 
likely to deposit in the lungs.

respiratory distress syndrome (RDS) A problem for 
premature infants born at fewer than 28 weeks’ gestation, also 
known as hyaline membrane disease (HMD), due to a surfactant 
deficiency.

respiratory failure The inability of the lungs to perform their 
basic task of gas exchange, which is the transfer of oxygen from 
inhaled air into the blood and the transfer of carbon dioxide 
from the blood into exhaled air.

respiratory inductance plethysmography A method to 
determine respiratory movements or effort.

respiratory resistance (Rint) A noninvasive measurement 
used to determine airway resistance.

respiratory syncytial virus (RSV) A virus that is the leading 
cause of lower respiratory tract infections in infants and young 
children and the most common cause of bronchiolitis and pneu-
monia in children younger than 1 year of age. It occurs primarily 
during the fall, winter, and spring seasons.

retinopathy of prematurity (ROP) An eye disease that oc-
curs in premature infants; caused by an aberrant development of 
the blood vessels supplying the retina within the eye and can lead 
to blindness; formerly known as retrolental fibroplasia.

retractions The inward movement or sucking in of the skin 
covering the chest during inspiration.

review of systems A list of questions, arranged by organ sys-
tem, that provides a systematic overview of the child’s health.

Reynold’s equation The product of the velocity of gas flow, 
diameter of the tube the gas is flowing through, and the gas den-
sity, divided by the viscosity of the gas. Solving this mathematical 
equation will yield a Reynold’s number (Re), whose value will 
determine whether flow is laminar or turbulent.

Reynold’s number (Re) Solving Reynold’s equation will yield 
a Reynold’s number (Re), whose value will determine whether 
flow is laminar or turbulent. An Re >4000 describes turbulent flow 
through a tube while an Re <2000 represents laminar flow through 
a tube.

rigid bronchoscopy A procedure used to immediately remove 
a foreign body in children presenting with partial obstruction 
and clinical compromise.

rima glottides The elongated opening between the true vocal 
cords and the arytenoid cartilages.

rise time A parameter available on a mechanical ventilator 
that enables improved breath synchrony. It reflects how quickly 
inspiratory flow is delivered. It is the amount of time required 
to reach the maximum flow during pressure support ventilation 
(PSV) or pressure control ventilation (PCV) and should be set to 
maximize patient comfort.

roller pumps Occlusive mechanical pumps used for the dis-
placement of blood through an extracorporeal membrane oxy-
genation (ECMO) circuit.

rooming-in A period of time in which caregivers stay in the 
room with their child assuming all medical care with supervision 
from the medical team to determine if they are ready and com-
petent to provide safe care at home.

rooting reflex An action seen in normal neonates, when the 
cheek is stroked and the neonate turns toward the stroked side 
and begins making sucking motions.

rotor wing The helicopter used to transport critically ill 
children.

S
safety management system (SMS) A commonly used 
transport tool, vital to creating a culture of safety that sup-
ports risk assessment, accountability, professionalism, and 
organizational dynamics. It integrates safety risk manage-
ment and safety assurance concepts into repeatable, proactive 
systems.

scoliosis A spinal vertebra deformity causing a sideways cur-
vature of the spine.

secondary caregiver Other persons who also provide assis-
tance to a child but without having the primary responsibility.

septum primum A wall or partition between the right and left 
chambers in the embryonic heart; originating in the roof of the 
common atria, it stretches to connect with the fused endocardial 
cushion of the atrioventricular canal.

short-acting beta2-agonists (SABAs)  Also commonly 
called “short-acting beta-agonists”; the quick-relief drugs used 
for acute exacerbations of asthma and to prevent exercise-
induced bronchospasm. The onset of action is rapid, or within 3 
to 5 minutes following administration, and the effects last for 4 
to 6 hours.

siblings Each of two or more children or offspring having one 
or both parents in common; a brother or sister.

Silverman Score A tool that assesses and grades or scores 
a neonate; it is used to quantify respiratory distress and lung 
disease.

simple mask An oxygen reservoir device; a lightweight plastic 
mask designed to fit over the nose and mouth. The mask has 
exhalation ports located on either side that also allow the patient 
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to entrain air to meet their total flow needs. The mask is held in 
place by a small, adjustable elastic band attached to the device’s 
peripheral ends. A flexible metal strip, located at the proximal 
end of the mask, allows the caregiver to conform the mask to the 
contours of the nasal bridge to prevent the flow of oxygen from 
escaping and to minimize irritation to the eyes.

skeletal muscle relaxants See neuromuscular blocking 
agents.

skills validation A tool used to document ongoing compe-
tency. Caregivers are informed that the skills validation will be 
performed at an upcoming clinic visit and are instructed to bring 
their home equipment with them. During the visit, they are 
asked to set up the equipment and to perform therapy as they do 
at home. If any deficiencies are identified during the skills valida-
tion session, remedial education can be provided at that time.

sleep architecture The basic structural organization of nor-
mal sleep characterized by several measures, which include sleep 
time, sleep efficiency, sleep onset latency, awake time after sleep 
onset, and percentage of sleep time spent in non-rapid eye move-
ment stage and in rapid eye movement sleep.

sleep hygiene Also called routine sleep practice; different 
practices and habits that are necessary to have good nighttime 
sleep that include evening routine, time to go to bed, bedtime be-
havior, sleep environment, nocturnal and morning behavior, and 
daytime functioning.

sleep-disordered breathing A group of disorders charac-
terized by abnormal respiratory patterns (e.g., the presence of 
apneas or hypopneas).

small for gestational age (SGA) Neonates having birth 
weights that are below the 10th percentile for their gestational age.

smart care An automatic mechanical ventilation weaning 
mode that adjusts pressure support levels based on tidal volume 
(VT), respiratory rate, end-tidal carbon dioxide, and patient 
condition.

smart nebulizers Nebulizers that incorporate technology to 
allow control of drug delivery and to record adherence to ther-
apy. This type of nebulizer is more precise because it interacts 
with the patient’s breathing pattern and is ideal for the delivery 
of expensive drugs with low therapeutic index. The system also 
allows a distal and proximal airway delivery mode by releasing 
the aerosol at the beginning or middle of the inspiratory cycle. It 
is bulky and expensive.

sniffing position  A head position in which the patient is 
supine and the neck slightly extended; aligning the posterior 
pharynx, larynx, and trachea.

soft mist inhalers Propellant-free devices that use the me-
chanical energy generated by a tensioned spring to generate the 
aerosol. This aerosol delivery to the patient is slower and the 
mist lasts longer than the one generated by a pressurized metered 
dose inhaler; therefore, it is recommended to be used without a 
spacer or valved holding chamber.

spacers Valveless tubes that provide distance between the pres-
surized metered dose inhaler and the patient’s mouth. It allows 
deceleration of the aerosol and impaction of the large particles 
against their walls. This results in a decrease in oropharyngeal 
deposition effects.

Spaulding Classification Scheme A system that classifies 
medical devices as noncritical, semicritical, or critical. The clas-
sification is based on the amount of risk the patient has of being 
contaminated by the device.

specific airway conductance (sGaw) A measure of intrinsic 
airway resistance, to determine airway function or dysfunction.

specific airway resistance (sRaw) A spirometry method to 
measure airway resistance that requires the child to be seated in 
the body plethysmograph with the door closed. A mouthpiece 
with a nose clip in place is used to breathe through a pneumotach. 
During tidal volume breathing, flow is measured by the pneumo-
tach and the change in pressure is measured by pressure transduc-
ers in the plethysmograph. The sRaw is calculated from the change 
in volume divided by the change in flow.

spectrophotometry A tool to determine the SpO2 based on 
the Beer-Lambert law, which states that every substance has its 
own pattern of light absorption.

spina bifida A disorder involving incomplete development of 
the brain, spinal cord, and/or their protective coverings. This 
occurs during the first month of pregnancy, when the fetal spine 
fails to close properly. The result is permanent nerve damage 
with varying degrees of paralysis of the lower limbs.

spinal muscular atrophy (SMA) A group of hereditary dis-
eases that progressively cause muscle weakness and wasting of 
muscle (atrophy). They are the second most common autosomal-
recessive inherited disorders (cystic fibrosis being the most com-
mon). The disorders are caused by a mutation in a gene known 
as the survival motor neuron gene 1 (SMN1). The abnormal gene 
causes motor neurons in the spinal cord to degenerate and die.

spirometry The most common pulmonary function test per-
formed in both children and adults. It can test for lung volumes 
and airway resistance.

spontaneous mode A patient-triggered mode of mechanical 
ventilation that provides an inspiratory pressure assist without a 
backup rate. When choosing this mode, the patient must have a 
good respiratory drive and be able to effectively trigger breaths.

spontaneous/timed mode A patient-triggered mode of me-
chanical ventilation that provides inspiratory pressure assist with 
a backup time-based rate. This mode may offer a combination 
of patient safety and patient comfort, provided that triggering is 
effective.

STABLE The mnemonic used to represent the six parameters 
essential to newborn assessment in the aftermath of resuscita-
tion. The core assessment parameters include blood Sugar 
monitoring and treatment, Temperature stabilization and 
maintenance, maintaining a patent Airway, normalizing Blood 
pressure, obtaining Lab work to assess acid–base and electrolyte 
balance, and providing the family with Emotional support.

steatorrhea The presence of excessive amounts of fat in feces.

stertor A heavy, snoring sound heard during inspiration upon 
auscultation of breath sounds.

stridor An abnormal, high-pitched breathing sound caused by 
a blockage or narrowing in the upper airways; it occurs during 
inspiration, expiration, or both, and is indicative of upper airway 
edema and/or obstruction.
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subambient gas mixtures Gas mixtures that deliver an 
FiO2 in the range of 0.14 to 0.20; these mixtures are provided 
to increase pulmonary vascular resistance by inducing hypoxic 
vasoconstriction.

suctioning The manual removal of secretions from a patient’s 
airway; it is commonly performed in patients with an artificial 
airway.

supraglottic airway (SGA) A device that provides an unob-
structed airway from the mouth to the supraglottic area and a 
15-mm connector to provide positive pressure ventilation.

surfactant A mixture of lipids and proteins that reduces surface 
tension at the alveolar interface in the lung and that is composed 
of phospholipids and four surfactant proteins: A, B, C, and D.

surface tension The cohesive forces between liquid mol-
ecules within the alveoli that cause the lungs to have a tendency 
to collapse.

surfactant protein Proteins present in surfactant. There are 
four types: surfactant proteins A and D are hydrophilic proteins 
that are members of a family of collagenous carbohydrate bind-
ing proteins, known as collectins, or calcium-dependent (C-type) 
lectins and are primarily related to the innate immune response 
in the alveolar barrier; surfactant proteins B and C are the hydro-
phobic proteins, essential for the biophysical activity of pulmo-
nary surfactant.

surfactant protein deficiencies Congenital disorders caused 
by mutations in the gene proteins, which are critical for the pro-
duction and function of pulmonary surfactant.

sweat chloride test Considered the gold standard for  
diagnosing cystic fibrosis (CF), it provides evidence of CFTR 
dysfunction; it can be performed in children older than 6 
months. A minimum of 75 mg of sweat over a 30-minute interval 
must be collected to perform the analysis. A chloride concen-
tration of more than 60 mmol/L on two or more occasions is 
suggestive of CF. Sweat chloride values may be elevated (i.e., 
between 60–80 mmol/L) in non-CF-related diseases, such as 
atopic dermitis and anorexia nervosa. Values between 40 and 60 
mmol/L are considered borderline and are more suggestive of CF 
in infants.

swine flu (H1N1) A respiratory infection caused by the highly 
contagious swine influenza A virus.

synchronized intermittent mandatory ventilation 
(SIMV) A spontaneous mode of ventilation that provides a pre-
set number of mandatory breaths and allows the patient to take 
a spontaneous breath between the mandatory breaths. Spontane-
ous breaths can be unsupported or augmented with the addition 
of pressure support.

systemic vascular resistance (SVR) The resistance that 
must be overcome for blood to flow through the circulatory 
system.

T
technology-dependent child A child who requires both a 
life-sustaining medical device and ongoing nursing care.

term A definite period, especially the period of gestation (not 
less than 37 weeks of pregnancy).

therapeutic lavage A process of systematically instilling large 
volumes of solutions throughout the lungs or into a particular 
area of interest followed by thorough suctioning to remove mu-
cous plugs and airway clots and to help relieve atelectasis.

thoracentesis A procedure done to remove excessive fluid in 
the pleural space.

thoracic gas volume (TGV) The volume of gas contained 
within the chest during body plethysmography when the mouth 
shutter is closed.

tidal volume (VT) The amount of air inhaled during a normal 
breath that is measured in milliliters. It is correlated to body 
weight and is reported in milliliters per kilogram (mL/kg).

timed mode A mode of mechanical ventilation in which a set 
pressure is delivered at a preset mandatory rate that allows ad-
ditional patient-triggered breaths as needed. This mode can lead 
to asynchrony when patient breathing efforts conflict with the 
preset rate.

titration study A type of sleep study in which positive airway 
pressure (PAP) is adjusted or titrated to find the optimal pressure 
that will prevent upper airway obstruction. Education about PAP 
therapy should be provided prior to a titration study.

tocolytic agents Medications given to mothers to reduce uter-
ine contractions, delay delivery for 48 hours, and allow gluco-
corticoids to improve lung maturity when the fetus has reached a 
point of viability, which is usually by 24 weeks’ gestation.

total anomalous pulmonary venous return (TAPVR) A 
congenital heart defect in which the pulmonary veins fail to re-
turn to the left atrium; instead they enter either the right atrium 
or another site in the systemic venous system. This causes oxy-
genated blood to flow into the right atrium instead of the left 
atrium for systemic circulation and oxygenation.

total lung capacity (TLC) The amount of gas contained in 
the lung at the end of a maximal inhalation.

trach go bag Every tracheostomy-dependent child must have 
a bag, or any type of portable satchel or backpack, that contains all 
the necessary supplies to perform an emergency tracheostomy tube 
change; the bag should be transported with the child at all times.

tracheoesophageal fistula A congenital miscommunication 
between the trachea and esophagus.

tracheostomy tube A tube placed into the trachea via an 
opening in the neck known as a stoma.

transcutaneous carbon dioxide tension (PtcCO2) A 
heated sensor attached to the skin increases perfusion of the cap-
illaries and uses an electrode to electrochemically provide a con-
tinuous measurement of the carbon dioxide tension in the blood.

transcutaneous oxygen tension (PtcO2)   A heated sen-
sor attached to the skin increases perfusion of the capillaries and 
uses an electrode to electrochemically provide a continuous mea-
surement of the oxygen tension in the blood.

transient tachypnea of the newborn (TTN) A parenchy-
mal lung disease of a neonate caused by pulmonary edema, re-
sulting from delayed reabsorption of fetal lung fluid; it has also 
been known as transient respiratory distress syndrome (RDS), 
type II RDS, wet lungs, and retained fetal lung liquid syndrome.
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transillumination A noninvasive procedure in which a high-
intensity light probe is placed against an infant’s chest wall near 
the axilla. A diffuse bright light illuminating the chest suggests 
the absence of underlying lung tissue, which is displaced by ex-
trapleural air, suggesting a pneumothorax is present.

transition to adult care The purposeful, planned movement 
of adolescents and young adults with chronic physical and medi-
cal conditions from child-centered to adult-oriented healthcare 
systems.

transition to adulthood A period of growth and accomplish-
ment (after adolescence) after which a person is considered an 
adult and the process in which adolescents who have been de-
pendent on parents throughout childhood start taking definitive 
steps to become independent.

transillumination light A device that uses a light to localize 
an artery or vein for cannulation.

transposition of the great arteries (TGA) A congenital 
heart defect in which the pulmonary artery and the aorta are 
misplaced, or transposed, across the ventricular septum. Specifi-
cally, the pulmonary artery leaves the left ventricle and the aorta 
rises from the right ventricle, so there is no communication be-
tween the systemic and the pulmonary circulation.

transthoracic cannulation Venous-arterial extracorporeal 
membrane oxygenation support that can also be accomplished 
through the femoral vein and artery or direct cannulation of the 
aorta and right atrium.

transudate The fluid that accumulates within a pleural  
effusion that consists of a low protein count and few cells; usu-
ally associated with an imbalance between the hydrostatic and 
oncotic pressures due to fluid overload or congestive heart 
failure.

transverse myelitis A neurodisability disorder caused by in-
flammation of an area across the spinal cord, resulting in damage 
to the myelin that covers nerve cells.

traumatic brain injury Injury caused by an external force to 
the brain, resulting in loss of consciousness, memory loss, diz-
ziness, and confusion and in some cases leading to long-term 
health effects.

Treacher Collins syndrome (TCS) A genetic disorder that 
affects the ears, eyes, cheekbones, and chins of infants. This 
congenital deformity alters the development of facial bones and 
tissues and is generally associated with a bilateral cleft palate 
and craniofacial disease. The primary clinical characteristics of 
TCS include prominent eye dysmorphia, middle and external 
ear deformity, distinctive midfacial malformations, and maxilla-
mandibular abnormalities.

tricuspid atresia A congenital heart defect in which the tri-
cuspid valve fails to develop; it results in a complete right-to-left 
shunt at the atrial level with no communication between the 
right atrium and the right ventricle.

trigger The initiation of an inspiratory breath.

trigger sensitivity A parameter available on the intensive care 
unit ventilator that enables improvement in breath synchrony; 
trigger sensitivity should be set so that the patient can easily trig-
ger a spontaneous or assisted breath.

trophoblast The outermost layer of the blastocyst that contains 
approximately 80 cells and forms the chorionic sac and fetal 
components of the placenta.

truncus arteriosus A congenital heart defect in which a dis-
tinct aorta and pulmonary artery do not develop but instead 
there is only one large single vessel leaving the heart, giving rise 
to the coronary, systemic, and pulmonary arteries and containing 
only one valve.

U
ultrasonic nebulizers Nebulizers that use a piezoelectric 
crystal to create acoustic vibrations that cause the liquid or 
medication immediately above the transducer to disrupt the 
air–liquid interface and form droplets. The higher the vibra-
tion frequency, the smaller the particle size generated by the 
nebulizer. The nebulization process is generally noiseless and 
produces an aerosol particle size larger than those produced by 
jet nebulizers.

umbilical artery Artery that carries deoxygenated blood from 
the fetus to the placenta.

umbilical artery catheter (UAC) A catheter inserted into the 
umbilical artery of a neonate.

umbilical cord prolapse (UCP) An obstetric emergency in 
which the umbilical cord passes through the cervix in front of or 
alongside the fetal presenting part.

umbilical vein Vein that carries oxygenated blood from the 
placenta to the fetus.

umbilical venous catheter (UVC) A catheter inserted into 
the umbilical vein of a neonate.

upper airway resistance syndrome A condition character-
ized by intermittently high negative airway pressures during  
inspiration that lead to arousals and sleep fragmentation. It is 
also associated with increased upper airway collapsibility  
during sleep.

V
valved holding chamber (VHC) An add-on, tubelike device 
used with pressurized metered dose inhalers that minimizes 
coordination problems between actuation and inhalation of the 
inhaler and facilitates medication delivery.

valvuloplasty A surgical procedure performed during car-
diac catheterization in which a balloon is used to open or 
widen a stenotic heart valve. Successful valvuloplasty produces 
a tear in the valve, which widens the track and reduces resis-
tance to blood flow.

valvulotomy A surgical procedure performed to enlarge a 
narrowed heart valve, often the surgical management for aortic 
stenosis, pulmonary stenosis, and pulmonary atresia; it con-
sists of making surgical slits. 

variable performance An oxygen device that provides a por-
tion of the total flow of gas a patient inhales per breath. These 
devices do not satisfy the patient’s total flow needs; the patient 
entrains air as well as the flow of oxygen from the device.
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venous-arterial (VA) The original approach to extracorpo-
real membrane oxygenation (ECMO) support; cannulation of 
the right internal jugular vein, from where deoxygenated blood 
is drained, and the right common carotid artery, where oxygen-
ated blood is returned. Because the patient’s blood exits in the 
body on the venous side and reinfuses on the arterial or systemic 
side, this type of ECMO provides both cardiac and respiratory 
support.

venous-venous A form of extracorporeal membrane oxy-
genation support that involves the drainage and reinfusion of 
blood by way of the venous system or right side of the heart. 
This mode provides pulmonary support only and requires the 
patient to have sufficient cardiac function.

ventricular septal defect (VSD) A congenital heart defect 
in which there is a hole in the septum between the lower cham-
bers of the heart, the ventricles; the defect may be a single hole, a 
series of small holes, or an absent septum.

vibrating mesh nebulizers Nebulizers in which the liquid 
is forced through a membrane with laser-drilled holes. A piezo-
electric crystal vibrates either a plate (active mesh), generating 
an upward/downward movement of the plate, or a horn (passive 
mesh), which generates an upward/downward movement of the 
liquid. The diameter and shape of the holes, as well the charac-
teristics of the medication (viscosity and surface tension), deter-
mine the aerosol particle size. These devices are quiet, efficient, 
and have a low residual volume.

vibration An airway clearance technique of chest physiotherapy 
to mobilize secretions in which pressure and a shaking move-
ment of the hand are applied to various segments of the lungs.

vitelline circulation Circulation between the embryo and the 
yolk sac that develops as the precursor to future liver circulation; 
consists of the vitelline artery and vein.

vocal cord dysfunction (VCD) A disorder with asthma-like 
symptoms caused by abnormal closure of the vocal cords.

volume control ventilation (VCV) A mode of ventilation that 
delivers a consistent tidal volume (VT) and flow at a set manda-
tory breath rate. Pressure is not held constant and is dependent 
on lung compliance and airway resistance.

volume expander A type of intravenous therapy that uses 
crystalloids or red blood cells to add volume to the circulatory 
system when blood loss is suspected. Isotonic saline may also be 
used as a volume expander.

volume targeted ventilation Also known as adaptive ventila-
tion; a ventilation technique that uses algorithmic technology 
that monitors volume delivery and provides automatic pressure 
adjustment to maintain the preset targeted tidal volume (VT). As 
a safety measure, the algorithm does not allow for pressure deliv-
ery changes that exceed 2 to 3 cm H2O per breath.

volutrauma A lung injury caused by any uneven distribution 
of ventilation that can potentially lead to regional overdistention 
of the lungs.

Z
zygote The single-celled earliest stage of human development 
formed within 12 to 24 hours of fertilization and containing all 
the genetic material needed to form a human embryo.
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Note: Page numbers followed by b, f, or t in-
dicate material in boxes, figures, or tables, 
respectively.

A
abdomen, of neonates, 68
abnormal amniotic fluid volume, 56, 56t
abruption placentae. See placental abruption
acceptable and repeatable, 343–344, 343t

pulmonary function testing, 202, 340
acinus, 31
acquired neurodisability disorders,  

248, 248t
acrocyanosis, 66, 68, 68f, 82
activated clotting time (ACT), 521
activated partial thromboplastin time, 521
acute airway obstruction, 100
acute bronchospasm, 536
acute disorders, 48
acute exacerbation

asthma, 225, 230
CF lung disease, 241–242

acute neurologic injury, 287, 287t
acute respiratory disorders, 198–218

bronchiolitis, 198–200
epiglottitis, 207–209
influenza, 202–205
laryngotracheobronchitis, 205–207
pleura disorders, 212–217
pneumomediastinum, 211–212
pulmonary air leaks, 209–211
RSV. See respiratory syncytial virus
viral infections, 201

acute respiratory distress syndrome (ARDS), 
502–503

acute/exudative phase, 279
characteristics, 278t
chronic/recovery phase, 279
clinical presentation, 280
diagnosis, 278–280, 280f
etiology, 278, 278t
fibroproliferative phase, 279
pathophysiology, 278–279, 278t
treatment, 280–281

acyanotic heart defects
vs. cyanotic, 155–156
left-to-right shunts

atrial septal, 153–155
atrioventricular canal, 156–157
mechanical ventilation, 157
patent ductus arteriosus, 153–154
ventricular septal, 155–156

left ventricular outflow tract obstruction
aortic stenosis, 158–159
coarctation of aorta, 157–158

Ebstein’s anomaly, 164–165
pulmonary atresia, 162–163
pulmonary stenosis, 161–162
tetralogy of fallot, 159–161
tricuspid atresia, 163–164

AD. See autogenic drainage
adaptive support ventilation (ASV), 479
adenotonsillar hypertrophy, 265
adenotonsillectomy (AT), 265, 265t
adherence programs, PAP, 266
adolescents

13 to 18 years, 24
communication, 24
emotional growth, 12
family-centered care, 24
growth and development milestones, 15

cognitive growth, 12, 14–15
emotional growth, 12, 14–15
physical growth, 12
social growth, 12, 14–15

adult caregivers, 2
Advanced Cardiac Life Support (ACLS), 547
advanced maternal age (AMA), 54
Advanced Trauma Life Support (ATLS), 547
Advisory Committee on Immunization 

Practices (ACIP), 204
aerosol, 253, 556, 565

administration
with high-flow nasal cannula,  

408–409
during invasive mechanical ventilation, 

411–412, 411f
during noninvasive mechanical 

ventilation, 409–410, 409f
through tracheostomy tubes,  

410–411, 410f
defined, 398
delivery considerations, 412
deposition, 398–399

age-related factors, 399
device-related considerations, 399
factors determining, 398t
other considerations, 399

devices. See also specific devices
factor for choosing, 408

face mask, 392t
face tent, 392t
medicine, 398
respiratory therapist roles, 408

afterload, 152
age, 49
air leak syndrome, 100. See also pulmonary air 

leak syndrome
air medical helicopter, 549, 550t
airborne infection isolation room, 529
air-entrainment masks, 388–389, 389f, 383t

device application, 390

indications, contraindications, and 
hazards, 389–390

types, 389f
air-entrainment nebulizer, 390–391, 390f, 392t
airway biopsy, 530
airway brushing, 530
airway clearance and lung expansion 

therapy, 420
airway clearance techniques, 242t
autogenic drainage, 424–425

administration, 425, 425b
indications and contraindications, 425

chest physiotherapy, 421
administration, 421, 423
complications, 423, 423t
indications and contraindications, 

421, 421t
postural drainage, 421, 422f
percussion and vibration, 421, 423f

cough assistance therapy, 429
administration, 429–430, 430b, 430f
complications, 430
indications and contraindications, 

429, 430t
goals, 420t
high-frequency chest wall compression, 

425–426, 426f
administration, 427, 427b, 427f
complications, 427, 428t
indications and contraindications, 

426–427, 427t
and oscillation devices, 426t

incentive spirometry, 420
administration, 420–421, 420b
indications and contraindications, 420

intrapulmonary percussive ventilation, 428
administration, 428, 429f
complications, 428–429
indications and contraindications, 

428, 428t
MetaNebSystem, 429
oscillatory positive expiratory pressure 

therapy, 423
administration, 424b, 424–425f, 424b
indications and contraindications, 

424, 424t
airway clearance therapy (ACT), 241, 253, 

556, 565
airway endoscopy. See flexible airway 

endoscopy
airway management, of child, 186, 552. See 

also lower airway devices; upper 
airway devices

bag-mask ventilation, 191
ETT placement, 191, 193
intubation, 191

airway obstruction, 114
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airway pressure release ventilation (APRV), 
474–475, 475f

airway resistance, 351, 353
airway secretion overload, 80, 250
Akita Jet, 402
albuterol, 253
alcohol abuse, 51b
alert verbal painful unresponsiveness (AVPU) 

algorithm, 188, 189
allergic bronchopulmonary aspergillosis 

(APBA), 241
alpha-adrenergic receptors, 534, 535t
alveolarization, 31
American Academy of Pediatrics (AAP), 30, 

200, 260, 547, 570, 528
American Academy of Sleep Medicine 

(AASM), 260, 261t
American Association for Respiratory Care 

(AARC), 556, 567
American College of Emergency 

Physicians, 550
American Diabetes Association, 55
amniocentesis, 58, 59f
amniotic fluid volume, 33, 34, 56, 80
amphetamines, 52
anastomosis, esophageal, 121
anatomy, of fetus and placenta, 53
anemia, neonatal. See neonatal anemia
anesthesia machines, 505, 509
anesthetic gas mixtures

delivery devices, 509
gas physics, 508
hazards/complications, 509
indications, 508–509
limitations, 509
mechanism of action, 508

animal models, 95
bronchopulmonary dysplasia, 137
lung injury, 136

antenatal corticosteroids, 94
antenatal fetal assessment, 56–58

amniocentesis, 58
fetal biophysical profile, 57–58
fetal heart rate monitoring, 57
indications for, 57, 57t
ultrasound, 56–57

antenatal steroids
administration, 489–491, 490f

dose and frequency, 487t
frequency, 491
monitoring, 491, 491t
preparation and dosage, 490
patient positioning, 491
rescue use vs. prophylactic use, 489
timing, 490, 490f

indications, 487–488
preparations, 488–489, 488f, 490t

antibacterial medications, 200
antibiotics, 50, 51, 207, 253
antibody test, 50
anticholinergic bronchodilators, 534, 535t
anticoagulation, 521
anti-factor Xa assay, 521
anti-inflammatories, 253
antimicrobials, 539–540, 540b
antioxidant deficiency, 94
antithrombin III (ATIII), 521
aorta, coarctation of. See coarctation of aorta

aortic stenosis, 158–159
Apgar scoring system, 82–83, 83t
apnea, 64
apnea of prematurity, 92–94

caffeine for, 140
clinical presentation, 92
complications, 93–94
defined, 92
diagnosis, 93
etiology, 92
factors associated with, 92, 92t
incidence, 92
management, 93
methylxanthine therapy, 140
outcomes, 93–94
pathophysiology, 92

APRV. See airway pressure release ventilation
ARDS. See acute respiratory distress  

syndrome
arrhythmias, 194, 194t
arterial blood gas (ABG) analysis, 279

arterial sampling procedure, 313–316
clinical considerations, 316
conditions adversely affecting accuracy, 

316–317
contraindications/limitations, 316
hazards/complications, 316
indications, 316
normal blood gas ranges, 313t

arterial catheters, 320
artificial airway suctioning, 373

catheter size selection for, 375
desired outcomes, 374
hazards/complications, 374
suction depth, 375
techniques, 374, 374f
vacuum pressures used for, 373t

ASD. See atrial septal defect
Aspergillus, 207
Association of Air Medical Services, 549
asthma, 542

acute exacerbation, 225, 230, 244, 
225t, 230t

classifications, 224
clinical presentation, 225
complications, 236–237
defined, 220
diagnosis, 220-222
education, 225–226
etiology, 222
heliox, 499
irritants, 230
management, 225–236
modified pediatric asthma score, 235, 235t
noninhaled controller medications, 

234, 234t
outcomes, 237
pathophysiology, 222
peak flow monitoring, 226
pharmacologic treatment, 230
scoring tool, 235
severity, 224–225
step-wise approach, 225, 227, 227t

asthma action plan, 228, 229, 229f
asthma severity, 224t
ASV. See adaptive support ventilation
atelectasis, 201
atelectotrauma, 136, 434, 472

atresia, choanal. See choanal atresia
atretic plate, 114
atrial septal defect (ASD)

blood flow, 154, 154f
clinical presentation, 155
complications, 155
diagnosis, 155
etiology, 155
incidence, 155
management, 155
outcomes, 155
pathophysiology, 155
types, 155, 155t

atrioventricular canal defect (AVC)
blood flow, 157, 157f
clinical presentation, 157
complications, 157
diagnosis, 157
etiology, 156–157
incidence, 156–157
management, 157
outcomes, 157
pathophysiology, 157

attention-deficit/hyperactivity disorder 
(ADHD), 260

auscultation, pediatric patient, 180
autogenic drainage (AD), 424–425

administration, 425, 425b
indications and contraindications, 425

auto-mode, 479
auto-trigger, 471
AVC. See atrioventricular canal defect
avian influenza, 202
aztreonam lysine, 539

B
bacterial colonization, 252
bacterial infections, in pregnancy, 50
bag-mask ventilation, 84–85, 85f, 191, 191f
BAL. See bronchoalveolar lavage
ball-valve effect, 100, 100f
barotrauma, 136
beaking, 470, 470f
BEARS screening algorithm, 260
bedside pulmonary function testing, 352

bedside measurements, 352–353, 353f
considerations and limitations, 353
mobile testing, 353

Beer-Lambert law, 304
beractant (Survanta), 488, 490t
beta-2-agonist bronchodilators, 535t
beta-adrenergic receptor agonists, 534, 535t
betamethasone (Celestone), 487, 487t
bicycle ergometer, 348, 348f
biophysical profile scoring, 57, 59, 59t
biphasic positive pressure, 434
biphasic ventilation, 474–475, 475f
birth asphyxia, 72
birthweight, 76
blastocyte, 38
blood–brain barrier, 92
blood flow, 43, 43f
blood gas analysis, 101. See also capillary blood 

gas analysis
blood pathway, ECMO, 520
blood pressure, 64–65
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cardiopulmonary monitoring
invasive monitoring

arterial blood gas analysis, 313–317, 
313t, 316t

capillary blood gas analysis, 317, 320
central venous catheter, 323–324, 324t
peripheral artery catheter, 322–323
pulmonary artery catheter, 324–326
umbilical artery catheter, 320–322

noninvasive monitoring
capnography, 306–308, 309t
capnometry, 306–308
impedance pneumography, 311–312, 311f
near infrared spectroscopy, 312–313, 312f
pulse oximetry, 304–306, 304f
transcutaneous monitoring, 308, 

310–311
cardiopulmonary resuscitation (CPR), 93, 

184, 562
cardiopulmonary system effects, 502, 507
cardiorespiratory monitoring, 93
cardiovascular function, 70–71
cardiovascular monitoring, 521
caregiver(s)

education, 255
obstructive sleep apnea, 263
psychological characteristics, 255–256
skills validation, 255

caregiver education
aerosol and airway clearance devices, 565
education skill proficiencies, 561, 561t
home evaluation checklist, 566, 566f, 566t
humidification, 563
manual resuscitation bag, 563
mechanical ventilator, 563–564
monitoring devices, 564
rooming-in, 565
speaking valves, 563
suctioning the tracheostomy tube, 563
supplemental oxygen, 564–565
tracheostomy tube care, 561–562, 561t
transportation home, 565–566

Cayston, 402
CCHS. See congenital central hypoventilation 

syndrome
CDH. See congenital diaphragmatic hernia
Celestone (betamethasone), 487, 487t
cellular fusion, 39, 39f
Centers for Disease Control and Prevention 

(CDC), 3, 3f, 204, 205, 222
central cyanosis, 380
central sleep apnea, 267, 267t

clinical presentation, 269
complications, 269
diagnosis, 269
etiology, 268–269
management, 269
outcomes, 269
pathophysiology, 268–269

central venous catheter, 323
clinical considerations, 323
conditions adversely affecting 

accuracy, 324
disadvantages/limitations, 324
hazards/complications, 323–324
indications, 323
placement in neonate/child, 323

central venous line (CVL), 190–191

outcomes, 142–143
pathophysiology, 137–138
strategies for prevention, 139

bronchoscopy, 528–532, 531
defined, 528
flexible airway endoscopy, 528

complications associated with, 531
performing, 529–531
preparing, 529

indications, 528
infection control, 531
rigid, 528

bronchospasm, 534
Bronchotron, 473, 474f
Bronfenbrenner model, 2
Broselow tape, 193–194
Brownian diffusion, 399
bulb syringe, 76, 77
bulbsuctioning, 372, 372f
Bunnell Life Pulse HFJV, 504
BunnellLifePort Adapter, 449, 449f

C
caffeine therapy, 93, 94
calfactant (Infasurf), 488, 490t
Candida, 207
capillary blood gas analysis

care of puncture site, 317
care of sample, 317
clinical considerations, 320
conditions adversely affecting accuracy, 

320
disadvantages/limitations, 320
hazards/complications, 320
indications, 320
sampling procedure for neonate and child, 

317
capillary blood gas puncture, 319t
capillary blood gas sampling, 318f
capillary refill time, 71, 185
capnometry and capnography

characteristics, 307t
clinical/equipment issue, 309t
clinical considerations, 307–308,  

309t, 310
conditions adversely affecting accuracy, 

310–311
hazards/complications, 308, 310
indications, 310
limitations, 308
operational concepts, 306, 308, 310
phases of, 307f
patient application, 306–307, 306f, 310
waveform analysis, 307, 307f

carbogen, 520
carbon dioxide (CO2), 507–508
cardiac compressions, 82
cardiac defects, in neonates, 171f. See also 

specific cardiac defects
cardiac development, 38
cardiac disease, neonates

complications, 453, 453t
weaning and extubation, 452–453

cardiac murmurs, 71
cardiogenic shock, 283, 283t
cardiomegaly, 98, 154

blow-by techniques, 403
blunt trauma

clinical presentation, 291
diagnosis, 291
etiology, 290–291
pathophysiology, 291
treatment, 291–293

Bochdaleck hernia, 122
bodyplethysmography, 346, 346f
bonding, 2, 2f
BOOST II Study, 135
BPD. See bronchopulmonary dysplasia
branching morphogenesis, 30
breast milk, 4
breastfeeding, 23
breath-actuated nebulizers, 401, 401f
breath-enhanced nebulizers, 400–401, 401f
breathing, 186
breath sequence

neonates
continuous mandatory ventilation, 441
continuous spontaneous ventilation. 

See continuous spontaneous 
ventilation

synchronized intermittent mandatory 
ventilation, 441

pediatrics
continuous mandatory ventilation, 468t
continuous spontaneous 

ventilation, 468t
mandatory breath rate, 469, 469t
synchronized intermittent mandatory 

ventilation, 468t
tidal volume or inspiratory 

pressure, 469
breath sounds, in pediatric patient, 180
breech presentation, 73
bronchiolitis

clinical presentation, 199–200
complications, 200, 200t
diagnosis, 199
etiology, 198
heliox, 499
laboratory tests, 199, 199t
pathophysiology, 198
prevalence of pathogens, 198, 198t
treatment, 200

bronchoalveolar lavage (BAL), 530
bronchoconstriction, 234
bronchodilators, 141, 200, 201, 253, 412

alpha-adrenergic receptors, 534, 535t
anticholinergic, 534, 535t
beta-adrenergic receptor agonists, 

534, 535t
indications, 534
methylxanthines, 536, 536t

bronchogenic cyst, 126
bronchoprovocation, 347, 223
bronchopulmonary dysplasia (BPD), 94, 125, 

440, 440t
clinical presentation, 138–139
complications, 142
definition, 139, 139f
development, 135f
diagnosis, 138, 139, 139f
etiology, 135–137
factors contributing, 135
management, 139–142
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pathophysiology, 214
treatment, 215

circadian rhythm disorders, 560
cleft palate, 80, 81
client-centered therapy, 2
Closed Suction System, 374, 374f
CMV. See continuous mandatory ventilation
CO2 gas analysis, 306, 306f
coarctation of aorta

clinical presentation, 158
complications, 158
diagnosis, 158
etiology, 157–158
incidence, 157–158
management, 158
outcomes, 158
pathophysiology, 158

cocaine, 52
cognitive growth

in infants and children, 5, 7
in preschoolers, 10
in school-age children, 12
in toddlers, 8

colfosceril (Exosurf), 489
colonized neonates, 50
combination therapy, 231
Commission on Accreditation of Medical 

Transport Systems (CAMTS), 547
communication, 22, 23, 25

pediatric palliative care, 576
pulmonary function testing, 341

complete AVC (CAVC), 156
complete blood count (CBC), 49, 72
compliance, 352–353, 353f
computed tomography (CT), 155, 336–337

bronchogenic cyst, 127, 127f
choanal atresia, 113, 114, 114f
nasopharynx, 113f

Concurrent Care for Children Requirement 
(CCCR), 577

congenital aortic stenosis, 158
congenital cardiac defects, 38, 153f
congenital central hypoventilation syndrome 

(CCHS)
clinical presentation, 270
complications, 272
diagnosis, 270
epidemiology, 269
management, 270–272
outcomes, 272

congenital diaphragmatic hernia (CDH), 38, 
70, 34–35, 122f, 517

classification, 122
clinical presentation, 123
complications, 123–124
diagnosis, 123
etiology, 122
management, 123
outcomes, 123–124
pathophysiology, 122–123

congenital disorders, in neonates. See specific 
types

congenital heart defects, 152–173
acyanotic heart defects

vs. cyanotic, 155–156
left-to-right shunts, 153–157
left ventricular outflow tract 

obstruction, 157–165

childhood asthma, 51
childhood disorders, respiratory care

acute respiratory distress syndrome, 
278–281, 278t

hypoxic ischemic encephalopathy,  
287–288, 287t

meningitis, 285–287, 286t
shock, 283–285, 283t
systemic inflammatory response syndrome 

and sepsis, 281–283, 281t
unintentional injuries, 288–297

childhood obesity, 51
children

abnormal breathing patterns, 178, 179
average respiratory rates, 178t
bacterial infections, 198
BPD, 142, 143
cardiac arrest, 188
cardiac compressions, 193
chronic lung disease, 251
heart rates, 178, 178t
respiratory rates, 178

Chlamydia trachomatis, 50
chlamydial infections, 50
chlorofluorocarbons (CFCs), 404
choanal atresia, 112–115, 112f

classical surgical approaches, 114
clinical presentation, 114
complications, 115
diagnosis, 113–114
etiology, 112–113
genetic causes, 112
management, 114–115
outcomes, 115
pathophysiology, 113

chorionic arteries, 42
chorionic villus fetal vascular endothelial 

cells, 42
chronic bacterial colonization, 252
chronic cough/gagging, 4
chronic disorders, 48, 50
chronic HBV, 50
chronic illness, 25
chronic inflammatory disorder, 222
chronic lung disease (CLD), 94, 132, 250–251, 

251f. See also bronchopulmonary 
dysplasia (BPD)

chronic respiratory disorders, 222–245
asthma

clinical presentation, 225
complications, 236–237
diagnosis, 222–224
etiology, 222
management, 225–236
outcomes, 237
pathophysiology, 222

cystic fibrosis
clinical presentation, 238–240
complications, 243–244
diagnosis, 237–238
etiology, 237
management, 240–243
pathophysiology, 237

chronic respiratory failure, 254
chylothorax

clinical presentation, 215
diagnosis, 214
etiology, 214

central venous pressure, 323, 324t
centrifugal pumps, 519–520, 520f
cepacia syndrome, 241
cerebral injury, 94
cerebral palsy (CP), 249
Certified Critical Care Registered Nurse 

(CCRN), 547
Certified Flight Registered Nurse  

(CFRN), 547
Certified Medical Transportation Safety 

Professional (MTSP-C), 549
Certified Neonatal Pediatric Transport 

(CNPT), 547
cesarean delivery, 49
CFCs (chlorofluorocarbons), 404
CHARGE syndrome, 112, 113, 113t
chemical pneumonitis, 100
chemoprophylaxis, 204, 204t
chest compressions, 85–86
chest, of neonates, 68–69

auscultation, 69–70
radiograph, 70

chest physiotherapy (CPT), 253, 421
administration, 421, 423
complications, 423, 423t
indications and contraindications, 421, 421t
percussion and vibration, 421, 423f
postural drainage, 421, 422f

chest radiographs (CXRs), 93, 278, 332, 531
anatomic structures, 334, 334f
BPD, 137, 138, 137f
CDH, 123, 123f
chylothorax, 214
idiopathic PPHN, 105f
lateral decubitus, 332–333
lines/drains and tubes, 334–335
MAS, 101, 101f
neck, 333–334
neonatal pneumonia, 99
oblique, 333
pneumothorax, 145t, 145
PPHN, 105
preterm infant, 95
primary neurologic diagnosis, 252
pulmonary air leaks, 144
respiratory distress, 125f
surfactant protein B deficiency, 125
tracheal tubes, 334–336
transient tachypnea of newborn, 98f

Chiari malformation (CM), 269
chief complaint (CC), 176
child evaluation

family history, 177
history-taking techniques, 176
initial assessment, 176
medical history, 176–177
physical assessment

chest, 178–179
extremities, 179–180
head, 177–178
neck, 177–178

social history, 177
child life specialists, 22

family-centered care, 25–27
IV placement, 26
palliative care team, 27
roles, 26
tracheostomy tube placement, 26
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deformational plagiocephaly, 4, 4f, 5
delayed development, bronchopulmonary 

dysplasia, 138
delivery

neonatal transmission, 50
risk factors, 59t

delta pressure (ΔP), 470, 462
demand flow, 435
deoxygenated blood flows, to placenta, 42
depolarizing NMBAs, 540
desflurane, 508
development milestones

in adolescents, 12–16
Erickson’s psychosocial stages, 16
in infants, 2–7
in preschoolers, 8–10
in school-age children, 10–12
in toddlers, 7–8

dexamethasone (Decadron), 487, 487t
diabetes, 49

classification, 55b
in pregnancy, 49

diabetic pregnancy, 55, 56, 56t
classification, 55
complications, 56
gestational, 55, 56
pregestational, 55

Diaphragm pacing system, 271–272, 271f
diffusing capacity (DLCO), 349–350
digital clubbing, 180
dipalmitoylphosphatidylcholine (DPPC), 32, 485
direct laryngoscopy (DL), 365–366, 366f
discharge day, 568–569
discharge planning, 559–560, 559t
Diskus, 407
disruptive shock, 283, 283t
distal intestinal obstruction syndrome 

(DIOS), 239
distraction osteogenesis, 117, 118
diuretic therapy, 141
DL. See direct laryngoscopy
DLCO. See diffusing capacity
DMD. See Duchennemuscular dystrophy
dose titration, 505
DPIs. See dry powder inhalers
DPPC. See dipalmitoylphosphatidylcholine
drowning, 7, 8
drug therapy, 52, 534
dry powder inhalers (DPIs), 407–408, 408t
Duchenne muscular dystrophy, 246
Duchennemuscular dystrophy (DMD), 349
ductus arteriosus, 42, 43, 44, 71
ductus venosus, 42, 43, 44
Dunn formula, 321
durable medical equipment (DME), 561

E
ear, nose, and throat (ENT) specialists, 529
early-onset neonatal sepsis, 98
early-onset pneumonia, 98, 99
Ebstein’s anomaly

clinical presentation, 164
complications, 165
diagnosis, 165
etiology, 164
incidence, 164

cough assistance therapy, 429
administration, 429–430, 430b, 430f
complications, 430
indications and contraindications,  

429, 430t
cough peak flow (CPF), 349
CPAP. See continuous positive airway pressure
CPF. See cough peak flow
CPT. See chest physiotherapy
crew resource management (CRM), 548
cricothyrotomy, 290
critical care transport teams. See neonatal and 

pediatric critical care transport
croup, 333
croup severity assessment score, 206
CSV. See continuous spontaneous ventilation
cuffed endotracheal tube, 364, 365t
cuffed tracheostomy tubes, 369, 369f, 370
Curosurf (poractantalfa), 488, 489, 490t
Cushing’s triad/coma, 297
cut-down procedure, 323
CVL. See central venous line
cyanosis, 66
cyanotic heart disease

vs. acyanotic, 152–153
defined, 152
with increased pulmonary blood flow, 

165–168
single ventricle lesion, 166

total anomalous pulmonary venous 
return, 166–167

transposition of great arteries/vessels, 
165–166

truncus arteriosus, 167–168
cyberbullying, 14
cycle sensitivity, 472
cycle time, 438, 462
cyclic guanosine 3’,5’-monophosphate 

(cGMP), 502
cyclic-3’,5’-adenosine monophosphate 

(cAMP), 534
cystic fibrosis (CF)

acute exacerbation, 241, 242, 242t
airway clearance techniques, 242, 242t
clinical presentation, 238–240
complications, 243–244
diagnosis, 237–238
etiology, 237
extrapulmonary manifestations, 238–239
management, 240–243
nutritional support, 243
pathophysiology, 237
phenotypic features, 238, 238t
pulmonary exacerbation, 240–243
pulmonary manifestations, 239–240
standard respiratory therapy, 240
trended data in, 346t, 345

Cystic Fibrosis Foundation (CFF), 238
cystic fibrosis transmembrane conductance 

regulator (CFTR), 237

D
Decadron (dexamethasone), 487, 487t
decannulation, 371
decompensated shock, 284, 284t
definitive diagnosis, 113

classification, 152–153
cyanotic heart defects

vs. acyanotic, 155–156
increased pulmonary blood flow, 

165–168
physiologic parameters, 153
single ventricle lesions, 168–171

congenital heart disease (CHD), 70, 305, 503
congenital malformation, 30
congenital nasal obstruction, 112
congenital neurodisability disorders, 248, 248t
congenital pulmonary airway malformation, 

127–128
congenital pulmonary anomalies

airway malformation, 127–128
bronchogenic cysts, 126–127
pulmonary agenesis, 126
pulmonary aplasia, 126
pulmonary hypoplasia, 126
pulmonary sequestration, 128

congenital syphilis, 51
congestive heart failure (CHF), 489
conscious sedation, 528
continuous mandatory ventilation (CMV), 

441, 468t
continuous output jet nebulizers, 400, 401f
continuous positive airway pressure (CPAP), 

77, 93, 117, 265, 434. See also 
noninvasive ventilation

administration, 84
bag-mask ventilation, 84–85
endotracheal tube/airway adjunct, 85
neonates

indications for, 435t
interfaces, 436t
weaning and liberation from, 438

of pediatrics, 458
indications for, 458–459, 458t
management of the patient using, 

461–464
patient monitoring during, 464

continuous spontaneous ventilation (CSV), 
441, 468t

neurally adjusted ventilatory assist, 441–442
catheter size, 443t
guidelines for managing ventilation 

with, 444t
nasal catheter insertion distance, 

calculations of, 443t
patient–ventilator interaction during 

mechanical ventilation with, 
442, 442f

procedure for the initiation, 442, 442t
terminology, 442t
using graphics to set level, 444, 444f
use of catheter positioning graphics, 443f
waveform, 443f

pressure support ventilation, 441, 444–445
contraction stress test (CST), 57
controller medications, 231
conventional ventilators, 504
corticosteroids, 140, 141, 231, 234

antenatal, 94
indications, 536
inhaled, 412, 537, 538t
mechanism of action, 536
medications, 200
systemic, 536–537
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family-centered rounds, 23
FASD. See fetal alcohol spectrum disorder
FEF25–75%. See forced expiratory flow rate over 

the midportion of exhalation
fetal alcohol spectrum disorder (FASD), 51
fetal assessment, antenatal. See antenatal fetal 

assessment
fetal biophysical profile (BPP), 57–58
fetal blood circulation, 44f
fetal bradycardia, 53, 54
fetal breathing movements, 33, 34, 92

absent/abnormal, 35
fetal blood circulation, 41–44
fetal death, 52
fetal echocardiogram, 152
fetal heart development, 38

chamber development, 39–42
early development, 38–39
maturation, 41
stages, 38, 39, 39t
structures, 40f

fetal heart rate (FHR) monitoring, 57, 57f, 64
interpretation of, 58, 58t

fetal hemoglobin, 305
fetal hypoxic distress, 100
fetal inflammatory response, 

bronchopulmonary dysplasia, 136
fetal lung development, 30–35

abnormalities, 34
developmental stages, 30–32

canalicular stage (17–26 weeks’ 
gestation), 31

embyronic stage (3–7 weeks’ gestation), 
30–31

lveolar stage (36 weeks’ gestation 
through postterm), 31–32

pseudoglandular stage (7–17 weeks’ 
gestation), 31

saccular stage (27–36 weeks’ 
gestation), 31

growth and maturation, 33
growth factors, 33, 33t
inadequate, 34–35

pulmonary agenesis, 34–35
pulmonary aplasia, 34–35
pulmonary hypoplasia, 34

influencing factors, 33–34
breathing movements, 33
hormones and growth factors, 33
lung fluid, 33–34

key components, 484f, 484
stages, 30f
surfactant, 32–33
underdevelopment, 34, 34t

fetal lung fluid, 33–34
fetal lung liquid syndrome, 96
fetal lung maturity testing, 486–487, 486t
fetal morbidity, 49
fetal shunts, 45
fetal vascular endothelial cells, 42
fetal–maternal circulation, 52
fetus, anatomy, 53f
FEV1. See forced expiratory volume in 1 second
FEV1/FVC ratio, 342
fiberoptic intubation

cuff pressure monitoring, 368
extubation, 368
securing tube, 367–368, 368f, 368t
tracheal abnormalities, 368–369

esophageal atresia, 120, 121
esophageal manometry, 267
esophageal pressures (Pes), 267
Esophageal-Tracheal Combitube, 361
ETT. See endotracheal tube
eucapnic voluntary hyperpnea (EVH) testing, 

348–349
excessive daytime sleepiness (EDS), 263
exercise testing, 347–348, 348f
exercise-induced bronchospasm (EIB), 347
Exosurf (colfosceril), 489
expiratory positive airway pressure (EPAP), 

437, 462
expiratory reserve volume (ERV), 346
external cardiac compressions, 86
extracorporeal cardiopulmonary resuscitation 

(ECPR), 518
Extracorporeal Life Support Organization 

(ELSO), 516
extracorporeal membrane oxygenation 

(ECMO), 102, 105, 123, 124, 126, 
280, 502, 516–523, 519

background, 516
cardiac support, 517–518
centrifugal pumps, 519–520
circuits and systems, 519–520
clinical application, 516
clinical management, 521–522
complications, 522
indications, 516
infection, 522
neurologic evaluation, 521
outcomes, 522
patient monitoring, 521
physiology, 520
roller pumps, 519
selection criteria, 516–518
types, 518–519, 518t
weaning and separation, 522

extralobar sequestrations, 128, 128f
extremely low birthweight (ELBW) 

neonates, 440
extubation

neonates, 452–453
pediatrics, 479

exudate obstruction, bronchiolitis, 198
exudative phase, 279
EZ-Hold, 385, 386f

F
families, 25
family-centered care, 2, 22–28, 560

age-appropriate therapeutic care strategies, 
17–18

animal-assisted therapy, 27, 28f
child life specialist, 25–27
components, 22, 22t
defined, 22–23
hospitalization

adolescents, 24
infants, 23
preschoolers, 24
school-age children, 24
toddlers, 23–24

needs of family, 24–25
needs of siblings, 25
transition to adulthood, 22

Ebstein’s anomaly (Continued)
management, 165
outcomes, 165
pathophysiology, 164
tricuspid valve, 164f

eclampsia, 55
ECMO. See extracorporeal membrane 

oxygenation
ectoderm layer, 30, 38
ectopic pregnancy, maternal smoking, 51
Edi catheter, 442–443, 443t, 443f, 464, 464f
Edimax, 464
education skill proficiencies, caregivers, 561
EIB. See exercise-induced bronchospasm
ELBW neonates. See extremely low birthweight 

neonates
electrocardiogram (ECG), 157, 261
electroencephalogram (EEG), 260
electromyelogram (EMG), 260
electrooculogram (EOG), 260
embryoblast, 38
embryonic development

cellular proliferation, 38
chamber development, 39–40
early development, 38–39
placental circulation, 39

Emergency Cardiac Care Guidelines, 184
emergency department (ED), 297–298, 510
emergency medical services (EMS), 546
emergency medical technicians (EMTs), 546
encephalopathy, 287
enclosure devices, 393

incubator, 394, 394f
oxygen hoods, 393–394, 394f

endocardial tubes, 38, 39, 38t
endoderm layer, 30, 38
endoscope, 528
endotracheal intubation, 79, 79t, 192t, 192
endotracheal tube (ETT), 77, 81, 82, 85, 335, 

362. See also fiberoptic intubation
auscultation, 193
carbon dioxide monitoring, 191, 193
cuffed vs.uncuffed, 364, 365t
description, 363, 363f
direct laryngoscopy, 365–366, 366f
hazards/complications, 363–364
indications, 363, 363t
insertion, 365
selection of size, 364–365
SOAPPIM mnemonic for, 365t
types, 364–365, 364t, 365f

end-tidal carbon dioxide (ETCO2), 307t, 308, 
501, 509, 568

enflurane, 508
Environmental Protection Agency (EPA), 222
EPAP. See expiratory positive airway pressure
epiglottis

clinical presentation, 208
diagnosis, 208
etiology, 207
flexible fiberoptic bronchoscopy, 208
pathophysiology, 207–208
treatment, 209

epinephrine, 87
Epworth Sleepiness Scale (ESS), 260
Erickson’s psychosocial stages, 16, 16t
ERV. See expiratory reserve volume
Escherichia coli, 207
esophageal anastomosis, 121
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heat and moisture exchanger (HME), 563
heated high-flow nasal cannula (HHFNC), 

391–392, 393f, 383t, 438, 465
heliox. See helium-oxygen mixtures
helium dilution, 346
helium–oxygen mixtures

concentrations, 499, 500t
delivery devices, 499–501
gas physics, 498, 498t
indications, 499
limitations, 501
mechanism of action, 498–499, 499t
oxygen delivery, 500

HELLP syndrome, 55
helmet therapy, 4, 5, 5f
hematopoietic stem cell transplant, 523
hemoptysis, 243, 531
hemothorax, 215–217

clinical presentation, 216–217
diagnosis, 216
etiology, 215
pathophysiology, 215–216
treatment, 217

hepatitis, 50
hepatitis B (HBV), 50
hernia, congenital diaphragmatic

clinical presentation, 123
complications, 123–124
diagnosis, 123
etiology, 122
management, 123
outcomes, 123–124
pathophysiology, 122–123

heroin opioids, 52
herpes simplex 2 (HSV-2), 50
HFA (hydrofluoroalkane), 404–405
HFCWC. See high-frequency chest wall 

compression
HFCWO. See high-frequency chest wall 

oscillation
HFJV. See high-frequency jet ventilation
HFOV. See high-frequency oscillatory 

ventilation
HHFNC. See heated high-flow nasal cannula
high frequency ventilation (HFV), 102, 123
high-flow nasal cannula (HFNC), 291, 292, 

500, 500t
aerosol administration with, 408–409

high-frequency chest wall compression 
(HFCWC), 425–426, 426f, 426t

administration, 427, 427b, 427f
complications, 427, 428t
indications and contraindications,  

426–427, 427t
high-frequency chest wall oscillation 

(HFCWO), 425–426, 426t
administration, 427, 427b, 427f
complications, 427, 428t
indications and contraindications,  

426–427, 427t
high-frequency jet ventilation (HFJV), 504

neonates, 447, 449–450
BunnellLifePort Adapter, 449f, 449
general guidelines for ventilator 

parameter adjustment, 449t
pressure differences during, 450f
titrating and conventional ventilator 

settings, 450t
pediatrics, 472–474, 478t

nitric oxide, 501
subambient oxygen and inhaled carbon 

dioxide, 506
gas therapy, 498
gastric tubes (NG/OG), 335
gastroesophageal reflux disease (GERD), 

115, 122
gastroschisis, 68
gastrostomy tube feedings, 578
genetic disorders, 72
genetic testing, 238
genital herpes, 50
geometric standard deviation (GSD), 398
germ layers, 30
gestational age, 83, 92

defined, 30
mean blood pressure, 65, 66
neonate evaluation, 64
New Ballard Score, 65, 64, 65f
pneumothorax, 145

gestational diabetes, 55b, 56t
gestational diabetes mellitus (GDM), 55, 61

maternal risks, 56
Glasgow Coma Scale (GCS), 186, 189, 189t, 

291, 293
Global Lung Initiative (GLI), 344
glottis during intubation, 366, 366f
glucocorticoids, 33, 139
glucose tolerance test (GTT), 61
gonorrhea, 50, 51
Graham’s law, 499
granulomas, 290, 369
grasp reflex, 72
gravida, 48
ground ambulance, neonatal/pediatric 

specialty, 549, 549f, 552f
group B streptococcus (GBS), 50, 98
growth and developmental milestones, 2–18, 

5t, 9t, 11t, 13t, 15t
in adolescents, 12–16
family-centered care, 16–18
hospitalization effects, 16–18
in infants, 2–7
in preschoolers, 8–10
in school-age children, 10–12
in toddlers, 7–8

growth charts, 68
defined, 2
neonates, 67

grunting, 69, 97, 185
GSD. See geometric standard deviation
Guedel airway, 358f
guided imagery techniques, 17
Guillain-Barré syndrome (GBS), 249

H
Haemophilus influenzae, 207
halothane, 508
head bobbing, 178
head circumference measurement, of 

neonates, 68
healthcare coverage, 569
healthcare professionals, 17, 22
heart murmurs, 71
heart rate (HR), 64, 82, 146, 188

age-based values, 188t
heart valves, 152, 152t

tube position, 367
unplannedextubation, 368

fibroproliferation, bronchopulmonary 
dysplasia, 137–138

fibroproliferative phase, 279
FiO2, 505, 516
fixed performance devices, 388

air-entrainment masks, 388–389, 389f
device application, 390
indications, contraindications, and 

hazards, 389–390
types, 389f

air-entrainment nebulizer, 390–391, 
390f, 392t

heated high-flow nasal cannula,  
391–392, 393f

fixed wing (airplane) transports, 550
flail chest, 294, 294f
Flexhaler, 407
flexible airway endoscopy (FAE), 528, 528f

child evaluation, 529, 529t
complications associated with, 531, 531t
equipment and supplies, 529, 529t
indications for, 529
medications delivered to airway, 530, 530t
performing, 529–531
preparing, 529

flexible fiberoptic bronchoscopy, 208f
flow cycling, 441
flow-inflating resuscitators, 77
flow-triggered breath, 441
flow-volume loop, 351
flu, 202
fluid maintenance, bronchopulmonary 

dysplasia, 136
fluoroscopy, 289
focal bronchiectasis, 290
foramen ovale, 41, 42, 43, 153
forced expiratory flow rate over the 

midportion of exhalation  
(FEF25–75%), 342

forced expiratory volume in 1 second (FEV1), 
222–223, 342

forced vital capacity (FVC), 222, 342
foreign body aspiration

clinical presentation, 289–290
diagnosis, 289
etiology, 289
pathophysiology, 289
radiologic image, 289f
treatment, 290

four-dimensional (4D) ultrasound, 57, 57f
fraction of inspired CO2 (FiCO2), 508, 509
fraction of inspired oxygen (FiO2), 560
FRC. See functional residual capacity
frequency of therapy, 254
full-face shield, 460t, 459
functional residual capacity (FRC), 33, 84, 346
FVC. See forced vital capacity

G
gas exchange, ECMO, 520
gas exchange functions, in fetus, 42
gas mixtures, 501
gas physics

anesthetic gas mixtures, 508
helium–oxygen mixtures, 498, 498t
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family-centered care, 23
growth and developmental milestones, 5

bonding between parents, 2
cognitive growth, 5
developmental milestones, 2
gestation period, 3
language growth, 5
motor growth, 5
physical growth, 2–4
sensory growth, 5
social growth, 5, 7

head positions, 80, 80f
meconium-stained amniotic fluid, 101
near infrared spectroscopy 

monitoring, 312f
nutritional status, 4
pediatric sleep disorders. See pediatric 

sleep disorders
percutaneous arterial puncture, 315t
peripheral arterial puncture, 314t
pleural effusion causes, 212
pneumothorax, 209, 210
respiratory effort, 82
resuscitation, 79, 83, 102
retinal vascular development, 132
sleep position, 4
uterine to extrauterine life transition, 103

infant death syndrome, 94
infant pulmonary function test (IPFT), 

350, 350f
airway resistance, 351
challenges, 350–351
flow-volume loops, 351
multiple breath washout, 352
nitric oxide measurement, 351–352
obtaining measurements, 350

Infasurf (calfactant), 488, 490t
infections

extracorporeal membrane 
oxygenation, 522

high-risk pregnancy
bacterial infections, 50
sexually transmitted diseases, 50–51
viral infections, 50

inferior vena cava (IVC), 336
inflammation, bronchopulmonary 

dysplasia, 137
influenza

antiviral drugs, 204
clinical presentation, 203–204
vs. cold, 204
diagnosis, 203
etiology, 202
pathophysiology, 202–203
treatment, 204–205

inhaled aerosol medications, 253t
inhaled antibiotics, 539, 540t
inhaled antimicrobials, 539, 540t
inhaled carbon dioxide (CO2), 169
inhaled controller medications, 231, 232, 232t
inhaled corticosteroids (ICSs), 231, 537, 

537b, 538t
inhaled nitric oxide (iNO), 102, 105, 123, 141, 

501-503, 504t
disadvantages, 506
weaning, 506

injury, drowning, 7

incidence, 169
management, 169–170
outcomes, 170–171

hypotension, 509
hypothalamus-pituitary-gonadal system, 12
hypothermia, 79, 184
hypotonia, 72
hypovolemic shock, 283, 283t
hypoxemia, 380, 380t, 381f
hypoxia, 380
hypoxic ischemic encephalopathy (HIE), 579

antepartum/intrapartum, 287
chronic symptoms associated with, 288t
clinical presentation, 287, 288t
diagnosis, 287, 287t
etiology, 287
pathophysiology, 287
treatment, 288

hypoxic newborns, 83

I
iatrogenic lung injury, 83
IC. See inspiratory capacity
imaging techniques, 332–338

anteroposterior and posteroanterior 
views, 332

chest radiography
anatomical structures, 334
lateral decubitus, 332–333
lines/drains and tubes, 334–336
neck, 333–334
oblique, 333

computerized tomography, 336–337
magnetic resonance imaging, 337

immunoglobulin E (IgE), 222
ImmunoReactive Trypsinogen (IRT), 238
impedance pneumography

clinical considerations, 312
conditions adversely affecting 

accuracy, 312
operational concepts, 311
patient application, 311–312, 311f

impeller blades/rotating cones, 519–520
impulseoscillometry (IOS), 351
IMV. See intermittent mandatory ventilation
inadequate fetal lung development, 34–35

congenital malformation, 30
pulmonary agenesis, 34–35
pulmonary aplasia, 34–35
pulmonary hypoplasia, 34

incentivespirometry, 420
administration, 420–421, 420b
indications and contraindications, 420

incubator, 394, 394f, 383t
I-Neb AAD system, 402
infant and children

amphetamine use, 52
from birth to 1 year, 23
BPD, 142, 143
with chronic cough/gagging, 4
colics, 51
deformational plagiocephaly, 4
differential diagnoses, 101
ECMO. See extracorporeal membrane 

oxygenation

high-frequency oscillatory ventilation 
(HFOV), 504, 516–517

neonates, 447–449, 448f
guidelines for the initiation, 448t
oxygenation, ventilation, and changes 

in, 448t
pressure differences during, 450f

pediatrics, 472–474, 473f, 473t, 474t, 478t
high-frequency ventilators, 504
high-level disinfection (HLD), 531
high-risk delivery, 48, 76
high-risk pregnancy

health disorders, 48
infections, 49–51
maternal age, 49
maternal factors, 48, 48t
maternal medical history, 48
prenatal care, 48–49
substance abuse, 51–52

Hill-Rom VitalCough System, 429
history of present illness (HPI), 176
HLHS. See hypoplastic left heart syndrome
home medical equipment company, 561, 

567–568
home nursing agency, 561
home nursing services, 558, 569
home ventilator, 560
hormones, 33
hospice care, pediatric

adjunctive therapies, 577
child/family stressors, 577
concurrent care for children, 577
goals of care change, 578
projections, 579

hospitalization
family-centered care

adolescents, 24
infants, 23
preschoolers, 24
school-age children, 24
toddlers, 23–24

growth and development milestones, 16
hospitalized children, 22, 25
huff coughing, 423
human immunodeficiency virus (HIV), 50
human papillomavirus (HPV), 50
humidification system, 568
hyaline membrane disease (HMD), 94
hydrofluoroalkane (HFA), 404–405
hyercalciuria, 141
hypercarbic gas mixtures, 506
hyperoxia, 142
hypersomnia syndromes, 560
hypertension, 64–65, 521

eclampsia, 55
HELLP syndrome, 55
preeclampsia, 54–55
in pregnancy, 49

hypoglycemia, 93
hypoplasia, mandibular. See mandibular 

hypoplasia
hypoplastic left heart syndrome (HLHS)

clinical presentation, 169
complications, 170–171
defined, 168
diagnosis, 169
etiology, 169
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Ebstein’s anomaly, 164–165
pulmonary atresia, 162–163
pulmonary stenosis, 161–162
tetralogy of fallot, 159–161
tricuspid atresia, 163–164

less invasive surfactant administration 
(LISA), 492

leukocytes, 72
leukotriene(s), 234
leukotriene modifiers, 231, 539, 539t
leukotriene receptor antagonists, 539, 539t
LISA. See less invasive surfactant 

administration
LMA. See laryngeal mask airway
long-acting beta-agonists (LABAs), 231, 

234, 534
looping, 39, 40
low birth-weight infants, 48, 76

maternal smoking, 51
lower airway devices

endotracheal tubes, 362
description, 363, 363f
direct laryngoscopy, 365–366,  

366f
hazards/complications, 363–364
indicationsfor, 363, 363t
SOAPPIM Mnemonic for, 365t
types, 364–365, 364t, 365f

fiberoptic intubation
cuff pressure monitoring, 368
extubation, 368
securing tube, 367–368, 368f
tracheal abnormalities, 368–369
tube position, 367
unplannedextubation, 368

suctioning
and artificial airway. See artificial 

airway suctioning
bulb, 372, 372f
equipment for, 372t
hazards/complications, 372, 372t
nasotracheal, 373, 373t

tracheostomy tubes
clinical considerations, 371
confirming position, 371
decannulation, 371
hazards/complications, 369–370
indications for, 369, 369t, 369f
patient/family education, 371–372,  

371t
procedure for change, 370, 370t
securing, 370–371
speaking/phonation devices, 371
types, 370
unplanned decannulation, 371

videolaryngoscopy, 367
low-flow meters, 385, 385f
LTB. See laryngotracheobronchitis
lucinactant (Surfaxin), 489, 490t
lung(s)

biopsy, 530
bud, 30
compression, 34–35
development in fetal. See fetal lung 

development
functions, 30

lung clearance index (LCI), 241

of pediatrics
indications and goals, 467, 467t, 468f
ventilator modes, 467, 468t. See also 

specific modes
IOS. See impulse oscillometry
IPAP. See inspiratory positive airway pressure
IPFT. See infant pulmonary function test
ipratropium, 253
IPV. See intrapulmonary percussive 

ventilation
isoflurane, 508, 509
IV antibiotics, 50
ivacaftor, 240

J
Jackson Silver, 370
jet nebulizers, 400–401, 400t, 401f

K
kangaroo care, 384
King laryngeal tube, 361, 361f
Kirschner wire (K-airway), 116
Klebsiella pneumoniae, 207
kyphoscoliosis, 178
kyphosis, 178

L
labor, 50
language growth

in infants and children, 5
in preschoolers, 8–10
in school-age children, 12
in toddlers, 7–8

large for gestational age (LGA), 66
large-volume nebulizers, 402–403
laryngeal mask airway (LMA), 359–361, 360f

clinical application/indications, 361–362
laryngoscopy, direct, 365–366, 366f
laryngotracheal groove, 30
laryngotracheobronchitis (LTB)

clinical presentation, 206–207
defined, 205
diagnosis, 206
etiology, 205–206
pathophysiology, 206
treatment, 207

late-onset neonatal pneumonia, 99t
late-onset neonatal sepsis, 98
lateral decubitus, 332–333
LCI. See lung clearance index
lecithin-to-sphingomyelin (L:S) ratio, 32, 96
left-to-right shunts, acyanotic heart defect with

atrial septal, 153–155
atrioventricular canal, 156–157
mechanical ventilation, 157
patent ductus arteriosus, 153–154
ventricular septal, 155–156

left ventricular outflow tract obstruction, 
acyanotic heart defect with

aortic stenosis, 158–159
coarctation of aorta, 157–158

inspiratory capacity (IC), 346
inspiratory positive airway pressure (IPAP), 

437, 462
inspiratory pressure (IP), 469
inspiratory time (TI), 462, 469–470, 469f, 470f
inspired carbon dioxide, 506
inspired oxygen concentration, 470–471, 471t
insufflation-exsufflation. See cough assistance 

therapy
insulin-like growth factor-1 (IGF-1), 132
INSURE technique. See INtubation, 

SURfactant, and Extubation 
technique

intensive care unit (ICU), 517, 557
intercostal retractions, 69
interhospital transfer, 546
intermittent mandatory ventilation (IMV), 441
intermittent obstruction, upper airway, 261
International Classification of ROP 

(ICROP), 133
International Classification of Sleep 

Disorders, 560
intracranial pressure (ICP), 291
intralobar sequestrations, 128, 128f
intraosseous (IO) access, 86, 190
intrapulmonary percussive ventilation 

(IPV), 428
administration, 428, 429f
complications, 428–429
indications and contraindications, 

428, 428t
intrauterine growth, 30
intrauterine growth restriction (IUGR), 51, 72
intrauterine growth retardation, 256
intravenous fluid hydration, 207
intraventricular hemorrhage, 33, 132
intubation equipment, 77
intubation, 191, 192
INtubation, SURfactant, and Extubation 

(INSURE) technique, 142, 440, 492
invasive cardiorespiratory monitoring

arterial blood gas analysis, 313–317, 
313t, 316t

capillary blood gas analysis, 317, 320
central venous catheter, 323–324, 324t
peripheral artery catheter, 322–323
pulmonary artery catheter, 324–326
umbilical artery catheter, 320–322

invasive mechanical ventilation
aerosol administration during,  

411–412, 411f
of neonates

breath sequence. See breath sequence, 
invasive mechanical ventilation

indications and goals, 439, 439b
modes, 441
patient management, 440–441
pressure control ventilation, 445
preterm infant, physiologic challenges 

influencing, 440, 440t
strategies for preventing lung 

injury, 440
time constants, 446, 446f
trigger sensitivity and cycle criteria, 

446–447
volume control ventilation, 445
volume targeted ventilation, 445–446
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metabolic disorders, 93
MetaNebSystem, 429
metered dose inhalers (MDIs), 234, 253
metered dose inhalers. See pressurized 

metered dose inhalers
methacholine challenge, 347
methadone opioid, 52
methemoglobin (MetHb), 505–506
methemoglobinemia, 505–506
methylxanthine therapy, 93

apnea of prematurity, 140
methylxanthines, 93, 536, 536b, 536t
microcephaly, 66
mild cardiomegaly, 4, 98
mild/moderate PS, 162
Miller blade, 366, 366f
minimally invasive surfactant therapy 

(MIST), 492
MiniMee nasal mask, 461t
minor hemoptysis, 243
minute ventilation, 352
MIP. See maximal inspiratory pressure
miscarriage, 48
MIST. See minimally invasive surfactant 

therapy
mitochondrial disorders, 250
mitomycin C, 115
MMAD. See mass median aerodynamic 

diameter
MMV. See mandatory minute ventilation
mobile intensive care unit (MICU), 548
mobile testing, 353
moderate plagiocephaly, 4
modified Allen’s test, 314
monitoring devices, 564
Morgagni hernias, 122
Moro reflex, 72
morula, 38
motor growth

in infants and children, 5
in preschoolers, 10
in school-age children, 12
in toddlers, 8

motor vehicle crashes (MVCs), 14, 290
mucociliary escalator, 420
mucolytics, 253, 537, 538t
mucushypersecretion, 420
mucus-producing glands, 31
multidisciplinary discharge planning team, 

559–560, 559t
multifetal gestation, 49, 54
multifetal pregnancies, 49
multiple gestations, 48, 60
multiple sleep latency test (MSLT), 260
multiplebreath washout (MBW), 352
Murphy eye, 363
muscarinic cholinergic receptors, 534
muscle relaxants, 540, 541b
muscular dystrophy (MD), 248, 248t
myasthenia gravis, 249
Mycoplasma pneumoniae, 206

N
N2 administration

and conventional ventilator, 507
high-flow nasal cannula, 507

maximal expiratory pressure (MEP), 349
maximal inspiratory pressure (MIP), 349
MBW. See multiple breath washout
mean airway pressure (MAP), 105, 209, 516
mean blood pressure (MBP), 65, 321
mechanical suction, 76, 77
mechanical ventilation, 157, 552–553, 557

invasive, aerosol administration during, 
411–412, 411f

of neonates
invasive mechanical ventilation. See 

invasive mechanical ventilation, of 
neonate

nonconventional modes of ventilation. 
See nonconventional modes of 
ventilation, of neonate

noninvasive ventilation. See 
noninvasive ventilation, of neonate

ventilatory management. See 
ventilatory management, of 
neonate

noninvasive, aerosol administration 
during, 409–410, 409f

of pediatrics
adjusting inspiratory time, flow, and 

I:E ratios, 469–479
complications, 479
invasive mechanical ventilation. See 

invasive mechanical ventilation, 
pediatrics

noninvasive ventilation. See 
noninvasive ventilation, pediatrics

single-ventricle patient, 171
mechanical ventilators, 500–501, 563–564, 567
meconium, 100
meconium aspiration syndrome (MAS), 70, 

101t, 517, 523
clinical presentation, 100–101
complications, 102
defined, 99
diagnosis, 101
etiology, 100
incidence, 100
management, 101–102
outcomes, 102
pathophysiology, 100
pathways for, 101
therapeutic interventions, 102

meconium aspirator adaptor, 81, 82
meconium ileus, 238
meconium-stained amniotic fluid (MSAF), 100
medical control roles, 551

communication, 551
triage and mode of transportation, 

550–551
membrane oxygenator, 520
meninges, 285
meningitis

clinical presentation, 286, 286f
diagnosis, 286
etiology, 285
pathophysiology, 285–286
primary organism causing, 285, 286t
signs and symptoms, 286, 286f
treatment, 287

MEP. See maximal expiratory pressure
mesoderm layer, 30, 38
metabolic acidosis, 94

lung injury, strategies for preventing
neonates, 440
pediatrics, 472

lung maturity, 33
hormones and growth factors, 33t

lung microvasculature, 138
lung clearance index (LCI), 352

M
machine-triggered breath, 441
macrocephaly, 66
macroglossia, 80, 81, 119–120, 119f

clinical presentation, 119–120
complications, 120
diagnosis, 119
etiology, 119
management, 120
outcomes, 120
pathophysiology, 119

magnetic resonance imaging (MRI)
congenital cardiac defects, 152
heart, 337, 337f
lung, 337, 337f
thorax, 337, 337f

male reproductive system, 12
malnutrition, 137
mandatory minute ventilation (MMV), 479
mandibular hypoplasia, 115–118, 116f

clinical presentation, 116–117
complications, 118
diagnosis, 116
etiology, 115
glossoptosis, 115
management, 117–118
outcomes, 118
pathophysiology, 115

mannitol challenge, 348
manual resuscitation bag, 563
manual ventilation techniques, 85, 85t
marijuana, 51, 52
MAS. See meconium aspiration syndrome
mass median aerodynamic diameter 

(MMAD), 398
massive hemoptysis, 243
maternal age, 49
Maternal and Child Health Bureau, 556, 570
maternal assessment, 48–61

high-risk pregnancy, 58–60
health disorders, 48
infections, 49–51
maternal age, 49
medical history, 48
prenatal care, 48–49
substance abuse, 51–52

pregnancy complications
abnormal amniotic fluid volume, 56
diabetes, 55–56
hypertensive disorders, 54–55
placental and cord disorders, 52–54
twin to twin transfusion syndrome, 56

maternal hepatitis B, 50
maternal morbidity, 49
maternal opioids abuse, 52
maternal smoking, during pregnancy, 51
maternal–fetal blood flow, 41
maternal–fetal circulation, 38
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diagnostic tests, 72–73
gestational age, 64
head circumference measurement, 68
neurologic assessment, 71–72
physical assessment

abdomen, 68
blood pressure, 64–65
heart rate, 64
respiratory rate, 64
size and weight, 66
skin, 66, 68
vital signs, 64, 66

preductal and postductal oxygen 
saturation, 71

respiratory assessment
auscultation of chest, 69–70
chest examination, 68–69
chest radiograph, 70
respiratory distress, 69

retractions, 69
Neopuff Infant T-Piece Resuscitator, 77
Neo-Tee Infant T-Piece Resuscitator, 77
neurally adjusted ventilatory assist (NAVA)

neonates, 441–442
catheter size, 443t
catheter positioning, 443f
guidelines for managing ventilation 

with, 444t
nasal catheter insertion distance, 

calculations of, 443t
patient–ventilator interaction during 

mechanical ventilation with, 
442, 442f

procedure for initiation, 442, 442t
terminology, 442t
using graphics to set level, 444, 444f
ventilator screen displaying backup 

settings, 444f
waveform, 443f

pediatrics, 464, 475
catheter size, 476t
catheter positioning, 477f
guidelines for managing ventilation 

with, 478t
nasal catheter insertion depth, 477t
procedure for initiation, 476, 476t
terminology, 476t
using graphics to set level, 477, 477f
ventilator screen displaying backup 

settings, 477f
neurodisability disorders, pediatric. See 

pediatric neurodisability disorders
neurodisability patients, 252
neuromuscular blocking agents (NMBAs), 540
neutral lipids, 485
neutral thermal environment, 96
neutrophils, 72
New Ballard Score, 64, 65
newborns

infants, 112
persistent pulmonary hypertension, 502
respiratory failure, 517
screening, 238

NIRS. See near infrared spectroscopy
nitric oxide (NO), 351–352, 505

delivery devices, 504–506
gas physics, 501
hazards/complications, 506

training requirements, 547–549
transport modes, 549–550

neonatal anemia, 72
neonatal circulations, 44–45
neonatal death, 30
neonatal inflammatory response, 

bronchopulmonary dysplasia, 136
neonatal intensive care unit (NICU), 305, 

552, 553
neonatal morbidity, 50
Neonatal Pediatric Specialist (NPS), 547
neonatal pneumonia

bacterial organisms, 99
clinical presentation, 99
complications, 99
diagnosis, 99
etiology, 98
incidence, 98
management, 99
outcomes, 99
pathophysiology, 98–99

neonatal respiratory disorders, 92
Neonatal Resuscitation Program (NRP), 84t, 

84, 184, 547
neonatal sepsis, 98
neonatal stabilization and resuscitation

airway obstruction prevention, 80
Apgar score, 82–83
chest compressions, 85–86
clearing airway secretions, 80–82
cold stress prevention, 79–80
continuous positive airway pressure

administration, 84
bag-mask ventilation, 84–85
endotracheal tube/airway adjunct, 85

environmental preparation, 76
equipment and supplies

intubation equipment, 77
resuscitative drugs, 77
suction, 76
transport equipment, 77
vascular access supplies, 77
ventilation equipment, 76–77

heart rate, 82
heat loss prevention, 79–80
high-risk delivery, 76
oxygen saturation, 83–84
patent airway, 80
positive pressure ventilation, 84–85
post resuscitation care, 87
respiratory effort, 82
skin color, 82
suctioning and airway management, 81
vascular access, 86–87

neonate(s)
anteroposterior and posteroanterior 

views, 332
AP view, 332, 332f, 335f
chest radiographs, 332
head circumference measurement, 68f
laboratory tests, 73
respiratory distress, 69t
retraction location, 69f
risk factors for air leaks, 144, 144t
thrombocytopenia, 73t
vital signs, 64, 66t

neonate evaluation, 64–74
cardiovascular assessment, 70–71

narcolepsy, 260
nasal cannula, 384

application, 384–386, 384f, 386f
high-flow, aerosol administration with, 

408–409
indications, contraindications, and 

hazards, 384
regression equation for FiO2 delivered 

by, 385t
various sizes, 384f

nasal continuous positive airway pressure 
(nCPAP), 142

nasal CPAP (nCPAP), 118
nasal endoscopy, 114
nasal flaring, 69, 178
nasal masks, 436t, 435, 459,460t
nasal obstruction, 114
nasal patency, 93
nasal prongs, 436t, 435
nasogastric tube (NG), 113
nasopharyngeal airways, 359, 359f
nasopharyngoscopy, 263
nasotracheal suctioning (NTS), 373, 373t
National Center for Family and Professional 

Partnerships, 22
NAVA. See neurally adjusted ventilatory assist
near drowning

clinical presentation, 296
diagnosis, 296
etiology, 296
pathophysiology, 296
treatment, 296

near infrared spectroscopy (NIRS)
clinical considerations, 312–313
conditions adversely affecting 

accuracy, 313
hazards/complications, 313
operational concepts, 312
patient application, 312

nebulization devices, 253
nebulized hypertonic saline, 200
nebulizers, 399, 568

cleaning, disinfecting, and assembling, 404
jet nebulizers, 400–401, 400t, 401f
large-volume nebulizers, 402–403
patient interfaces, 403, 403f
smart nebulizers, 402
techniques for aerosol delivery by,  

403–404, 403f
ultrasonic nebulizers, 401–402
vibrating mesh nebulizer, 402, 402f

necrotizing enterocolitis, 132
negative pressure ventilation, 271
Neisseria gonorrhoeae, 50
Neobar, 368f, 367
neonatal abstinence syndrome (NAS), 52
neonatal and pediatric critical care transport 

teams
clinical care, 552–553
competency-based training, 548
crew configuration, 546–547
equipment, 551–552
family on transport, 553
medical control roles

communication, 551
triage and mode of transportation, 

550–551
team requirements, 547
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partial rebreathing mask, 387, 387f
simple mask, 386–387, 386f

variable performance, 384
nasal cannula, 384–386, 384–386f, 385t

oxygen hoods, 393–394, 394f, 383t
oxygen saturations, 71, 153
oxygen therapy, 83

hazards/complications, 381
indications, 380, 380t
monitoring, 380–381
oxygen delivery devices, 381–384. See also 

specific devices
tissue oxygenation, assessing, 381t, 380

oxygen toxicity, bronchopulmonary  
dysplasia, 136

oxygenated blood flows, to fetus, 42
oxygenation index (OI), 105, 516
oxygen-calibratedflowmeter, 400, 400t
oxymetazoline, 359

P
packed red blood cells (PRBCs), 293
palivizumab, 202
palliative care program, 576, 576t
paradoxical cyanosis, 114
paradoxical respirations, 69, 199
paradoxical/seesaw breathing, 199
parents involvement, in pulmonary function 

testing, 341
parity, 48
partial AVC (PAVC), 156
partial pressure of oxygen in arterial blood 

(PaO2), 560
partial rebreathing mask, 387, 387f, 382t
pastoral care personnel, 22
patent airway, 80, 81, 81f
patent ductus arteriosus (PDA), 96

blood flow, 153
bronchopulmonary dysplasia, 136
clinical presentation, 154
complications, 154
diagnosis, 154
etiology, 153–154
incidence, 153–154
management, 154
outcomes, 154
pathophysiology, 154

patent nasal cavity, 114
patient assessment, pediatric neurodisability 

disorders
bacterial colonization, 252
patient history, 251
physical examination, 251
pulmonary function, 251–252
radiography, 252
stridor, stertor noises, 251

Patient Protection and Affordable Care Act 
(PPACA), 577

patient/family education, tracheostomy and, 
371, 371t

patient-triggered breath, 441
PCV. See pressure control ventilation
PD20. See provocation dose
PDA. See patent ductus arteriosus
peak flow meter, 226, 228

non-rapid eye movement (NREM) sleep, 260, 
268

nonrebreathing masks, 387–388, 388f, 382t, 
500

nonsteroidal anti-inflammatory agents 
(NSAIDs), 154

nonstress test (NST), 57, 64
nontraumatic hemothorax, 216
normoxemic hypoxia, 380
NTS (nasotracheal suctioning), 373, 373t
nuchal cord, 54
nurses, 22
nursing, 558
nutrition, bronchopulmonary dysplasia, 

136–137

O
obesity, 48
obstetric ultrasound, 54
obstructive hypoventilation, 261
obstructive shock, 283, 283t
obstructive sleep apnea (OSA), 560

additional therapy, 266
clinical presentation, 263
complications, 266
diagnosis, 263–265
etiology, 262
management, 265–266
outcomes, 266
pathophysiology, 262
risk factors, 263, 263t

obstructive sleep apnea syndrome (OSAS), 117
occipitofrontal circumference (OFC), 66
oligohydramnios, 35, 56, 126
Omalizumab, 235
Open Suction System, 374, 374f
OPEP therapy. See oscillatory positive 

expiratory pressure (OPEP) therapy
opioid use in pregnancy, 52
oral antibiotics, 50, 539–540, 540b
oral nasal mask, 460t, 459
oropharyngeal airways, 358–359, 358f
OSA. See obstructive sleep apnea
oscillatory positive expiratory pressure(OPEP) 

therapy, 242, 423
administration, 424b, 424–425f, 424b
indications and contraindications, 424, 

424t
oseltamivir, 205
outpatient care, 569–570
oximetry, 305
oxygen, 498

and air cylinders, 552
oxygen delivery devices, 381–384

enclosure devices, 393
incubator, 394, 394f
oxygen hoods, 393–394, 394f

fixed performance, 388
air-entrainment masks, 388–390, 389f
air-entrainment nebulizer, 390–391, 

390f, 392t
heated high-flow nasal cannula, 

391–392, 393f
reservoir devices, 386

nonrebreathing mask, 387–388, 388f

nitric oxide (NO) (Continued)
indications, 502–503
limitations, 506
mechanism of action, 501–502

nitrogen dioxide (NO2), 501, 505
nitrogen vs. carbon dioxide, 506–507
nitrogen washout, 346
NIV. See noninvasive ventilation
NMBAs. See neuromuscular blocking agents
NO. See nitric oxide
nonaccidental trauma (NAT), 290
noncardiogenic pulmonary edema, 278
noncommunicable diseases, 290
nonconventional modes of ventilation

of neonates
high-frequency jet ventilation,  

449–450, 449f, 449t, 450t, 450f
high-frequency oscillatory ventilation, 

447–449, 448t, 448f
paediatrics

high-frequency jet ventilation,  
472–474, 478t

high-frequency oscillatory ventilation, 
472–474, 473f, 473t, 474t, 478t

non-depolarizing NMBAs, 540
noninvasive biphasic positive pressure 

ventilation, 458
noninvasive cardiorespiratory monitoring

capnography, 306–308, 309t
capnometry, 306–308
impedance pneumography, 311–312, 311f
near infrared spectroscopy, 312–313, 312f
pulse oximetry, 304–306, 304f
transcutaneous monitoring, 308, 310–311

noninvasive mechanical ventilation (NIV), 
409–410, 409f

noninvasive positive pressure ventilation 
(NIPPV), 142, 270–271

noninvasive therapy, 118
noninvasive ventilation (NIV), 93, 125, 

280, 505
of neonates, 434

assisting ventilation with use, 434
challenges, 435, 437
contraindications, 435
delivery devices, 435
heated high-flow nasal, 438
indications and goals, 434–435, 435t
interfaces, 435, 436t
management of patient, 437–438
monitoring during, 439
safety considerations, 438
weaning and liberation from, 438

of pediatrics
adjuncts or alternative approaches to, 

464–465, 464–465f
challenges and contraindications for, 

459, 461
complications and safety during, 465
indications for, 458–459, 458t
management of patient using, 461–464, 

463t
patient interfaces, 459, 460–461t
patient monitoring during, 464
use of sedation during, 464

nonpediatric hospitals, 546
nonprotective ventilator, 522
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peripheral pulses, 71
peripheral vein access, 190
peripherally inserted central catheter (PICC), 

26, 323, 335–336
periventricular hemorrhage, 72
permissive hypercapnia, 142, 441–442, 472
persistent exertional dyspnea, 542
persistent pulmonary hypertension of 

newborn (PPHN), 101, 502, 517
clinical presentation, 104
complications, 106
conditions associated with, 104t
definitive diagnosis, 104
diagnosis, 104–105
etiology, 103
incidence, 103
management, 105–106
outcomes, 106
pathophysiology, 103–104
prenatal/antenatal conditions, 104
management, 106f

personal protective equipment (PPE), 529
PG. See phosphatidylglycerol
pharmacology, 534–542

antimicrobials, 539–540
bronchodilators, 534, 536
corticosteroids, 536–537
leukotriene modifiers, 539
mucolytics, 537
skeletal muscle relaxan, 540

Philips Respironics CoughAssist T70,  
429, 430f

phosphatidylglycerol (PG), 485–486
phosphatidylinositol (PI), 485
phospholipids, 32, 485
photoplethysmography, 304
physical growth

in adolescents, 12
in infants and children, 2–4
in preschoolers, 8
in school-age children, 10–12
in toddlers, 7

physicians, 22
PI. See phosphatidylinositol
Picture Archiving and Communication System 

(PACS), 332
Pierre Robin syndrome, 80, 81, 116, 117, 117f
Pixi, 461t
placenta, 41–42

anatomy, 53f
vascular network, 43

placenta previa, 49, 52
complications, 53, 53t
maternal smoking, 51

placental abruption, 49, 52
complications, 53, 53t
maternal smoking, 51

placental and cord disorders
placenta previa, 52
placental abruption, 53
umbilical cord abnormalities, 54

placental circulation, 39
plagiocephaly, 4
pleura disorders, 212–217

chylothorax, 213–215
hemothorax, 215–217
pleural effusion, 212–213

pediatric radiation exposure, 332
pediatric respiratory failure, 517
pediatric resuscitation, 184
Pediatric Risk of Mortality Score  

(PRISM), 517
pediatric shock, 188–189
pediatric sleep disorders

central sleep apnea, 267
clinical presentation, 269
complications, 269
diagnosis, 269
etiology, 268–269
management, 269
outcomes, 269
pathophysiology, 268–269

congenital central hypoventilation 
syndrome

clinical presentation, 270
complications, 272
diagnosis, 270
epidemiology, 269
management, 270–272
outcomes, 272

evaluation, 260–261
history, 260
obstructive sleep apnea

clinical presentation, 263
complications, 266
diagnosis, 263–265
etiology, 262
management, 265–266
outcomes, 266
pathophysiology, 262
risk factors, 263

polysomnography, 260–261
upper airway resistance syndrome

clinical presentation, 267
diagnosis, 267
management, 267
pathophysiology, 267

pediatric transport teams, 546
pediatric-size rigid bronchoscopes, 528
peek end-expiratory pressure (PEEP), 280
pelvic inflammatory disease (PID), 50
penetrating trauma

clinical presentation, 294
etiology, 294
pathophysiology, 294, 294f
treatment, 294

percent predicted, 344
percussion, 421, 423f
performa full-face shield, 460t
performa oral nasal mask, 460t
perinatal asphyxia, 76
perinatal period, 50
perinatal respiratory depression, 79
periodic breathing, 64, 92, 267
periodic limb movement disorder, 560
peripheral artery catheter

clinical considerations, 322
conditions adversely affecting accuracy, 

323
disadvantages/limitations, 323
hazards/complications, 323
indications, 322–323
placement in an infant/child, 322

peripheral intravenous line (IV), 190

peak flow monitoring, 226
pectus carinatum, 68, 69, 178
pectus excavatum, 68, 69, 178
pediatric advanced life support (PALS), 184, 

194, 547
Pediatric Assessment Triangle (PAT), 176, 181, 

176f, 184f, 184
pediatric flexible airway endoscopy, 528, 529t
Pediatric Fundamentals of Critical Care 

Support (PFCCS), 547
pediatric health care, 27
pediatric heart rhythms, 194
pediatric hospice care. See hospice care, 

pediatric
pediatric intensive care unit (PICU), 28, 

499, 546
pediatric medicine, 579
pediatric neurodisability disorders,  

248–256, 248t
caregivers

education, 255
psychological characteristics,  

255–256
skills validation, 255

cerebral palsy, 249
Guillain-Barré syndrome, 249
mitochondrial disorders, 249–250
muscular dystrophies, 248
myasthenia gravis, 249
patient assessment

bacterial colonization, 252
patient history, 251
physical examination, 251
pulmonary function, 251–252
radiography, 252

pulmonary composite
airway secretion overload, 250
chronic lung disease, 250–251

respiratory management plan
airway clearance therapy, 253–254
frequency of therapy, 254
mechanical ventilation, 254
medication selection, 253

spina bifida, 249
spinal muscular atrophy, 248–249
transverse myelitis, 249–250

pediatric palliative care
adjunctive therapies, 577
celebration of life, 578
child/family stressors, 577, 576t
communication, 576
defined, 576
escalation of care, 578
goals, 576, 576t
indications, 576–577, 576t
medical history and present illness, 578
projections, 579
psychosocial and spiritual concerns, 577
symptom management, 577
wishes honoured, 578

pediatric patient assessment
appearance, 184
breathing characteristics, 185
circulation, 185–186
Pediatric Assessment Triangle, 184
respiration, 185

pediatric pulmonary programs, 571
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protein deficiencies. See surfactant protein 
deficiencies

proteins, surfactant, 485, 486, 486t
prothrombin time, 521
provocation dose (PD20), 347
pseudomacroglossia, 119
Pseudomonas aeruginosa, 404
PSV. See pressure support ventilation
psychiatric care, client-centered therapy, 2
psychologists, 22
ptosis, 249
puberty, 12
pulmonary agenesis, 34–35, 126, 127
pulmonary air leak, 144, 517
pulmonary air leak syndromes

clinical presentation, 145, 210
complications, 145
diagnosis, 144–145, 210
etiology, 143–144, 209
management, 145
outcomes, 145
pathophysiology, 144, 209–210
PIE. See pulmonary interstitial emphysema
pneumomediastinum, 143
pneumopericardium, 143
pneumothorax, 143
treatment, 211

pulmonary anomalies, congenital
airway malformation, 127–128
bronchogenic cysts, 126–127
pulmonary agenesis, 126
pulmonary aplasia, 126
pulmonary hypoplasia, 126
pulmonary sequestration, 128

pulmonary aplasia, 34–35, 126
pulmonary artery catheters, 324, 324f, 

325f, 325t
clinical considerations, 325–326
conditions adversely affecting 

accuracy, 326
disadvantages/limitations, 326
hazards/complications, 326
indications, 326
placement in neonate/child, 324–325

pulmonary artery hypertension (PAH), 
132, 142

pulmonary artery pressure (PAP), 503
pulmonary atresia, 162f

clinical presentation, 163
complications, 163
diagnosis, 163
etiology, 162
incidence, 162
management, 163
outcomes, 163
pathophysiology, 162–163

pulmonary composites, 250t
airway secretion overload, 250
chronic lung disease, 250–251

pulmonary exacerbation, 240–243
pulmonary function data, 251
pulmonary function testing, 202, 340

acceptable and repeatable, 343–344, 343t
age divisions for, 340t
bedside pulmonary function testing

bedside measurements, 352–353, 353f
considerations and limitations, 353

twin to twin transfusion syndrome, 56
prenatal glucocorticoids, 140

pregnancy-induced hypertension (PIH), 72
premature birth, 2, 30, 48
premature infants

bronchopulmonary dysplasia, 135, 137
neonatal-perinatal medicine, 135

premature labor, 73
premature rupture of membranes (PROM), 

51, 52
prematurity, 33, 76, 132

bronchopulmonary dysplasia, 135
prevention of, 139

prematurity, apnea of. See apnea of prematurity
prenatal care, 48–49, 49t
prenatal exposure effects, 51
prenatal glucocorticoids, 139
prenatal infections, 66
preschoolers, 10f

3 to 6 years of age, 24
experience growth, 10
family-centered care, 24
growth and developmental milestones, 11

cognitive growth, 8–10
language growth, 8–10
motor growth, 10
physical growth, 8
sensory growth, 8–10
social growth, 10

magical thoughts, 24
playing, 10
polysomnography, 261
self-control behaviors, 10

pressure control ventilation (PCV), 445, 468t
pressure support ventilation (PSV), 441, 

444–445
pressure ulcers, characterization of, 466t, 465
pressure-triggered breath, 444
pressurized metered dose inhalers (pMDIs), 

404–405
advantages and disadvantages, 405t
inhalation technique for, 406–407, 407f
patient interfaces for, 406, 406f
soft mist inhalers, 405
valved holding chambers and spacers, 

405–406
preterm births, 49
preterm delivery, 51, 52
preterm infants, 83, 93–94, 484

chest x-ray, 95
mechanical ventilation, 440, 440t

preterm labor, 52
and delivery, 58–59
management, 60
risk factors, 59t
symptoms, 59–60

pre-threshold disease, 134
primary (habitual) snoring, 261
primary assessment, ABCDE approach, 186, 188
primary care physician (PCP), 559, 570
primary care providers, 176
primary caregiver, 560
primitive heart tube, 38, 39, 40
proinflammatory cytokines, 279
proinflammatory mediators, 137
prone positioning, 478
prostaglandin, 154

pleural effusion, 212t
clinical presentation, 213
diagnosis, 213
etiology, 212
pathophysiology, 212–213
transudate, 212
treatment, 213

pleurodesis, 213
pMDIs. See pressurized metered dose inhalers
pneumocytes, 485t, 484–485
pneumomediastinum, 143

clinical presentation, 211
diagnosis, 211
treatment, 211–212

pneumonia, 50, 70, 201, 517
pneumopericardium, 143
pneumothorax, 143, 144, 209, 210, 211, 209f, 

210f, 243, 523, 70
poisoning

clinical presentation, 295, 295t
diagnosis, 295
etiology, 295
pathophysiology, 295
treatment, 295–296

polyethylene bags, 79
polyhydramnios, 35, 56, 121, 262f
polysomnography (PSG), 116, 260–261, 261t

child-friendly laboratory, 261
components of, 264t
obstructive events, 264
overnight, 264

polyvinylchloride (PVC), 363
poractantalfa (Curosurf), 488, 489, 490t
positive airway pressure (PAP), 265–266
positive end-expiratory pressure (PEEP), 63, 

85, 521, 501, 504, 434, 209, 136, 
560, 470, 471f

positive expiratory pressure (PEP) therapy, 
253, 423, 565

positive pressure ventilation, 270
post accident incident plan (PAIP), 549
postductal oxygen saturation, 71
posterolateral defect, 122
postnatal age, 30
postnatal anti-inflammatory therapies, 140–141
postoperative stenosis, 115
postresuscitation care, 87, 195
postterm pregnancies, 60, 60t
postural drainage, 421, 422f
potty-training, 23
PPHN. See persistent pulmonary hypertension 

of newborn
pre- and post-bronchodilator testing, 344, 345f
preductal oxygen saturation, 71
preeclampsia, 54–55, 54t
pregnancy, 30, 49b

alcohol consumption, 51
caffeine intake, 51
complications during, 52t
complications, 52
diabetes during, 55
classifications, 49
complications

abnormal amniotic fluid volume, 56
diabetes, 55–56
hypertensive disorders, 54–55
placental and cord disorders, 52–54
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Silverman scoring system, 69, 70, 70f
respiratory distress syndrome (RDS), 33, 70, 

93, 95f, 125, 137, 305, 480, 484, 517
chest x-ray of preterm infant, 95
clinical presentation, 94
complications, 96
defined, 94
diagnosis, 95–96
etiology, 94
incidence, 94
management, 96, 97
outcomes, 96
pathology, 95
pathophysiology, 94
surfactant protein B deficiency, 124

respiratory effort, 82
respiratory failure,142, 243, 484
respiratory inductance plethysmography, 260
respiratory management plan, pediatric 

neurodisability disorders
airway clearance therapy, 253–254
frequency of therapy, 254
mechanical ventilation, 254
medication selection, 253

respiratory rate, 64, 185, 185t
respiratory resistance (Rint), 351
respiratory support strategies, 141–142
respiratory syncytial virus (RSV), 143, 499

clinical presentation, 201–202
defined, 201
diagnosis, 201
etiology, 201
pathophysiology, 201
treatment, 202

respiratory system effects, 498, 508
respiratory technology–dependent infant and 

child
barriers to discharge, 569
caregiver education

aerosol and airway clearance 
devices, 565

education skill proficiencies, 561, 561t
humidification, 563
manual resuscitation bag, 563
mechanical ventilator, 563–564
monitoring devices, 564
rooming-in, 565
speaking valves, 563
suctioning the tracheostomy tube, 563
supplemental oxygen, 564–565
tracheostomy tube care, 561–562, 561t
transportation home, 565–566

criteria for discharge home, 560–561
day of discharge, 568–569
defined, 556
family outing, 556f
goals, 557
home medical equipment, 567–568
multidisciplinary discharge planning team, 

559–560, 559t
outpatient care, 569–570
preparing for discharge, 556–557
preparing the home, 566–567
transition

from hospital to home, 557–558
from pediatric to adult care, 570–572

respiratory therapists, 242, 243, 408

pulse oximetry, 93
clinical considerations

in neonates, 305
in pediatric patient, 305

limitations, 305–306
operational concepts, 304
patient application, 304, 304f
sensor, 304, 304f

pulse pressure, 186, 187
pulseoximetry (SpO2), 380
PVC. See polyvinylchloride

Q
Qp/Qs ratio, 381
quality of life, 576
quick relievers, 230–231
quick-relief medications, 230–231, 231t

R
radiography, 252, 332, 333, 333f
radiolucent, 334
raised volume rapid thoracoabdominal 

compression technique (RV/RTC), 
350

RAM cannula, 436t, 435, 459, 460t
ramp time, 463
rapid eye movement (REM) sleep, 92, 260, 262
rapid influenza diagnostic test (RIDT), 203
RDS. See respiratory distress syndrome
recirculation, 518
red blood cell (RBC), 72
relaxation techniques, 26
rescue medications, 230
reservoir devices, 386

nonrebreathing mask, 387–388, 388f
partial rebreathing mask, 387, 387f
simple mask, 386, 386f

application, 386–387
indications, contraindications, and 

hazards, 386
residence time, 398
residual volume (RV), 342, 401
respirable fraction, 398
respiratory acidosis, 94
respiratory assessment, in neonates

auscultation of chest, 69–70
chest examination, 68–69
chest radiograph, 70
respiratory distress, 69

respiratory care management programs, 255f
respiratory depression, perinatal, 79
respiratory diseases of newborn, 92–107

apnea of prematurity, 92–94
meconium aspiration syndrome, 99–102
neonatal pneumonia, 98–99
persistent pulmonary hypertension of 

newborn, 102–106
RDS. See respiratory distress syndrome
transient tachypnea of newborn, 96–98

respiratory distress, 176
clinical signs, 69
in neonates, 69
signs of, 179, 179t

equipment used, 352
mobile testing, 353

bronchoprovocation and exercise testing
eucapnic voluntary hyperpnea testing, 

348–349
exercise testing, 347–348, 348f
methacholine challenge, 347
mannitol challenge, 348

diffusing capacity, 349–350
equipment used for, 341–342
infant and toddler pulmonary function 

testing
airway resistance, 351
challenges, 350–351
equipment used, 350, 350f
flow-volume loops, 351
multiple breath washout, 352
nitric oxide measurement, 351–352
obtaining measurements, 350

lung volumes and airway resistance,  
346–347, 346f, 347f

preparations for, 340–341
communication, 341
ending session, 341
incentives and directions, 341
parents involvement, 341
variables affecting testing, 341

reference set and predicted values, 344
specialized tests

cough peak flow, 349
maximal inspiratory and expiratory 

pressures, 349
spirometry data interpretation, 344t

challenges, 345–346
obstructive and restrictive disorders, 

344–345, 345f
trending results, 345, 346t

standard spirometry measurements
maximal expiratory measurements, 

342–343, 342–343f
maximal inspiratory measurements, 

343, 343f
pulmonary hypertension (PH), 502
pulmonary hypoplasia, 34t, 68, 70, 126, 122, 144
pulmonary interstitial emphysema (PIE), 

143, 210
cystic lesions characteristics, 145
ventilator management, 145

pulmonary sequestration, 128
pulmonary stenosis (PS), 161f

clinical presentation, 162
complications, 162
diagnosis, 162
etiology, 161
incidence, 161
management, 162
outcomes, 162
pathophysiology, 161

pulmonary surfactant, 94, 124
components of, 485–486, 485f, 486t
functions, 32t
metabolism, 32

pulmonary vascular resistance (PVR), 103, 
157,296, 44, 45, 502

pulmonary vasoconstriction, 94
pulmonary vasodilators, 44
pulse contour analysis, 325
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skills validation, 255
skin color, 82
skin, of neonates, 66, 68
sleep architecture, 260
sleep hygiene, 260
sleep position, of baby, 4, 4f
sleep-disordered breathing, 261
Sleepweaver cloth nasal mask, 461t
SMA. See spinal muscular atrophy
small for gestational age (SGA), 66, 68
smart care, 479
smart nebulizers, 402
smokeless tobacco use, 51
sniffing position, infants, 80
snoring, 261
SOAPPIM mnemonic for endotracheal 

intubation, 365t
social growth

in infants and children, 5, 7
in preschoolers, 10
in school-age children, 12
in toddlers, 8

social workers, 22
Society for Adolescent Medicine, 570
soft mist inhalers, 405
SP-A protein, 486, 486t
spacers, 405–406
spasmodic croup, 206
Spaulding Classification Scheme, 531
SP-B protein, 486, 486t
SP-C protein, 486, 486t
SP-D protein, 486, 486t
specialty gas administration

anesthetic gas mixtures
delivery devices, 509
gas physics, 508
hazards/complications, 509
indications, 508–509
limitations, 509
mechanism of action, 508

helium–oxygen mixtures
delivery devices, 499–501
gas physics, 498, 498t
indications, 499
limitations, 501
mechanism of action, 498–499, 499t

nitric oxide
delivery devices, 504–506
gas physics, 501
hazards/complications, 506
indications, 502–503
limitations, 506
mechanism of action, 501–502

subambient oxygen and inhaled carbon 
dioxide

delivery devices, 507–508
gas physics, 506
hazards/complications, 508
indications, 507
limitations, 508
mechanism of action, 506–507

specific airway resistance (sRaw), 351
spectrophotometry, 304
sphingomyelin, 485
spina bifida, 249
spinal muscular atrophy (SMA), 248–249, 

249t, 349
spiral arteries, 38

RV/RTC. See raised volume rapid 
thoracoabdominal compression 
technique

S
saccules, 31
safety management system (SMS), 548, 548t
Sano modification, 169f
saturated phosphatidylcholine (lecithin), 485
school-age children

6 to 13 years, 24
family-centered care, 24
growth and developmental milestones, 13

cognitive growth, 12
language growth, 12
motor growth, 12
physical growth, 10–12
sensory growth, 12
social growth, 12

scoliosis, 178
secondary caregiver, 560
seesaw breathing, 69
self-harm, 14
self-inflating resuscitators, 77
sensory growth

in infants and children, 5
in preschoolers, 8–10
in school-age children, 12
in toddlers, 7–8

sepsis, 132, 517
septum primum, 41
Servo-I and Servo-U ventilators, 441, 475
severe plagiocephaly, 4
sevoflurane, 508
sexually transmitted diseases (STD), 50–51
SGA. See supraglottic airway devices
shock

cardiogenic, 283, 283t
clinical presentation, 284–285, 284t
diagnosis, 284
disruptive, 283, 283t
etiology, 283, 283t
hypovolemic, 283, 283t
obstructive, 283, 283t
pathophysiology, 284
treatment, 285

short-acting beta-agonists (SABAs),  
230–231, 534

siblings, 25
SIDS. See sudden infant death syndrome
Silverman Score system, 69, 70
simple mask, 386, 386f, 382t

application, 386–387
indications, contraindications, and 

hazards, 386
simplicity nasal mask, 459, 460t
SIMV. See synchronized intermittent 

mandatory ventilation
single umbilical artery (SUA), 54, 68
single ventricle lesions

hypoplastic left heart syndrome, 168–171
mechanical ventilation, 171

single slow inhalation, pressurized metered 
dose inhalers, 407

skeletal muscle relaxants, 540, 541t
skilled caregivers, 560–561

respiratory-related training and education, 
561, 562t

restless leg syndrome, 560
resuscitation and stabilization, of child, 

184–195
airway management

bag-mask ventilation, 191
ETT placement, 191, 193
intubation, 191

circulation, 193
medication administration, 193–194
pediatric patient assessment

appearance, 184
breathing characteristics, 185
circulation, 185–186
Pediatric Assessment Triangle, 184
respiration, 185

pediatric shock, 188–189
postresuscitation care, 195
primary assessment

airway, 186
breathing, 186
circulation, 186
disability, 186, 188
exposure, 188

vascular access
central venous line placement,  

190–191
intraosseous access, 190
peripheral vein access, 190

resuscitation, neonatal stabilization and. 
See neonatal stabilization and 
resuscitation

resuscitative drugs, 77, 80, 80t
retina zones, 133, 133f
retinal vascular development, 132, 133
retinal vascularization, 132
retinopathy of prematurity (ROP), 96

clinical presentation, 134
complications, 135
diagnosis, 133–134
etiology, 132
management, 134–135
outcomes, 135
pathophysiology, 132–133
preterm infants, 134
stages of, 134f

retractions, 69
pediatric patient, 178

retrolental fibroplasia, 132
review of systems, 177
Reynold’s equation, 498
Rh hemolytic disease, 72
Rhinovirus, 143
ribavirin, 200
rigid bronchoscopy, 290, 528, 528f
rima glottides, 364
Rint. See respiratory resistance
rise time, 438, 462
roller pumps, 519
room-in, family care, 565
rooming-in period, 561
rooting reflex, 72
ROP. See retinopathy of prematurity
rotor wing/helicopter transports, neonatal/

pediatric specialty, 549, 550f
RSV. See respiratory syncytial virus
RV. See residual volume
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TGA. See transposition of great arteries
TGV. See thoracic gas volume
theophylline, 231
therapeutic lavage, 530
therapists, 22
thoracentesis, 211
thoracic assessment of neonates. See 

respiratory assessment, in 
neonates

thoracic gas volume (TGV), 346
thoracoabdominal asynchrony, 199
thrombocytopenia, 72, 73
thrombocytosis, 72
tidal breathing, pressurized metered dose 

inhalers, 407
tidal volume (VT), 352, 469
time constants, 446, 446f
timed mode, 462
tissue oxygenation, assessing, 381t, 380–381
titration study, 265
TLC. See total lung capacity
tobramycin, 407, 539
toddlers

1 and 3 years of age, 23
drowning, 7
family-centered care, 23–24
growth and developmental milestones, 9

cognitive growth, 7–8
language growth, 7–8
motor growth, 8
physical growth, 7
sensory growth, 7–8
social growth, 8

parallel play, 8
polysomnography, 261

TOF. See tetralogy of fallot
total anomalous pulmonary venous return 

(TAPVR)
clinical presentation, 167
complications, 167
defined, 166
diagnosis, 167
etiology, 167
incidence, 167
management, 167
outcomes, 167
pathophysiology, 167
supracardiac type, 167t
types, 166t, 166

total lung capacity (TLC), 342
T-piece resuscitators, 77, 84, 85
trach go bag, 562
tracheal intubation (TI), 552
trachemalacia, 369
tracheoesophageal fistula (TEF)

clinical presentation, 121
complications, 122
diagnosis, 121
etiology, 120
management, 121–122
outcomes, 122
pathophysiology, 120–121
types, 121

tracheostomy, 117, 270, 557, 561, 562t, 568
humidification, 563
suctioning, 563

tracheostomy bag, 562, 562t
tracheostomy mask, 392t

production, 32
surface tension, 32

surfactant dysfunction, 100
surfactant protein(s), 32–33, 124, 124f
surfactant protein deficiencies

clinical presentation, 125
complications, 125
diagnosis, 124
etiology, 124
management, 125
outcomes, 125
pathophysiology, 124

surfactant replacement therapy (SRT)
antenatal steroids. See antenatal steroids
clinical considerations, 491–492
equipment used during, 491t
fetal lung maturity testing, 486–487, 486t
hazards/complications, 492, 492t
limitations, 492–493
normal term infants, physiology in,  

484–485, 484f, 485t
pulmonary surfactant, components of, 

485–486, 485f, 486t
surfactant therapy, 32f, 140, 484
Surfactant, Positive Pressure, and Pulse 

Oximetry Randomized Trial 
(SUPPORT), 142

Surfaxin (lucinactant), 489, 490t
Survanta (beractant), 488, 490t
survival motor neuron gene 1 (SMN1), 249
sustained maximal inspiration. See incentive 

spirometry
sweat chloride test, 238
swine flu, 202
synchronized intermittent mandatory 

ventilation (SIMV), 441, 468t
syphilis, 51
systemic corticosteroids, 536–537, 537t
systemic inflammatory response syndrome 

(SIRS), 281–283, 281t
clinical presentation, 282
criteria for younger, 281t
diagnosis, 281–282, 281t
elevated blood lactate, 282
etiology, 281
pathophysiology, 281
treatment, 282–283

systemic vascular resistance (SVR), 281

T
TAPVR. See total anomalous pulmonary 

venous return
technology-dependent child, 556
TEF. See tracheoesophageal fistula
Tender Grip skin fixation tab, 385, 385f
terminal sac stage, lung development, 31
tetrahydrocannabinol (THC), 51
tetralogy of fallot (TOF), 160f

clinical presentation, 160
complications, 161
diagnosis, 160
etiology, 159–160
incidence, 159–160
management, 160–161
outcomes, 161
pathophysiology, 160

spirometry, 222, 341–342
data interpretation, 344t

challenges, 345–346
obstructive and restrictive disorders, 

344–345, 345f
trending results, 345, 346t

lung volumes and airway resistance,  
346–347, 346f, 347f

measurements
maximal expiratory, 342–343,  

342–343f
maximal inspiratory, 343, 343f

SpO2. See pulse oximetry
spontaneous hemothorax, 216
spontaneous/timed mode, 462
sRaw. See specific airway resistance
SRT. See surfactant replacement therapy
STABLE, 87
Staphylococcus aureus, 207
STD. See sexually transmitted diseases
steatorrhea, 239
stenosis, aortic, 158–159
sterile techniques, for suctioning, 563
stillbirth, 51
stoma care, and changing tracheostomy tube, 

370, 370t
Streptococcus pneumoniae, 207
stridor, 114, 185
structural disruption, bronchopulmonary 

dysplasia, 137
subambient oxygen and inhaled carbon 

dioxide
delivery devices, 507–508
gas physics, 506
hazards/complications, 508
indications, 507
limitations, 508
mechanism of action, 506–507

subcostal retractions, 69
substernal retractions, 69
succinylcholine, 540
suction equipment and supplies, 76, 77t
suctioning, 372

and artificial airway. See artificial airway 
suctioning

bulb, 372, 372f
equipment for, 372t
hazards/complications, 372, 372t
nasotracheal, 373, 373t

sudden infant death syndrome (SIDS), 4, 51
supplemental oxygen therapy, 96, 394, 

564–565
SUPPORT Study, 135
suppressive therapy, 50
supraglottic airway devices (SGA), 359

complications, 362
contraindications, 362
Esophageal-Tracheal Combitube, 361
King laryngeal tube, 361, 361f
laryngeal mask airway, 359–361, 360f, 

361–362
limitations, 362

suprasternal retractions, 69
surface tension, 279
surfactant deficiency, 94
surfactant development, 32–33

composition, 32–33
function, 32
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treatment, 294
poisoning

clinical presentation, 295, 295t
diagnosis, 295
etiology, 295
pathophysiology, 295
treatment, 295–296

upper airway devices
oropharyngeal airways, 358–359, 358f
nasopharyngeal airways, 359, 359f
supraglottic airway devices

complications, 362
contraindications, 362
esophageal-tracheal combitube, 361
king laryngeal tube, 361, 361f
laryngeal mask airway, 359–361, 360f, 

361–362
limitations, 362

upper airway obstruction, 499
upper airway resistance syndrome 

(UARS), 261
clinical presentation, 267
diagnosis, 267
management, 267
pathophysiology, 267

urinary tract malformation, 35
uterine arteries, 38
uteroplacental circulation, 38
uvulopharyngopalatoplasty (UPPP), 265

V
VACTERL (vertebra, gastrointestinal tract, 

cardiovascular system, renal 
system, limbs), 120, 120t

vaginal delivery, 50
valved holding chamber (VHC), 405–406
valvuloplasty, 162
valvulotomy, 162
vancomycin, 99
variable performanceoxygen delivery 

devices, 384
nasal cannula, 384

application, 384–386, 384f, 386f
indications, contraindications, and 

hazards, 384
regression equation for FiO2 delivered 

by, 385t
various sizes, 384f

vascular accessment, of child, 86–87
central venous line placement, 190–191
intraosseous access, 190
peripheral vein access, 190

vascular endothelial growth factor (VEGF), 
132, 134

VCD. See vocal cord dysfunction
VCV. See volume control ventilation
VDR 4, 473, 47f
venous-arterial (VA) ECMO, 518, 518t, 520f
venous-venous (VV) ECMO, 518–519, 519f
ventilation

bag-mask, 84–85
equipment, 76–77, 76–78
manual techniques, 85
positive pressure, 84–85

ventilator injury, bronchopulmonary dysplasia, 
135–136

defined, 167
diagnosis, 168
etiology, 168
incidence, 168
management, 168
outcomes, 168
pathophysiology, 168

TTN. See transient tachypnea of newborn
twin to twin transfusion syndrome (TTTS), 56
Twisthaler, 407
two-finger chest compression method, 86, 86f
two-thumb chest compression method, 86, 86f
type 1 diabetes, 55, 55b
type 2 diabetes, 55, 55b
type I pneumocytes, 31
type II pneumocytes, 31

U
UCP. See umbilical cord prolapse
ultrasonic nebulizers, 401–402
ultrasound

antenatal fetal assessment, 56–57
neonates, 64
obstetric, 54

umbilical arteries, 39, 42, 86
umbilical artery catheter (UAC), 321, 336

clinical considerations, 321
conditions adversely affecting 

accuracy, 322
disadvantages/limitations, 322
hazards/complications, 322
indications, 321–322
placement, 320–321

umbilical cord abnormalities, 54, 68
umbilical cord prolapse (UCP), 54
umbilical vein, 39, 42
umbilical venous catheter (UVC), 86, 323, 336
umbilical vessel catheterization, 79, 79t
unbalanced AVC, 156
uncuffed endotracheal tubes, 363f, 364, 

364t, 365t
uncuffed tracheostomy tubes, 369, 369f, 370
unilateral choanal atresia, 115f
unintentional injuries

blunt trauma
clinical presentation, 291
diagnosis, 291
etiology, 290–291
pathophysiology, 291
treatment, 291–293

foreign body aspiration
clinical presentation, 289–290
diagnosis, 289
etiology, 289
pathophysiology, 289
treatment, 290

near drowning
clinical presentation, 296
diagnosis, 296
etiology, 296
pathophysiology, 296
treatment, 296

penetrating trauma
clinical presentation, 294
etiology, 294
pathophysiology, 294, 294f

tracheostomy tube care, 369, 561–562, 561t
aerosol administration through,  

410–411, 410f
clinical considerations, 371
confirming position, 371
decannulation, 371
hazards/complications, 369–370
indications for, 369, 369t, 369f
patient/family education, 371–372, 371t
procedure for change, 370, 370t
securing, 370–371
speaking/phonation devices, 371
types, 370
unplanned decannulation, 371

transcutaneous carbon dioxide tension, 308, 311t
transcutaneous monitoring (TCM), 308
transcutaneous oxygen tension, 308, 311t
transient tachypnea of newborn (TTN)

clinical presentation, 97
complications, 98
diagnosis, 97–98
etiology, 97
incidence, 97
management, 98
outcomes, 98
pathophysiology, 97

transillumination, 144, 210
transition to adult care, 570–572
transitional AVC, 156
transitional circulations, 44–45
transliminating light devices, 314
trans-nasal puncture technique, 114
transport equipment, 77
Transport Nurse Advanced Trauma Course 

(TNATC), 547
transposition of great arteries (TGA)

clinical presentation, 166
complications, 166
diagnosis, 166
etiology, 165–166
management, 166
outcomes, 166
pathophysiology, 166

transthoracic cannulation, 518
transudate vs. exudate, chemical 

composition, 213
transverse myelitis, 249–250
traumatic brain injury (TBI), 28, 248
Treacher Collins syndrome (TCS), 116, 

117, 117f
Treponema pallidum, 51
Trichomonas vaginalis, 51
trichomoniasis, 51
tricuspid atresia, 163f

clinical presentation, 163
complications, 164
diagnosis, 163–164
etiology, 163
incidence, 163
management, 164
outcomes, 164
pathophysiology, 163

trigger sensitivity, 438,446–447, 471–472
trophoblast, 38
trophoectoderm, 38
truncus arteriosus, 168f

clinical presentation, 168
complications, 168
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W
weaning

neonate, 452–453
pediatrics, 479

Westley Croup Scoring System, 206, 206f
white blood cells (WBC), 72
William-Beuren syndrome, 161
Wimmer and Perner’s theory of  

mind work, 9

Y
yankauer-style suction, 365f, 365
yolk sac development, 38
2011 Youth Risk Behavior Survey, 14

Z
Zafirlukast, 539
zygote, 38

incidence, 155
management, 156
outcomes, 156
pathophysiology, 155

VHC (valved holding chamber), 405–406
vibrating mesh nebulizer, 402, 402f
vibration, 421, 423f
vibratory PEP therapy, 253. See also oscillatory 

positive expiratory pressure therapy
videolaryngoscopy, 367
viral infections, 201, 50
vitamin A deficiency, 137, 141, 112
vitelline circulation, 39
vocal cord dysfunction (VCD), 343
volume control ventilation (VCV), 445, 468t
volume expander, 87
volume targeted ventilation (VTV),  

445–446, 468t
volumetric carbon dioxide (VCO2), 501
volutrauma, 136, 434, 472
Vortex, 406
VSD. See ventricular septal defect
VT. See tidal volume
VTV. See volume targeted ventilation

ventilator-associated pneumonia, 98
ventilator-dependent children, 557

caregivers, 558
transportation home, 565–566

ventilator-induced lung injury (VILI), 135, 140
neonates, 440
pediatrics, 472

ventilator-specific respiratory care flight bag, 
551, 551t

ventilatory management, of neonates
adjusting ventilator parameters,  

451–452, 451t
cardiac disease, 452–453, 453t
oxygen saturations of neonatal 

disorders, 452t
pediatrics, 478, 479t
targeted blood gas values, 451t

ventricular septal defect (VSD)
blood flow, 156, 156f
clinical presentation, 156
complications, 156
diagnosis, 155–156
etiology, 155
failure to thrive, 156
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