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FOREWORD

Over two decades ago, Rinaldo Bellomo, MBBS, MD, and I decided to
write a commentary entitled “Critical Care Nephrology: The Time Has
Come.” This published manuscript was a summary of experiences matured
in our long-standing collaborations to try to improve the outcome of
critically ill patients with kidney problems. In the 1980s, continuous kidney
replacement therapies were only sporadically performed in critically ill
patients at select centers. Back then, the super-majority of patients were
treated with standard intermittent hemodialysis with poor outcomes and an
unacceptably high rate of complications. The reason for this was a
mentality of “us and them” developed over years of narrow vision and lack
of collaboration between nephrologists and critical care physicians. In spite
of historical reasons for the limited interaction between nephrology and
intensive care, new evidence emerged from our initial publications that a
strict collaboration with improved cross-pollination was bringing better
patient outcomes. The time for a new bridge between critical care and
nephrology had come and many observations were supporting this new
vision: exchange of competencies and knowledge, technologic transfer and
exchange, better understanding of the pathophysiology of acute kidney
injury (AKI), and, thus, better management and patient care. In the 1990s,
new machines and new techniques for kidney replacement therapy were
proposed, developed, and applied. Finally, the new millennium brought
important studies on dose and efficacy of kidney replacement, advantages
of continuous kidney replacement therapies, combined pharmacologic and
artificial organ support, and so forth. These advances were further
strengthened through adoption and systematic investigation by groups such
as the Acute Disease Quality Initiative (ADQI). These groups have
furthered the collaboration between nephrology and critical care and
generated significant lines of evidence for prevention, diagnosis,
classification, and treatment of AKI. In parallel with the ADQI consensus
conferences, an impressive number of studies were published and many of
them had in the key words the term “critical care nephrology.” Books were



made available as a source of information and training for the newer
generations who became experienced specialists in both disciplines, being
transfected by the common knowledge in critical care and nephrology. The
present book by Jay L. Koyner, Edgar Lerma, and Joel M. Topf is a clear
example of this sharing of ideas, information, and knowledge. The authors
should be commended for the effort to create a useful new Handbook of
Critical Care Nephrology edited by Wolters Kluwer. The handbook
includes more than 50 chapters covering a wide array of critical care
nephrology topics. Each chapter is written by a top expert in the field with
long-lasting experience, and this guarantees a practical and immediate
acquisition of the fundamental information by the reader. Over the years,
experts like John Kellum, Pat Murray, Lui Forni, Paul Palevsky, Marlies
Ostermann, Kathleen Lui, Alex Zarbock, and the other authors of the book
chapters have become the reference authors for the most important
publications in the field. The critical care nephrology community has
established a relationship that goes beyond the pure professional
collaboration. We have become close friends and we learned to share more
than clinical cases and treatment protocols. We learned to work together for
the benefit of our patients through mutual help and understanding, through
close relationships with our fellows and residents, through a strong
willingness to transform critical care nephrology into a real new discipline.
This Handbook of Critical Care Nephrology edited by Koyner, Lerma, and
Topf is the proof that the seeds were planted in the right environment and
they have germinated and grown to flourish in the name of interdisciplinary
collaboration, friendship, and science.

Claudio Ronco
 Università degli Studi di Padova
 and San Bortolo Hospital
 Vicenza, Italy



PREFACE

Since the beginning of modern scientifically-based medicine, there has been
a progression from generalists to specialists. Surgeons and internists divided
up with surgical steel on one side and pharmaceuticals on the other. Then
the internists Balkanized their field by organ system, with doctors
identifying as cardiologists, pulmonologist, endocrinologists, and
nephrologists among others. From there the specialization continued with
subspecialists in hepatology, electrophysiology, and diabetology, expanding
our vocabulary. For a long time, nephrology resisted the siren call of further
specialization, but the last few decades have seen resistance crumble as
nephrologists differentiated into transplant nephrologists, interventional
nephrologists, and most importantly (given the book you are holding)
critical care nephrologists.

The intersection of the intensive care unit (ICU) and nephrology is
decades old. Although the role of the nephrologist in the ICU has morphed
over the past 50 years, it is clear ICU patients are getting more complex and
the modern nephrologist needs to understand the impact of critical care on
the kidney as well as be aware of any advances that benefit the critically ill.
It is with this backdrop that we created the first edition of The Handbook of
Critical Care Nephrology.

The Handbook of Critical Care Nephrology covers a breadth of topics.
Whereas some chapters cover bread-and-butter nephrology topics such as
the prevention and care of acute kidney injury or the timing, dose, and
modality of kidney replacement therapy in the ICU, this handbook offers
much more. It covers a wealth of critical care topics including chapters on
shock, acute respiratory distress syndrome (ARDS), and the care of
transplant patients in the ICU. Beyond these, there are chapters dedicated to
electrolytes and acid–base abnormalities in critically ill patients. We have
attempted to create a handbook that reinforces the basic tenets of
nephrology care in the ICU while expanding on aspects of critical care that
nephrologists (and others) are less familiar with, including but not limited



to extracorporeal membrane oxygenation (ECMO), intoxications, and left
ventricular assist devices.

We have compiled 56 chapters with the goal that each chapter can be
read in a single sitting. The chapters have been written by international
experts, many of whom have published research on their chapter topic.
These chapters average less than 3,000 words and are chock-full of clinical
pearls. In addition to easy-to-digest chapters, when possible we have
constructed visual abstracts for two or three of the major studies/trials for
that topic. We specifically targeted older papers that do not have preexisting
visual abstracts. As an added bonus, the PDFs of these visual abstracts can
be used in talks or to bludgeon the other side in your latest evidence-based
Twitter feud.

The Handbook of Critical Care Nephrology is a streamlined introduction
to the complex care of patients in the ICU with kidney issues. This book is
not meant to be exhaustive. It is geared toward medical students, interns,
and residents who are interested in developing a broad knowledge base. In
addition, we expect that internists, surgeons, anesthetists, advanced practice
nurses, physician assistants, and pharmacists will find this book useful.
Given the visual abstracts for many of the older classic studies and trials,
nephrologists and intensivists may find them useful as teaching tools.
Regardless, we hope you enjoy it.

Jay L. Koyner
 Edgar V. Lerma
 Joel M. Topf
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SECTION I

Critical Care and Intensive Care Unit
Monitoring



1

Hemodynamic Monitoring in the Intensive
Care Unit
Alan J. Schurle and Michael F. O’Connor

INADEQUATE CIRCULATION
The evaluation of hemodynamics in critical care focuses on the assessment
of shock, or globally inadequate tissue oxygenation and organ dysfunction.
Clinical signs of shock include altered mentation, oliguria, and sluggish
capillary refill. Hypotension is often a relatively late indicator of a
suboptimal circulation. As hypotension develops, dynamic indicators such as
pulse pressure variation (PPV) and systolic pressure variation (SPV) are the
most useful predictors of response to volume infusion. More conventional
parameters including heart rate, blood pressure, pulse pressure, and central
venous pressure (CVP) can be used in concert to help identify the etiology of
shock. Adequacy of resuscitation can be evaluated by appropriate
improvement in lactic acid and mixed or central venous saturation.

Static Markers
Basic hemodynamic parameters including heart rate, blood pressure, and
pulse pressure (the difference between systolic and diastolic pressure) can be
used to formulate an initial differential diagnosis of a shock state and a plan
for its management. Tachycardia, hypotension, and narrow pulse pressure
are consistent with a low cardiac output caused by hypovolemia, cardiogenic
shock, and obstructive shock. An increased pulse pressure is especially
useful for distinguishing vasodilated shock from the other causes of shock



(Figure 1.1). CVP is by far the most popular parameter used to make
inference about the adequacy of the circulating volume and predict volume
responsiveness. Without exception, all studies have demonstrated that CVP
is a poor predictor of volume responsiveness; a 2008 meta-analysis of 24
studies relating CVP to either circulating volume or cardiac output
augmentation by fluid challenge concluded that CVP’s relationship to
volume responsiveness generated an area under the curve (AUC) of 0.56,
equivalent to flipping a coin.1 An elevated CVP and PPV in a hypotensive
patient can suggest a diagnosis of obstructive shock or right ventricular
failure.1 Peripheral venous pressure (PVP), transduced from peripheral
intravenous (IV) rather than central line, correlates very well with CVP and
may be used as a proxy by practitioners who may want to use a CVP
measurement for the diagnosis or management of obstructive shock2 (Figure
1.2, Visual Abstract 1.1). Finally, peripheral intravenous volume analysis
(PIVA) is a technique where heart rate and respiratory variations in
continuously monitored PVP are analyzed by a proprietary algorithm to
generate a “PIVA signal.” This signal, when compared either between
different patients or in a single patient before and after volume removal with
diuresis or dialysis, may be an emerging method to analyze an individual’s
volume status.3

FIGURE 1.1: Utilization of pulse pressure to distinguish vasodilated shock from low cardiac
output shock.



FIGURE 1.2: Correlation of PVP with CVP in ICU patients (unpublished data from University
of Chicago Medicine ICUs). CVP, central venous pressure; ICU, intensive care unit; PVP,
peripheral venous pressure.

Dynamic Markers
Hemodynamic parameters that change with an intervention such as
mechanical ventilation or autotransfusion (as in the case of straight leg raise)
are described as dynamic markers. These parameters can predict an
improvement in cardiac output after fluid administration.

The straight leg raise test is designed to facilitate gravitational venous
drainage from the lower extremities back into the systemic circulation,
leading to an increase in venous return. After raising either a supine or semi-
recumbent patient’s leg to 45 degrees above the bed, an increase of
approximately 15% in indices of cardiac output as measured by aortic blood
flow via esophageal Doppler, stroke volume via echocardiography, or



cardiac index by pulse contour monitoring is taken as a positive sign that
predicts a similar increase in these variables with an IV fluid administration
of around 500 mL, though the specificity and sensitivity are lower than that
of SPV or PPV (discussed below). The benefits of this test include its ease of
use and applicability across both mechanically ventilated and spontaneously
breathing patients. Contraindications to this test include immobilized lower
extremities as in the case of traumatic injury or an inability to lie supine as in
the case of orthopnea or elevated intracranial pressure (ICP).4

Both SPV and PPV are commonly used to guide fluid administration.
Changes in pleural pressures throughout the respiratory cycle are transmitted
to the mediastinal structures, which cause fluctuations in venous return
(Figure 1.3). These changes in preload lead to changes in stroke volume,
which is reflected in a change in the pulse pressure of an arterial pressure
tracing over the course of the respiratory cycle.5 These measurements require
sinus rhythm, patients synchronous with mechanical ventilation with tidal
volumes of 8 mL/kg (ideal body weight), and an arterial catheter. A PPV of
greater than 12% to 15% is predictive of fluid responsiveness; the higher the
PPV, the more the cardiac output will be increased with a fluid bolus.
Though there is no widely recognized ideal volume or type of fluid
administration, common boluses are around 500 mL of either crystalloid or
colloid. Dynamic indicators of volume responsiveness like PPV, SPV, and
stroke volume variation (SVV) outperform all static methods to predict
volume responsiveness, and of these three, PPV performs the best with an
AUC of 0.94 compared with 0.86 to 0.84 for SPV and SVV. All three
outperform CVP, with an AUC of 0.556 (Table 1.1, Visual Abstract 1.2).
Pathologic states that elevate PPV, such as pulmonary hypertension or
obstructive shock (tension pneumothorax, cardiac tamponade, abdominal
compartment syndrome, auto–positive end-expiratory pressure [PEEP]), will
lead to a false prediction of fluid responsiveness.7 These dynamic indicators
have been well studied in mechanically ventilated patients either paralyzed
or compliant with the ventilator because the thoracic pressure changes
required to produce a tidal volume are reproducible over multiple respiratory
cycles. In spontaneously breathing patients, however, venous return from
one respiratory cycle to the next can change because of variability in the
thoracic pressures generated by the patient’s breathing rather than changes in
intravascular fluid status. Thus, PPV in spontaneously breathing patients is
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not currently as well-validated as in mechanically ventilated patients.8,9

Additionally, pulse oximetry waveform variations over the course of the
respiratory cycle, as analyzed by an algorithm similar to PPV, may offer
similar data to PPV as a noninvasive alternative.10 The possibility of using a
pulse oximetry waveform in this way to make inference about volume
responsiveness in a nonintubated spontaneously breathing patient could
dramatically increase the use of dynamic indicators to assess volume
responsiveness.

FIGURE 1.3: Fluctuations in pleural pressure produce fluctuations in venous return and
variations in pulse pressure. CO, cardiac output; CVP, central venous pressure; Pms, mean
systemic pressure; PRA, right atrial pressure.

Approximate Area Under the Curve (AUC) of
Variables Used to Predict Volume Responsiveness

Parameter AUC

PPV 0.94

SPV 0.86

SVV 0.84

CVP 0.55

CVP, central venous pressure; PPV, pulse pressure variation; SPV, systolic pressure
variation; SVV, stroke volume variation.



Adapted from Marik PE, Baram M, Vahid B. Does central venous pressure predict fluid
responsiveness? A systematic review of the literature and the tale of seven mares. Chest.
2008;134:172-178.

Assessment of Resuscitation
Over the past 20 years, central venous saturation and serum lactates have
been strongly advocated and widely used to assess the adequacy of the
resuscitation of shock.11 Serum lactate, or lactic acid, is produced by normal
cellular processes but can be pathologically elevated from either inadequate
oxygen delivery or disrupted oxygen extraction (as in sepsis). Because of its
association with anaerobic metabolism, lactate is useful as a surrogate for
inadequate tissue perfusion. A serum sample can be obtained from an arterial
blood gas. Restoration of a normal serum lactate is widely accepted as an
indicator of an adequate and successful resuscitation.12

Central venous oxygen saturations (ScvO2) obtained from a catheter
positioned in the superior vena cava (SVC) have been used as surrogate for
the mixed venous oxygen saturation (MvO2) for the past 20 years. MvO2,
sampled from the pulmonary artery, requires the use of a pulmonary artery
catheter. ScvO2, drawn from the SVC or right atrium (RA) with a standard
central venous catheter, have been shown to correlate with MvO2.13,14 There
is evidence that mixed venous and central venous saturations may not be as
interchangeable as widely believed.15-17 The restoration of a central venous
saturation of 65% to 70% is a commonly used target of resuscitation.12

Protocols that employ serial measurement of lactate or central venous
saturation have been developed, studied, and disseminated as effective tools
for the resuscitation of patients with shock.18,19 Though other widely
publicized protocol-driven resuscitation trials for septic shock such as
PROCESS, PROMISE, and ARISE were not associated with improved
mortality in the protocol-driven care group, it is possible that standard care
has evolved to include targeted resuscitation endpoints as a matter of
course.20-23

Clinical Endpoints
Historically, bedside practitioners have always asserted that a bedside
assessment of a patient provided essential and otherwise impossible to obtain



information about a patient’s condition. Bedside assessments have included
serial evaluation of the mental status and urine volume. Altered mentation is
subjective and difficult to assess in the intensive care unit (ICU) where many
patients are sedated, encephalopathic, or delirious despite having an
otherwise adequate circulation. Oliguria, similarly, has a broad differential in
the ICU that includes inadequate perfusion, nephrotoxic medications, disease
states such as sepsis, and obstruction. In spite of these limitations, both have
been studied and are well-accepted indicators of patient well-being. Other
elements of bedside evaluation have not been systematically studied, and
thus have heretofore been discounted.

Capillary refill time (CRT), measured by applying pressure to a glass slide
overlying a patient’s fingernail until the underlying skin became white then
holding pressure for ten seconds before releasing it to time the return of
blood flow, is quick, easily performed, and a long-standing component of the
physical exam. Renewed interest in the utility of capillary refill time in
guiding resuscitation in sepsis has led to a randomized controlled trial (RCT)
suggesting that serial assessment of nail bed return every 30 minutes until
CRT is less than 3 seconds is as efficacious a guide to resuscitation as serial
measurement of serum lactate every 2 hours until either normalization or
decrease by more than 20%. These targets were achieved in septic patients
with mean arterial pressure (MAP) less than 65 by a protocolized approach
first by fluid administration, second by norepinephrine infusion, and finally
by starting either dobutamine or milrinone.24 This result reaffirms the
importance of serial bedside patient evaluations and may offer a quicker,
more cost-effective method to guide resuscitation in septic patients with
inadequate circulation, especially in resource-limited settings (Visual
Abstract 1.3).

CONCLUSION
Hemodynamic monitoring is used to evaluate and manage shock. Dynamic
parameters have supplanted traditional static parameters over the past 20
years. Simple hemodynamic endpoints for resuscitation (e.g., blood pressure
and heart rate) have been supplanted by serial monitoring of central venous
saturation, serum lactate, and nail bed return.
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Overview of the Management of Shock
Michael George and John A. Kellum

INTRODUCTION
Circulatory shock is a common intensive care problem, affecting up to one-
third of admissions to an intensive care unit (ICU).1 It represents the end
point of a multitude of different pathophysiologic processes, leading to
hypotension (relative or absolute) and imbalance between oxygen delivery
and oxygen consumption in end-organ tissue. Key to management of this
condition is rapid differentiation of the type of shock and elucidation of its
underlying cause. Although we will discuss general management of this
problem, it must be emphasized that these treatments serve as temporizing
measures while the underlying cause is sought out and, if possible, reversed.

PATHOPHYSIOLOGY AND DIFFERENTIATION OF SHOCK
STATES
The fundamental problem in shock is inadequate end-organ perfusion. In this
section, we will outline the basic pathophysiology of shock utilizing the
cardiac output (CO) equation and then use this to highlight the major
hemodynamic differences leading to inadequate perfusion in each subset of
shock, broadly divided into primarily low CO and low systemic vascular
resistance (SVR) states. It is worth noting that although we will focus on
circulatory shock that results in decreased oxygen delivery to end organs,
any mismatch between oxygen consumption and delivery can cause a state
of shock (e.g., carbon monoxide poisoning leading to decreased oxygen
delivery).
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Cardiac Output Equation
The fundamentals of circulatory shock physiology can be understood by
examining the CO equation where mean arterial pressure (MAP) is equal to
CO multiplied by SVR. CO can be further broken down into heart rate (HR)
times stroke volume (SV) (Table 2.1). Under normal conditions, decreases
in either CO or SVR will lead to automatic and compensatory increases in
the other variable, therefore the patient in shock will either have had an
extremely profound decrease in one variable (e.g., severe hemorrhagic shock
with SV and CO rapidly approaching nil) or loss of the ability to compensate
on the other side of the equation (e.g., the patient with advanced heart failure
and high baseline SVR progressing to low-output heart failure).

Cardiac Output Equation

Cardiac Output Equation: MAP = CO × SVR; CO = HR × SV

Low SVR Shock
(Distributive)

High SVR Shock

Low SV Low HR

Adrenal crisis Arrhythmia (ventricular,
SVT)

Bradyarrhythmia

Anaphylaxis Cardiomyopathy (ischemic,
nonischemic)

Decreased sympathetic tone
(neurogenic)

Hypovolemia (relative,
absolute)

Sepsis Obstructive (pulmonary
embolism, tamponade,
tension pneumothorax)

Systemic inflammatory
response

Vasoplegic crisis

CO, cardiac output; HR, heart rate; MAP, mean arterial pressure; SV, stroke volume; SVR,
systemic vascular resistance; SVT, supraventricular tachycardia.

Low Cardiac Output States



Hypovolemic Shock
Hypovolemic shock is due to a relative or absolute decrease in intravascular
volume. Absolute hypovolemia is most commonly seen in patients with
hemorrhagic shock, although it may also be due to excessive fluid losses
from other means, such as increased insensible fluid loss from the skin in
burn victims, the gastrointestinal (GI) tract with severe diarrhea or vomiting,
or excessive third spacing (e.g., severe pancreatitis). Relative hypovolemia
can occur with increased venous capacitance, resulting in a larger proportion
of the circulating blood volume being on the venous side and thus decreasing
venous return for the same total volume. Certain drugs (e.g., nitrates,
anesthetics) are potent venodilators and can produce this effect. Whether
absolute or relative, a profound loss of intravascular volume leads to
progressively decreased SV, and when this cannot be compensated by
increasing HR, shock occurs.

Cardiogenic Shock
Cardiogenic shock occurs because of aberrations in cardiac pump function.
This is often due to heart failure, leading to low SV and thus CO. Another
subset of this type of shock includes mechanical disruptions within the heart,
such as acute mitral regurgitation, leading to decreased SV. Also included in
this category are tachy- and bradyarrhythmias. Severe bradyarrhythmias
decrease HR with a fixed SV, whereas tachyarrhythmias lead to ineffective
diastolic filling and decreased SV.

Obstructive Shock
Obstructive shock occurs when an abnormal mechanical force within the
thorax interferes with normal CO. This includes obstruction of normal left
ventricular filling (and thus decreased SV) such as cardiac tamponade,
pericarditis, or restrictive cardiomyopathy. Within the lungs, a pulmonary
embolism can decrease flow through pulmonary vasculature or a tension
pneumothorax can impede filling of the RV, both again leading to decreased
SV and CO. A milder form of obstructive shock can occur simply from
positive pressure ventilation, particularly when some degree of hypovolemia
is also present.



Low Systemic Vascular Resistance States/Distributive Shock
Distributive shock is the most common form of shock seen in the ICU, often
because of sepsis.2 The hallmark of distributive shock is decreased SVR. In
septic shock, this is mediated by both bacterial endotoxins and excessive
release of the body’s own inflammatory mediators. These signaling
pathways lead to vasodilation, increased vascular bed permeability, and
decreased cardiac function.3 A closely related condition mechanistically is
vasoplegic syndrome. Most commonly seen after cardiac surgery, this
syndrome consists of an inappropriate balance between molecular mediators
of vasoconstriction and vasodilation, leading to refractory shock.4 Other
causes of distributive shock include loss of sympathetic tone (neurogenic
shock), decreased glucocorticoid/mineralocorticoid production (adrenal
crisis), and severe hypersensitivity reactions (anaphylactic shock).

EVALUATION
Early identification of shock is key to successful management. For example,
the strongest predictor of mortality in sepsis is time to antibiotic
administration—one study demonstrated a 7.6% increase in mortality per
hour before antibiotic administration in septic shock.5 We will thus start with
clinical evaluation for shock.

Bedside Evaluation
Assessment of shock starts at the bedside. Subjective findings may be
common to multiple types of shock (e.g., altered mental status because of
decreased central nervous system [CNS] perfusion) or relatively specific
(crushing, substernal chest pain in the patient with a myocardial infarction
and cardiogenic shock). Physical examination findings may provide the first
clue to differentiating between low-output and distributive states.
Classically, early distributive shock leads to warm extremities and even a
flushed appearance because of decreased SVR, whereas low CO states that
increase vasoconstriction tend to cause pallor, decreased capillary refill, and
cool/dusky extremities. Certain shock states have even more specific
findings: Anaphylactic shock often features diffuse cutaneous wheals, edema
of the face/lips, and inspiratory stridor because of laryngeal edema.
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Cardiogenic shock findings can include lower extremity edema, lung
crackles, extra heart sounds or new murmurs, and elevated jugular venous
pulsations (JVP). Clues to obstructive shock include elevated JVP, distant
heart sounds, or absent/asymmetric breath sounds.

The Role of Screening Algorithms in Septic Shock
Many clinicians are familiar with the systemic inflammatory response
syndrome (SIRS) and quick Sequential Organ Failure Assessment (qSOFA)
screening criteria (Table 2.2). Although either can be useful in the
appropriate context, they each suffer from flaws: SIRS may be highly
sensitive but lacks specificity, whereas qSOFA may lack sensitivity for early
sepsis or septic shock.6-9 This again highlights the importance of high clinical
suspicion for shock.

SIRS/qSOFA Criteria

Screening Test Values Positive Result

SIRS Temperature: >38°C or <36°C
Heart rate: >90 beats/min
Tachypnea: respiratory rate >20 or PaCO2
<32 mm Hg
White blood cell count: >12,000/mm3 or
<4,000/mm3 or >10% immature neutrophils

2/4

qSOFA Respiratory rate ≥22
Altered mental status (GCS ≤15)
Systolic blood pressure ≤100 mm Hg

2/3

GCS, Glasgow Coma Scale; PaCO2, partial pressure of carbon dioxide; qSOFA, quick
Sequential Organ Failure Assessment; SIRS, systemic inflammatory response syndrome.

Laboratory Findings
Laboratory evaluation should focus on screening for and identifying end-
organ dysfunction. A basic metabolic panel should be performed, which may
help assess changes in kidney function (keeping in mind changes in urine
output will usually occur first) and to identify a new or enlarging anion gap.
All patients with suspected circulatory shock should also have serum lactate



drawn as shock may initially present with conserved blood pressure (BP),
particularly in patients with chronic hypertension. When elevated, lactate
should also be trended to assess resolution of shock and help gauge
resuscitation. An arterial blood gas can confirm suspected acid-base
abnormalities. Other markers of end-organ injury such as liver function tests
or troponin should be ordered on a case-by-case basis based on clinical
judgment.

MANAGEMENT
Management of circulatory shock follows per the type of shock identified.
Fluid resuscitation is the fundamental treatment of hypovolemic shock,
whereas the therapy for cardiogenic shock will focus on the cardiac
pathology that is present (acute ischemia, dysrhythmia, etc.). Treatment for
distributive shock emphasizes reversal of absolute and relative hypovolemia
as well as addressing vasomotor paralysis. Given that septic shock is the
most common cause of distributive shock management, principles will be
largely reflective of the Surviving Sepsis Campaign guidelines for
resuscitation, while acknowledging areas of uncertainty in the current
literature.

Goals of Resuscitation
Blood Pressure
BP should be monitored frequently, with a goal of MAP greater than or
equal to 65 mm Hg. Placement of an arterial line is often useful to provide a
real-time measure of BP. Studies of higher BP targets have not found a
benefit of routinely resuscitating to higher targets.10 However, clinicians
should individualize therapy based on medical history and response to
therapy. Patients with chronic hypertension may require higher pressures,
whereas younger patients with lower baseline BP may tolerate lower
pressure targets.

Lactate
Serum lactate is used as a surrogate measure of tissue hypoperfusion.
Although the true physiologic basis for lactate elevation in shock has been



debated, it is clear that elevated lactate is a marker of increased in-hospital
mortality.11 Elevated lactate is a predictor of mortality even in the absence of
hypotension, making this value useful in patients on the cusp of developing
shock or already on vasopressors.12 If elevated (typically >2 mmol/L), this
should be repeated every 2 to 4 hours until normalized.

Oxygenation
The end goal of normalizing BP is ultimately to ensure adequate oxygen
delivery. Additionally, patients with shock may have coexisting pulmonary
abnormalities and are at increased risk of acute respiratory distress
syndrome. Thus, intermittent or continuous pulse oximetry should be used to
ensure adequate arterial oxygen saturation. If basic laboratory assessment
suggests acid-base disturbances, an arterial blood gas should be sent for
further evaluation. Central venous oxygen saturation (ScvO2), although of
questionable utility for guiding resuscitation, may be useful in delineating
the type of shock. Typically, in distributive shock, ScvO2 will remain high
because of shunting and impaired oxygen extraction in peripheral tissues,
whereas cardiogenic shock is associated with near-maximal oxygen
extraction and reduced ScvO2. Routine use of pulmonary artery
catheterization has not been found to be superior to other means of assessing
hemodynamics and is thus reserved for specialized circumstances (e.g.,
advanced cardiogenic shock).13

Early Goal-Directed Therapy
In 2001, a relatively small, single-center study popularized protocolized
resuscitation—early goal-directed therapy (EGDT)—of patients with septic
shock.14 These interventions included early placement of a central venous
catheter (CVC) with fluid resuscitation targeted to a central venous pressure
(CVP) of 8 to 12 mm Hg and blood product and inotrope infusion to a ScvO2

of 70% or greater. In 2014, three high-quality, multicenter studies
demonstrated equivalent outcomes with more conservative care, most
notably removing CVP and ScvO2 targets.15-17 Among the differences
between the study groups in these trials were increased fluid and inotrope
administration in the EGDT group without any mortality benefit. Although



use of EGDT per se has been refuted, the basic principles including early
fluid administration directed to improving tissue perfusion remains
unchanged (Visual Abstract 2.1).

Fluid Resuscitation
Only about half of critically ill patients will have a significant response in
CO to a fluid challenge.18 Although the question of the best way to predict
responsiveness or amount of fluid to be given remains unanswered, the clear
dangers of inappropriate fluid administration demand that fluids be given
thoughtfully.

Determining Fluid Responsiveness
Passive Leg Raise
One simple and easily reversible test of fluid responsiveness is the passive
leg raise (PLR), in which a patient’s torso is laid flat while elevating the legs
to 45 degrees for approximately 60 seconds. This has been validated using
several hemodynamic parameters—most readily accessible to the clinician at
the bedside is an increase of systolic BP of 8% after PLR, correlating with
subsequent response to fluid bolus.19 Caution should be exercised to avoid
causing pain or agitation as these may also raise BP.

Central Venous Pressure
As previously mentioned, CVP is not a reliable predictor of volume status.
Readings may be impacted by thoracic pressure alterations during positive
pressure ventilation, and although high readings (>20 mm Hg) may reflect
volume overload, normal to near-normal values are not clinically useful.20,21

Ultrasonography and Fluid Responsiveness
With the increasing popularity of point-of-care ultrasound (POCUS), there is
increasing interest in its use to predict fluid responsiveness. Inferior vena
cava (IVC) diameter variability is easily obtainable, but is a relatively poor
predictor of response. Stroke volume variation (SVV) and pulse pressure
variation (PPV) are more accurate predictors but are limited by the
requirement that a patient be intubated and ventilated, and it varies with both



tidal volume and abdominal pressure.22,23 Other elements of POCUS such as
cardiac ultrasound may be invaluable in delineating causes of shock, but
implementation varies based on machine availability and provider
experience.

Choice of Fluid
Crystalloids remain the ideal fluid to give for volume expansion, except in
select circumstances. Some colloids (e.g., starch) have been shown to be
ineffective or dangerous compared to crystalloids. The most readily
available colloid, albumin, has not been shown to provide a benefit over
crystalloid for shock resuscitation.24 Between crystalloids, there is increasing
evidence that more physiologic solutions such as Lactated Ringers are more
kidney protective than 0.9% saline (Visual Abstract 2.2).25 Additional
information on resuscitation fluids is found in Chapter 10.

Amount of Volume Expansion
The amount of fluid to administer in any given patient in circulatory shock is
not easily determined. In sepsis and septic shock, guidelines continue to
support an initial bolus of 30 mL/kg body weight. However, this
recommendation is not based on rigorous evidence. Excessive fluid
administration increases the risk of respiratory distress and acute lung injury,
and increases intra-abdominal pressure and cerebral edema. An increasingly
robust body of literature has demonstrated that a positive fluid balance in
septic shock is an independent predictor of mortality.26,27 Additional
consideration to fluid administration should be given to patients with known
derangements of cardiac or kidney function. These considerations support
assessing for fluid responsiveness after early boluses, attention to overall
fluid balance throughout a patient’s stay, and early use of vasopressors when
hypotension persists despite volume expansion.

Vasopressors/Inotropes
When shock is refractory to initial fluid resuscitation, it is appropriate to
consider vasopressor support. Distributive shock requires alpha-adrenergic
stimulation to promote vasoconstriction and raise SVR. In most cases of
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septic shock, norepinephrine (NE) is the first-line agent because it also
provides some beta-adrenergic stimulation. Additional vasopressors, both
adrenergic and nonadrenergic, should be considered if BPs are refractory to
this first-line agent—a brief overview of these agents can be seen in Table
2.3. See Chapter 13 for a detailed review.

Vasopressors/Inotropes

Refractory Shock
Low Cardiac Output States
In the case of refractory cardiogenic shock, some specialized centers may
place mechanical assist devices, such as intra-aortic balloon pumps or left
ventricular assist devices depending on the nature of the cardiac disease.
These devices may also be used as a bridge to more definitive therapy
including heart transplant.

Low Systemic Vascular Resistance States
Corticosteroids
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Corticosteroids in septic shock have been theorized to mitigate hypotension
by addressing relative adrenal insufficiency in severe illness and attenuate
the aberrant inflammatory cascade, leading to hemodynamic instability.
Large-scale studies of steroids in septic shock have reached conflicting
results, variably showing small benefit or no effect.31-33 Based on existing
data, most clinicians consider use of steroids when shock is refractory to
high-dose or multiple vasopressors (Visual Abstract 2.3).

Novel Agents
Numerous therapeutics have been trialed in refractory vasodilatory shock,
including increasing calcium signaling (calcium chloride), decreasing nitric
oxide signaling (methylene blue, hydroxocobalamin), improving
vasopressor/renin-angiotensin-aldosterone system (RAAS) signaling
molecule synthesis (ascorbic acid), but at this time they cannot be
recommended as standard of care.34
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Principles of Mechanical Ventilation
Krysta S. Wolfe and Bhakti K. Patel

Mechanical ventilation refers to the delivery of supported breaths either
through a mask (noninvasive) or through an endotracheal tube (invasive).
Mechanical ventilation is indicated in acute or chronic respiratory failure
resulting from insufficient oxygenation, inadequate ventilation, or inability
to maintain an airway (Table 3.1). It can be used to fully or partially replace
spontaneous breathing to improve gas exchange and decrease the work of
breathing.

Indications for Invasive Mechanical Ventilation

Refractory hypoxemia

Ventilation impairment

Altered mental status/airway protection

Secretion management

Other: airway protection during procedure, metabolic acidosis, and shock

MODES OF MECHANICAL VENTILATION
Modes of mechanical ventilation differ in the types of breaths delivered to
the patient (Table 3.2). In all modes, a breath is triggered by either a timer
(ventilator-initiated breaths at a set respiratory rate) or patient effort. After a
breath is triggered, air flows into the lungs at a predetermined flow rate or
pressure limit. The breath is terminated at end inspiration as signaled by the
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delivery of a set tidal volume, completion of set inspiratory time, or decrease
in flow to a predetermined percentage of its peak value. The mode of
mechanical ventilation used is dependent on physician preference and the
level of ventilatory support the patient needs. Modes of ventilation that
support breaths at a minimum set respiratory rate are referred to as assist-
control mode. The majority of patients are initially ventilated using a
volume-control mode, in which ventilator-initiated breaths are delivered at a
set tidal volume with termination of the breath once that volume is delivered.
In this mode, the airway pressure is determined by the patient’s respiratory
mechanics, including airway resistance, lung compliance, and chest wall
compliance. Full ventilatory support can also be provided by the ventilator in
a pressure-control mode in which breaths are delivered with a set pressure
limit for a given inspiratory time, resulting in variable tidal volumes related
to compliance and airway resistance. In pressure support ventilation (PSV),
the ventilator provides a driving pressure (inspiratory pressure and positive
end-expiratory pressure [PEEP]) to support patient-initiated breaths.

Common Modes of Mechanical Ventilation



INITIAL VENTILATOR SETTINGS
Tidal Volume
The goal tidal volume, or amount of air delivered with each breath, is one
that allows for adequate minute ventilation while minimizing the risks



associated with volumes that are too high (overdistension) or too low
(atelectasis). In patients with acute respiratory distress syndrome (ARDS),
the use of a lung-protective strategy with tidal volumes less than or equal to
6 mL/kg of predicted (or ideal) body weight (PBW) is recommended (see
Chapter 4). The optimal tidal volume in mechanically ventilated patients
without ARDS is less clear.1 In most patients, a tidal volume of 6 to 8 mL/kg
PBW is an appropriate initial setting. In patients undergoing abdominal
surgery, the use of intraoperative tidal volumes of 6 to 8 mL/kg PBW as
compared with higher volumes (10 to 12 mL/kg PBW) was associated with a
reduction in adverse pulmonary events, need for postoperative mechanical
ventilation, and length of stay.2

Respiratory Rate
An initial rate of 12 to 16 breaths/min is often chosen and then adjusted to
achieve the desired minute ventilation for a patient (guided by pH and
PaCO2). In patients with ARDS, a higher respiratory rate is often needed to
maintain adequate ventilation in the setting of low tidal volumes.
Alternatively, in patients with severe obstructive lung disease, the respiratory
rate may need to be decreased to minimize air trapping.

Positive End-Expiratory Pressure
Extrinsic PEEP is typically set at 5 cm H2O. This level of PEEP is applied to
prevent end-expiratory alveolar collapse or atelectasis. Higher levels of
PEEP may be required to improve oxygenation in acute hypoxemic
respiratory failure, with careful attention to limit the plateau pressure to less
than 30 cm H2O to prevent barotrauma.

Fraction of Inspired Oxygen
The fraction of inspired oxygen (FiO2) is set by the physician in all modes of
mechanical ventilation. It is often initially set to 100%, but should be
weaned quickly to the minimum level needed to maintain adequate
oxygenation. An FiO2 of 60% or less is preferred to minimize injury that may
result from prolonged exposure to higher levels of oxygen.3,4



MONITORING PATIENTS ON THE VENTILATOR
Routine management of patients receiving mechanical ventilation includes
evaluation of the respiratory system mechanics and waveform analysis. This
approach provides information regarding the underlying pathology leading
to respiratory failure, can be used to assess the response to therapeutic
interventions, and can guide the physician in adjusting the ventilator settings
to optimize the level of support provided.

Ventilator Waveforms
The use of a volume-control mode of ventilation with a square wave and
constant flow (typically 60 L/min) allows for a rapid assessment of
ventilator waveforms and respiratory mechanics in patients without
ventilator dyssynchrony. The peak inspiratory pressure (PIP) is measured at
the airway opening and is composed of the inspiratory resistance (Pres), the
pressure required to expand the alveoli against the elastic recoil of the lung
and chest wall (elastic pressure), and the PEEP. To determine the relative
contributions of the resistive and elastic pressures, an end-inspiratory hold is
performed to measure the plateau pressure (Pplat) (see Figure 3.1). When the
PIP is elevated (>25 cm H2O), the difference between the peak and plateau
pressures can be used to determine whether the elevation is because of an
increase in resistance or a decrease in compliance (see Figure 3.2). Normal
resistance is less than 10 cm H2O/L/s. A difference between the peak and
plateau pressures greater than 10 cm H2O/L/s indicates increased resistance
to airflow. Common etiologies of increased resistance include
bronchospasm, mucus plugging, or endotracheal tube obstruction.
Alternatively, increased PIP in the setting of normal airway resistance is due
to an elevation in the elastic pressure of the lung resulting from lung
stiffness or restriction from the chest wall or diaphragm (e.g., tense ascites).
Compliance is the inverse of elastance; therefore, high elastic pressure is the
same as low compliance. The differential for elevated resistance or elastic
pressure is given in Table 3.3.



FIGURE 3.1: Ventilator waveform during constant flow, volume-control mode of ventilation in
a passive patient. An inspiratory pause is shown, allowing for the determination of peak
inspiratory and plateau pressures. The difference between the peak and plateau pressures is
reflective of resistance. The plateau pressure is used to determine compliance.
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FIGURE 3.2: On the left is a patient with decreased lung compliance (“stiff” lungs) due to
acute respiratory distress syndrome, as illustrated by an elevated plateau pressure
measured during an inspiratory hold. On the right is an obstructed patient with increased
airway resistance (large difference between peak inspiratory and plateau pressure) due to
status asthmaticus. The patient continues to have flow at end expiration (bottom panel),
indicating the presence of auto-PEEP. PEEP, positive end-expiratory pressure.

Differential Diagnosis for Elevated Peak Inspiratory
Pressure

Increased Resistance Increased Elastic Pressure (or
Decreased Compliance)

High flow Pulmonary hemorrhage

Bronchospasm Chest wall restriction (musculoskeletal,
pleural, obesity, abdominal distension)

Chronic obstructive pulmonary disease Interstitial lung disease

Mucus plugging/secretions Pulmonary edema

Airway edema Atelectasis

Airway obstruction (tumor, foreign body) Pneumonia



Obstructed endotracheal tube Tension pneumothorax

Auto–Positive End-Expiratory Pressure
Auto-PEEP is the intrinsic PEEP. End-expiratory pressure is created when
inspiration begins before expiration is complete, leading to air trapping (see
Figure 3.2). This can be measured by performing an end-expiratory hold on
the ventilator. Under normal conditions, the pressure measured at the end of
an expiratory hold maneuver should equal the PEEP applied. If the pressure
is higher than the PEEP, then auto-PEEP is present. This commonly occurs
in patients with obstructive lung disease, particularly status asthmaticus. If
present, decreasing the respiratory rate and tidal volume or increasing the
inspiratory flow rate to allow more time in exhalation prevents
hemodynamic compromise because of auto-PEEP. If hypotension occurs,
patients should be temporarily disconnected from the ventilator until
hypotension resolves and volume resuscitated in addition to adjustment of
ventilator settings.

CARE OF THE MECHANICALLY VENTILATED PATIENT
Mechanically ventilated patients are at risk for complications, such as
ventilator-associated pneumonia (VAP), immobilization, and adverse effects
of sedatives (Table 3.4). Simple measures should be employed to potentially
reduce the risk of VAPs, such as elevation of head of bed to 30 to 45
degrees.5,6 To minimize the risk of venous thromboembolism associated with
immobility, prophylaxis should be used in all patients without a
contraindication. “Bundles” are commonly used to promote adherence to
evidence-based interventions to reduce risk associated with invasive
mechanical ventilation. The ABCDEF bundle promotes an assessment and
management strategy for pain (A), daily sedative interruption (Visual
Abstract 3.1) and spontaneous breathing trials (SBTs) (B), choosing an
optimal sedation strategy (C), prevention and assessment of delirium (D),
early mobilization (E), and family engagement (F). Adherence to the
ABCDEF bundle is associated with decreased hospital death, delirium, and
mechanical ventilation use.7
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Nosocomial pneumonia

Barotrauma

Intensive care unit–acquired weakness

Delirium

Ventilator-associated lung injury

Ventilator-induced diaphragm dysfunction

Sinusitis

Airway injury

LIBERATION FROM MECHANICAL VENTILATION
Prolonged duration of mechanical ventilation is associated with increased
mortality and risk for complications.8 The most successful strategies for
mechanical ventilation liberation include a daily assessment of readiness to
wean and minimization of sedative use.9 Clinicians tend to underestimate a
patient’s readiness for liberation; therefore, objective clinical criteria for
readiness are recommended,10,11 which include improvement in the cause of
respiratory failure, adequate oxygenation, arterial pH greater than 7.25,
hemodynamic stability, and the ability to initiate an inspiratory effort.12 If a
patient meets these criteria, then a weaning test should be performed.
Performance of daily SBTs reduces the duration of weaning from
mechanical ventilation compared to all other methods.10

During an SBT, the ventilator is switched to a spontaneous breathing
mode for 30 minutes (up to 2 hours) either using a T-piece that provides no
ventilatory support or at a low level of pressure support (typically inspiratory
pressure of 5 to 8 cm H2O or continuous positive airway pressure [CPAP]).13

A recent study showed that an SBT consisting of 30 minutes of PSV,
compared to a 2-hour T-piece trial, resulted in a higher rate of successful
extubation (Visual Abstract 3.2).13 If a patient passes an SBT, the patient
should be assessed for an adequate cough, secretions, and mental status prior
to extubation. A peak cough flow less than 60 L/min, secretions greater than
2.5 mL/hr, and the inability to complete four simple commands are



associated with increased risk of extubation failure.14 The application of
noninvasive ventilation (NIV) after extubation may be beneficial in patients
with severe chronic obstructive pulmonary disease (COPD) or heart failure
who are at high risk for extubation failure.15

NONINVASIVE VENTILATION
NIV has been shown to reduce the need for endotracheal intubation in select
patients with acute respiratory failure. The benefit of this approach is the
ability to provide ventilatory assistance via a tight-fitting mask while
reducing the risks associated with invasive mechanical ventilation. The
benefits of NIV are greatest among patients with COPD exacerbations with
hypercapnic acidosis and cardiogenic pulmonary edema. NIV is commonly
delivered as either CPAP or bilevel positive airway pressure (BPAP). Failure
of NIV has been associated with increased mortality; therefore, identification
of patients most likely to benefit from NIV is critical. Indications for
converting from NIV to intubation include inability to tolerate NIV,
progressive hypercapnia associated with a pH less than 7.25, requirement for
high airway pressures (>20 cm H2O), refractory hypoxemia, altered mental
status, and concern for inability to protect airway. Contraindications to NIV
include the following:

Cardiopulmonary arrest
Severely impaired consciousness
Facial surgery, trauma, or deformity
High aspiration risk
Prolonged duration of mechanical ventilation anticipated
Recent esophageal anastomosis

Acute on Chronic Hypercapnic Respiratory Failure
The use of NIV in the treatment of acute exacerbations of COPD has been
shown to decrease mortality, reduce the need for intubation, decrease
treatment failure, reduce treatment complications, and have a shorter
hospital length of stay (Visual Abstract 3.3).16,17 The success rate of NIV in
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acute exacerbations of COPD is approximately 80% to 85% and is,
therefore, recommended as a first-line therapy.18

Acute Cardiogenic Pulmonary Edema
NIV can improve the work of breathing and cardiovascular function in
patients with cardiogenic pulmonary edema. Improvement in cardiac
function results from afterload reduction and reduction of right and left
ventricular preload.19,20 The use of NIV is associated with reduced rates of
endotracheal intubation in this patient population.21

Hypoxemic Respiratory Failure
Although NIV is often used in the treatment of hypoxemic respiratory
failure, there is conflicting evidence about its benefit. The benefit of NIV in
hypoxemic respiratory failure is in part because of the ability to provide
PEEP to improve respiratory mechanics and gas exchange. In a meta-
analysis, NIV use in acute hypoxemic nonhypercapnic respiratory failure
was associated with decreased intubation rate and hospital mortality.22

However, caution must be exercised when applying this strategy in patients
with ARDS due to high failure rates and an association with increased
mortality in patients with moderate-to-severe ARDS.23

Immunocompromised Patients
There are conflicting results regarding NIV use in immunocompromised
patients with acute respiratory failure. Early studies indicated a potential
benefit with less need for intubation, less infectious complications, and
decreased mortality in patients receiving NIV,24,25 although more recent trials
have not replicated these results and show that NIV may in fact be
associated with harm in this patient population.26,27
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Acute Respiratory Distress Syndrome
Camilo Cortesi and Kathleen Liu

INTRODUCTION
The acute respiratory distress syndrome (ARDS) has an incidence of 10.4%
in the intensive care unit (ICU) setting, and it is associated with mortality
rates in the range of 40% to 50% in its severe forms.1 There is significant
overlap between patients with acute respiratory failure and acute kidney
injury (AKI), with the latter present in one-third of patients with ARDS. This
highlights the importance of an integrative approach when managing these
patients. This chapter aims to provide an overview and guidance from a
kidney perspective to nephrologists and critical care health practitioners, in
particular with regard to lung and kidney cross talk. Insights about how
kidney hemodynamics and function might be affected by ARDS
pathophysiology and management are critical when providing
recommendations from a kidney perspective.

DEFINITION, ETIOLOGIES, AND DIFFERENTIAL
DIAGNOSIS
ARDS is characterized by an acute pulmonary inflammatory response,
leading to an increase in pulmonary vascular permeability and subsequent
alveolar and interstitial noncardiogenic pulmonary edema. ARDS should be
suspected in the presence of a known trigger plus the development of acute
onset (hours to less than 7 days) of respiratory symptoms, increased oxygen
requirements, and radiologic evidence of bilateral lung infiltrates not
completely attributed to acute heart failure or volume overload. There are



several known ARDS triggers, including sepsis, pneumonia, pancreatitis,
trauma, extensive burns, pulmonary inhalation injury, aspiration of gastric
contents, thoracic surgery, blood product transfusion, and administration of
certain types of chemotherapy. Conditions that can present with ARDS-like
picture should be taken into consideration early on during evaluation,
especially in the absence of a known trigger condition. ARDS mimics can
include acute cardiogenic pulmonary edema, bilateral pneumonia,
pulmonary vasculitis, exacerbation of idiopathic fibrosis, and metastatic
malignancy, among others.

CLASSIFICATION
The original definition for ARDS, along with acute lung injury, was
proposed by the American-European Consensus Conference in 1994. More
recently, this definition was revised and is now referred to as the “Berlin”
definition.2 The Berlin definition classified ARDS into three different
categories, based on the ratio of the partial pressure of arterial
oxygen/fraction of inspired oxygen (PaO2/FiO2) levels in patients on
ventilatory support (≥5 cm H2O of positive end-expiratory pressure [PEEP]
or continuous positive airway pressure [CPAP]) as follows:

Mild ARDS: PaO2/FiO2 > 200 mm Hg and ≤300 mm Hg
Moderate ARDS: PaO2/FiO2 > 100 mm Hg and ≤200 mm Hg
Severe ARDS: PaO2/FiO2 ≤ 100 mm Hg

LUNG-KIDNEY CROSS TALK IN ACUTE RESPIRATORY
DISTRESS SYNDROME
Nephrology and critical care practitioners should be aware of the lung-
kidney cross talk when evaluating an ARDS patient. These interactions can
have an impact on kidney function and hemodynamics that might then
worsen ARDS and its outcomes (Figure 4.1). AKI can be triggered or
worsened by the following factors/situations:

1. Effects of oxygenation, hypercarbia, and acidosis on kidney
hemodynamics:



a. Hypoxemia: importantly, these changes likely occur predominantly in
the setting of severe hypoxemia (e.g., PaO2 < 40 mm Hg) and not during
the mild hypoxemia that often occurs during ARDS.
i. In the lung, severe hypoxemia may result in pulmonary artery

vasoconstriction and pulmonary hypertension. Over time, this may
result in right heart failure with associated renal venous congestion
and decreased glomerular filtration rate (GFR).

ii. In the kidney, severe hypoxemia may result in impairment of the
endothelin, nitric oxide, angiotensin II, and bradykinin pathways,
leading to sympathetic systemic activation and a reduction in renal
blood flow.

b. Hypercarbia
i. CO2 is a direct pulmonary vasoconstrictor independent of oxygen

concentration.
ii. In the kidney, severe hypercarbia can result in renal artery

vasoconstriction, sympathetic nervous system activation (via
norepinephrine), systemic vasodilation, and renin-angiotensin-
aldosterone system activation, leading to a reduction in renal blood
flow.

c. A moderate degree of acidosis may result in renal vasodilation, with
more severe acidosis resulting in renal vasoconstriction. However, it
has also been proposed that permissive hypercarbia and acidosis may
have a cytoprotective and anti-inflammatory effect.

2. Effects of volume overload, increased right-sided pressures of the heart,
and venous congestion on kidney function:
a. Volume overload is quite common in the setting of ARDS and AKI; this

can exacerbate right ventricular dysfunction and venous congestion,
leading to interstitial edema in the kidney, decreased perfusion pressure
and oxygen delivery within in the kidney, and AKI.

b. Volume overload may also dilute serum creatinine (by increasing the
volume of distribution) and therefore mask AKI.

3. Effects of mechanical ventilation on the kidneys. In particular with high
levels of PEEP, mechanical ventilation can reduce preload and decrease
cardiac output. Mechanical ventilation can also increase intrathoracic



pressure and pulmonary vascular resistance. In addition, during
mechanical ventilation, a number of forms of injury to the lung can occur,
including barotrauma, volutrauma, and atelectrauma, which can lead to
release of proinflammatory cytokines, systemic inflammation, and AKI.

FIGURE 4.1: Lung and kidney interactions. AKI, acute kidney injury; ARDS, acute respiratory
distress syndrome.

In sum, understanding lung-kidney cross talk highlights the importance of
avoiding or promptly addressing extreme hypoxia, hypercarbia, and acidosis;
implementing a lung-protective strategy to reduce the risk of further lung
injury; and understanding hemodynamic and neurohormonal changes given
their implications in the development of AKI in ARDS patients.

PREDICTIVE BIOMARKERS IN ACUTE RESPIRATORY
DISTRESS SYNDROME
Multiple biomarkers have been linked to ARDS severity and the
development of adverse outcomes. More recently, these biomarkers have
been used to identify hypo- and hyperinflammatory subphenotypes of
ARDS.3 These subphenotypes appear to have a differential risk of death and
other adverse outcomes (those with the hyperinflammatory phenotype have
poorer outcomes). More intriguingly, in reanalysis of a number of negative
randomized clinical trials, there appears to be a differential treatment effect,



with some novel therapies appearing to have benefit in patients with the
hyperinflammatory subphenotype.

With regard to the development of AKI in the context of ARDS,
associations between elevated levels of plasma biomarkers—plasminogen
activator inhibitor-1 (PAI-I), interleukin 6 (IL-6), and tumor necrosis factor
receptor I and II—and the development of AKI in ARDS patients have been
described. The mechanism of injury remains unclear.4 Finally, a novel
biomarker that identifies patients at increased risk for AKI has recently been
developed, the Nephrocheck (bioMérieux). This biomarker is discussed in
detail in Chapter 16; of note, the initial validation studies were performed in
critically ill patients with respiratory or cardiovascular failure, many of
whom likely had ARDS.

EVIDENCE-BASED ACUTE RESPIRATORY DISTRESS
SYNDROME THERAPY
ARDS therapies can be separated into treatment of the underlying cause and
supportive care. Prompt treatment of the underlying cause of ARDS is a
critical first step in management, especially when ARDS is related to sepsis.
Second, supportive therapy for ARDS, which has been shown to be
beneficial and may reduce further lung injury, is key. The cornerstone of
supportive care is lung-protective ventilation. Multiple trials have shown that
low tidal volumes (4 to 6 mL/kg of predicted body weight [PBW], targeting
plateau pressures ≤30 cm H2O) are associated with reducing mortality and
better outcomes (Visual Abstract 4.1).5 PBW is related to height, with
different formulas used in men and women:

1. Male PBW (kg) = 50 + 2.3 (height [in] – 60)
2. Female PBW (kg) = 45.5 + 2.3 (height [in])

In contrast, the impact of lower or higher PEEP levels is more
controversial; a number of randomized clinical trials have not shown a
benefit to a higher PEEP strategy.6 However, meta-analyses have had
varying findings,7 and a subgroup analysis suggested that the
hyperinflammatory ARDS subphenotype benefited from a higher PEEP
strategy. Further studies are likely needed to define whether a subgroup of
ARDS patients would benefit from a higher PEEP strategy.



With regard to other ventilatory strategies, prone ventilation has been
associated with improvement in oxygenation and survival in patients with
moderate to severe ARDS with PaO2/FiO2 less than 120 mm Hg.8 In contrast,
although a French randomized clinical trial showed mortality benefit in
patients with moderate-severe ARDS (PaO2/FiO2 < 150 mm Hg9) randomized
to receive neuromuscular blockade, a larger, more recent US clinical trial did
not demonstrate any benefit with early neuromuscular blockade in a similar
population.10 There are some notable differences between the two trials, with
the latter trial comparing neuromuscular blockade to usual care including a
higher PEEP strategy and sedation to tolerate mechanical ventilation, rather
than to deep sedation (which was required in the French trial because it was
a blinded study; the US study was unblinded).

A fluid conservative management algorithm implemented after the
resolution of shock has been associated with improvement in lung function
(as measured by oxygenation index), an increase in ventilator-free days (a
composite of mortality and time on the ventilator in survivors), and a
decrease in length of ICU stay. This was associated with a trend toward
improved mortality at 60 days that was not statistically significant (Visual
Abstract 4.2).11 In the original clinical trial, the fluid conservative algorithm
was driven by bedside measures of end-organ perfusion including urine
output along with cardiac filling pressures (central venous pressures or
pulmonary capillary wedge pressures). Simplified versions of the protocol
that do not rely on the presence of a central venous catheter to make invasive
hemodynamic measurements have been subsequently developed. Although
there was a slight increase in the risk of stage 1 AKI in those in the fluid
conservative arm in the original trial, after accounting for differences in fluid
balance in participants in the two arms, this risk was largely attenuated.12

Finally, in settings where it is available, extracorporeal membrane
oxygenation (ECMO) can be applied to patients with refractory ARDS. Its
role in the management of ARDS remains controversial, as it has been
associated with an improvement in ventilator-free days,13 but it has not been
shown to improve survival in severe ARDS.14 ECMO in ARDS should be
considered with refractory hypoxemia (PaO2/FiO2 < 80 mm Hg),
uncorrectable respiratory acidosis (pH < 7.15), persistent high end-
inspiratory plateau pressures more than 35 cm H2O, and Murray score



greater than 3 despite management for more than 6 hours if no absolute
contraindications. For more details about this topic, refer to Chapter 35.

In sum, therapy goals for ARDS include an oxygen saturation of 88% to
95% or PaO2 55 to 80 mm Hg (to avoid oxygenation toxicity), pH 7.30 to
7.45, plateau pressure 30 cm H2O or less, and euvolemia (after initial
resuscitation, aiming for at least even to negative fluid balance with the goal
of approximately even fluid balance over the first week or so of ARDS). A
protocolized guide for mechanical ventilation setup and adjustments based
on the National Heart Lung and Blood Institute (NHLBI) ARDS Network
clinical trials, including FiO2/PEEP combinations, is available at
www.ardsnet.org/tools.shtml. PEEP titration and optimal PEEP remain
subjects of greater controversy.

With regard to pharmacologic interventions, multiple therapeutic
alternatives have been studied and have shown no evidence of benefit (and
in some cases potential for harm). Some of the most relevant of these
include: inhaled and intravenous beta-2 agonists, with the rationale of
increasing alveolar fluid clearance and resolution of edema,15 statins, and
surfactant replacement. Corticosteroids have been studied extensively, with
the rationale that these may decrease inflammation and fibrosis; however,
their use is not associated with a reduction in mortality rates and steroids
may be harmful, especially if started late in the ARDS course.16 However,
there is now considerable interest in steroids in the setting of COVID-19-
associated hypoxemic respiratory failure, where dexamethasone has been
shown to reduce mortality.17 High-frequency oscillatory ventilation has been
of much interest as a rescue therapy, but has not been associated with
improved survival in several large randomized clinical trials.18 Inhaled nitric
oxide has been used as rescue therapy for refractory hypoxemia, but has not
been shown to improve mortality rates. Inhaled nitric oxide has also been
associated with several adverse outcomes, including an increased rate of
AKI.19

INDICATIONS FOR KIDNEY REPLACEMENT THERAPY IN
ACUTE RESPIRATORY DISTRESS SYNDROME
Indications for kidney replacement therapy (KRT) in ARDS are similar to
other critical illnesses, perhaps with a greater emphasis on volume

http://www.ardsnet.org/tools.shtml
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management. One of the main goals of supportive therapy is to avoid or
manage interstitial lung edema that may lead to increased ventilator-
associated lung injury. See Chapters 30 to 32 for discussions around timing,
dosing, and modality of KRT.
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Definitions and Etiologies of Acute Kidney
Injury
Armando Cennamo, Alfredo Petrosino, and Marlies
Ostermann

BACKGROUND
Acute kidney injury (AKI) is a syndrome characterized by an abrupt
decrease in kidney function over the course of hours to days. The clinical
manifestations are related to the decline in kidney function (i.e., retention of
waste products; disruption of fluid, electrolyte, and acid-base homeostasis;
and reduced clearance of toxins, including drugs). Extrarenal complications,
such as nonrenal organ dysfunction, fluid overload, and immunosuppression,
may also occur.1-3 AKI is often multifactorial, especially in the context of
critical illness. Most patients with AKI recover kidney function, but
survivors of AKI remain at risk for serious long-term complications,
including the development of chronic kidney disease (CKD), cardiovascular
morbidity, and premature mortality.4 The epidemiology depends on the
criteria used to define AKI, patient population, and clinical setting.

DIAGNOSTIC CRITERIA OF ACUTE KIDNEY INJURY
Traditionally, the diagnosis of AKI is based on a rise in serum creatinine or a
fall in urine output. Serum creatinine and urine output are surrogate markers
of glomerular filtration rate (GFR) and have the advantage of being widely
available and easy to measure.
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In the past two decades, the definition of AKI has evolved from the
RIFLE (Risk, Injury, Failure, Loss, End-stage kidney disease) criteria to the
Acute Kidney Injury Network (AKIN) classification in 2007 to the Kidney
Disease Improving Global Outcomes (KDIGO) criteria in 20121,2,5 (Table
5.1). Accordingly, AKI is diagnosed if serum creatinine increases by 0.3
mg/dL (26.5 μmol/L) or more in 48 hours or rises to at least 1.5-fold from
baseline within 7 days or urine output falls to less than 0.5 mL/kg/hr for 6
hours or more. AKI stages are defined by the maximum change of either
serum creatinine or urine output. Outcome prediction is best when both
criteria are used to define AKI.6

Classifications of Acute Kidney Injury

Several studies in various patient populations have confirmed an
association between the different AKI classifications and short- and long-
term outcomes.7-9

LIMITATIONS AND CHALLENGES OF CURRENT ACUTE
KIDNEY INJURY CRITERIA
Serum creatinine and urine output are markers of excretory function only.
They do not indicate early structural changes within the kidneys. In addition,
they do not provide any information about any other roles of the kidney, that



is, metabolic, endocrine, or immunologic functions, and are not renal
specific.

CREATININE
Serum creatinine is a metabolite of creatine, a molecule that is synthesized
from the amino acids glycine and arginine in the liver, pancreas, and kidneys
and serves as an energy reservoir in skeletal muscle. Apart from kidney
function, the key factors that affect serum creatinine concentration are as
follows:
i. Change in liver function and muscle bulk
ii. Age

iii. Race
iv. Presence of sepsis (large and sustained falls in creatinine production may

occur in sepsis)10

v. Acute changes in volume of distribution, including aggressive fluid
administration and fluid overload (leading to dilution of creatinine
concentration)

vi. Administration of drugs that compete with creatinine tubular secretion
vii. An acute rise in serum creatinine without associated changes in GFR (i.e.,

cimetidine and trimethoprim)
iii. Laboratory interference of creatinine measurement (e.g., by bilirubin)

The diagnosis and staging of AKI are based on a change from baseline,
but premorbid creatinine results may not always be available. Three different
strategies of defining baseline kidney function have been suggested:
i. Use of mean or median outpatient creatinine value within a year before

AKI11-13

ii. Back-estimation of baseline creatinine with Modification of Diet in Renal
Disease (MDRD) formula (assuming that baseline kidney function was
normal)

iii. Use of first creatinine measurement during hospitalization. This approach
carries the risk of underestimating or not recognizing AKI in patients with
a creatinine rise prior to hospital admission.10,14



These different methods can inflate as well as reduce the true incidence of
AKI. At present, there is no shared approach of determining baseline kidney
function.

Finally, creatinine-based criteria for AKI do not take into account
underlying kidney reserve. In patients with normal kidney function, a rise in
serum creatinine by 0.3 mg/dL may be due to an important reduction in
GFR. However, in patients with underlying CKD, absolute rises in serum
creatinine represent variable changes in GFR, and a rise by 0.3 mg/dL may
be within the acceptable daily variation and simply reflect an
inconsequential change in GFR.

Therefore, any change in serum creatinine needs to be interpreted within
the clinical context. It is possible that a patient’s kidney function declines
without an obvious change in serum creatinine concentration (for instance,
patients with severe liver failure). Similarly, a patient’s serum creatinine
concentration may rise despite stable kidney function (for instance, in
patients taking cimetidine).

LIMITATIONS OF URINE OUTPUT CRITERIA
A fall in urine output is complementary to a rise in creatinine criteria and
independently associated with an increased risk of mortality. Furthermore,
the number of episodes of oliguria and the duration of oliguria are also
associated with increased mortality.15 However, similar to creatinine, urine
output is not specific to the kidneys. It may be appropriately reduced in the
setting of fluid depletion or in conditions associated with antidiuretic
hormone (ADH) release. Furthermore, it can be influenced by diuretics.5,6,16-

18 It also remains unclear whether ideal rather than actual body weight
should be used for the diagnosis of oliguria.14 Using actual body weight can
result in an overdiagnosis of AKI in obese patients.

ACUTE KIDNEY DISEASE AND DISORDERS
The term “acute kidney disease and disorders” (AKD) describes conditions
that are characterized by acute functional and structural changes of the
kidneys that last up to 90 days and include AKI and other conditions that do
not meet the CKD criteria5,19 (Table 5.2 and Figure 5.1). For instance,
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epidemiologic studies and histologic case series have shown that some
patients have a slow but persistent (creeping) rise in serum creatinine over
days or weeks without fulfilling the consensus criteria for AKI.

AKD Criteria and Comparison With AKI and CKD
Criteria

Functional Criteria Structural Criteria

AKI SCr ≥ 0.3 mg/dL (26.5 µmol/L) in 48 hr,
or
×1.5-2 times baseline in a 7-d period, or
UO < 0.5 mL/kg/hr ≥ 6 hr

No structural criteria

AKD AKI criteria
Decrease in GFR > 35% or increase in
SCr > 25% for <3 mo

GFR < 60 mL/kg/1.73 m2 for <3 mo

Kidney damage for <3
mo

CKD GFR < 60 mL/kg/1.73 m2 for >3 mo Kidney damage for >3
mo

AKD, acute kidney disease and disorders; AKI, acute kidney injury; CKD, chronic kidney
disease; GFR, glomerular filtration rate; KRT, kidney replacement therapy; mo, months; SCr,
serum creatinine; UO, urine output.

FIGURE 5.1: Acute kidney injury as a subset of acute kidney diseases and disorders. AKD,
acute kidney diseases and disorders; AKI, acute kidney injury; CKD, chronic kidney disease.
From Kidney Disease: Improving Global Outcomes (KDIGO) Acute Kidney Injury Work
Group. KDIGO clinical practice guideline for acute kidney injury. Kidney Int Suppl. 2012;2:1-
138.

In fact, AKD is more common than AKI and is associated with significant
long-term complications.20 Similar to AKI, AKD syndromes comprise
multiple different etiologies and rarely occur in isolation but usually in the
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context of other acute illnesses and often on the background of profound
chronic comorbidities.

RECOVERY FROM ACUTE KIDNEY INJURY
There is no consensus on the definition of recovery from AKI. It is
commonly defined as return to previous baseline creatinine. However, serum
creatinine at time of discharge may not be representative of kidney function
because of potential muscle loss and may, therefore, lead to an
overestimation of kidney function. It has been proposed that serum
creatinine at 3 months after discharge from hospital may be more
representative.21

ETIOLOGIES OF ACUTE KIDNEY INJURY
The exact etiologies of AKI vary depending on geography, setting, and
patient population. There are multiple factors that contribute to the increased
risk of AKI, including CKD, chronic heart failure, vascular disease, chronic
respiratory failure, chronic liver disease, human immunodeficiency virus
(HIV), and cancer. Frequently, AKI is multifactorial, involving several
different pathophysiologic mechanisms occurring simultaneously or
sequentially (Table 5.3).

Pathophysiologic Mechanisms of AKI

Mechanism Description Common Clinical
Conditions

Hemodynamic instability Reduction of kidney
perfusion

Hypovolemia
Cardiogenic shock

Microcirculatory dysfunction Heterogeneity of flow to the
kidneys, causing areas of
micro-ischemia
Redistribution of intra-
kidney blood flow
Hypoxic damage and ROS
generation

Sepsis
Inflammatory diseases



Mechanism Description Common Clinical
Conditions

Endothelial dysfunction Loss of integrity in the
structure of endothelial
barrier, resulting in
increased permeability
Increased capillary
permeability, leading to
interstitial edema and
impairment of oxygen
Release of proinflammatory
cytokines by endothelial
cells
Leukocyte transmigration
into the interstitium

Sepsis
Vasculitis

Formation of microvascular
thrombi

Inflammation-induced
activation of procoagulant
factors along with decrease
in production of natural
anticoagulants
Amplification of coagulation
cascade by damaged
endothelial cells
Complement activation

Sepsis
HUS/TTP
Preeclampsia

Inflammation Activation of resident
inflammatory cells
Recruitment of neutrophils
from the bloodstream

Sepsis

Tubular cell injury Tubular injury as a result of
microcirculatory dysfunction
Direct exposure of tubules
to inflammatory
substances/toxins

Acute tubular injury

Renal venous congestion Increased backward renal
pressure owing to elevated
central venous pressure,
resulting in reduction of
GFR

Congestive heart failure
Cardiorenal syndrome



Mechanism Description Common Clinical
Conditions

Obstruction Blockade of urine flow at
any stage along the urinary
tract from tubule to the
urethra
Ureteric obstruction
because of intrinsic or
extrinsic causes
Intratubular cast/crystal
formation

Nephrolithiasis
Retroperitoneal fibrosis
Crystal nephropathy
Myoglobinuria/hemoglobinuria

Autoimmune processes Circulating or in situ
immune complexes that
deposit in glomeruli

SLE
Glomerulonephritis

Hypersensitivity immune
reactions

Development of
inflammatory infiltrates

Drugs
Inflammatory diseases
Malignancies

Intra-abdominal
hypertension

Reduction of venous
drainage, resulting in
venous congestion

Abdominal compartment
syndrome

AKI, acute kidney injury; GFR, glomerular filtration rate; HUS, hemolytic uremic syndrome;
ROS, reactive oxygen species; SLE, systemic lupus erythematosus; TTP, thrombotic
thrombocytopenic purpura.

COMMON ETIOLOGIES OF ACUTE KIDNEY INJURY
Hypoperfusion
Adequate kidney perfusion is essential for maintaining a normal GFR and a
normal urinary output. The kidneys receive up to 25% of cardiac output.
Conditions that compromise systemic perfusion, such as hypovolemia,
cardiac failure, and systemic vasodilatation, can potentially lead to
functional AKI. It is often reversible, but prolonged hypoperfusion can result
in acute tubular ischemia.

Sepsis-Associated Acute Kidney Injury
Sepsis-associated AKI is common in critically ill patients, accounting for up
to 50% of cases of AKI. It often occurs despite normal or increased global
renal blood flow.22,23 Various pathophysiologic processes play a role,
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including macrovascular and microvascular alterations, endothelial
dysfunction and capillary leak, inflammation, tubular injury, and intrarenal
shunting.24 Nonsepsis-related factors such as nephrotoxic drugs or venous
congestion may also contribute.

Cardiac Surgery–Associated Acute Kidney Injury
AKI is a common complication following cardiac surgery, affecting up to
45% of patients.25 The pathogenesis is multifactorial. Hemodynamic
perturbations such as exposure to cardiopulmonary bypass, cross-clamping
of the aorta, and high doses of exogenous vasopressors contribute. Other
mechanisms, including cholesterol embolization and neurohormonal
activation, are also relevant, as is hemolysis and the release of free
hemoglobin and free iron.26-28

Drug-Induced Acute Kidney Injury
Approximately 20% of the drugs prescribed in the intensive care unit (ICU)
are nephrotoxic via multiple different mechanisms29-31 (Table 5.4). The
adverse impact of drug-induced AKI on patient outcomes can be severe,
with hospital mortality rates reported between 18% and 50%.32,33

Mechanisms Involved in Drug-Induced
Nephrotoxicity

Mechanism of
Nephrotoxicity

Examples

Hemodynamic alteration Vasoconstriction of afferent
arteriole

NSAIDs
Vasopressors
Calcineurin inhibitors

Vasodilatation of efferent
arteriole

ACE-I
ARBs

Vascular damage Thrombotic microangiopathy Chemotherapeutic agents
ARBs
IFN-α
Ticlopidine
mTOR inhibitors
Calcineurin inhibitors



Mechanism of
Nephrotoxicity

Examples

Vasculitis of renal vessels Penicillamine

Allopurinol
Anti–TNF-α
Cocaine-containing
levamisole
Hydralazine

Atheroembolism Anticoagulants

Glomerular damage Minimal change disease NSAIDs
Lithium
Quinolones
Penicillins
Interferon
Pamidronate
Gold

Focal segmental
glomerulosclerosis

Lithium
Bisphosphonates
Heroin
IFNs

Tubular damage ATI Aminoglycosides
Vancomycin
Foscarnet
Polymyxins
Amphotericin
Acyclovir, tenofovir, indinavir,
atazanavir
Cisplatin and other
chemotherapeutic agents
Hyperosmolar radiocontrast
Warfarin
Statin
Fibrates

Acute osmotic nephropathy Starch
Dextran
Mannitol



Mechanism of
Nephrotoxicity

Examples

Interstitial damage Interstitial nephritis Proton pump inhibitor
NSAIDs
β-Lactams
Fluoroquinolones
Vancomycin
Allopurinol

Tubular obstruction Formation of intratubular
crystals

Methotrexate
Acyclovir
Indinavir
Ciprofloxacin
Sulfonamides

ACE-I, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; ATI,
Acute Tubular Injury; IFN, interferon; mTOR, mammalian target of rapamycin; NSAID,
nonsteroidal anti-inflammatory drug; TNF, tumor necrosis factor.

Rhabdomyolysis
Rhabdomyolysis is a condition characterized by muscle necrosis secondary
to many causes, including crush injury, immobilization, hyperthermia,
exercise, drugs, and toxins, resulting in the leakage of intracellular
constituents (i.e., myoglobin, creatine kinase, aspartate aminotransferase
[AST]) into the circulation (see Chapter 49).34 AKI is one of the most
common complications.35 Different mechanisms are involved in the
pathogenesis: (a) myoglobin concentrates in the urine, and its interaction
with Tamm-Horsfall protein forms casts, which can precipitate, leading to
tubular obstruction. (b) The heme group of myoglobin may induce the
production of reactive oxygen species (ROS).

Contrast-Associated Acute Kidney Injury
Contrast agents can have a toxic effect on kidney via direct and indirect
mechanisms, including early tubular epithelial injury and intrarenal
vasoconstriction (see Chapter 44).36,37 Contrast-associated AKI is often listed
as a common cause of hospital-acquired AKI, but the incidence is relatively
low and dependent on underlying kidney function and the degree of acute
comorbidities.



Obstructive Acute Kidney Injury
Acute obstruction of the urinary flow can occur at any level from the
intratubular lumen to the urethra. Typical intrinsic and extrinsic causes
include kidney stones, drugs, retroperitoneal fibrosis, pelvic malignancies,
and bladder outflow obstruction.

Primary Kidney Diseases
Primary kidney disease characterized by glomerular inflammation is a rare
cause of AKI in the ICU setting, but it can manifest. Potential presentations
are small-vessel vasculitis, hemolytic uremic syndrome or thrombotic
thrombocytopenic purpura, lupus nephritis, anti–glomerular basement
membrane (anti-GBM) disease, or a flare-up of an underlying
glomerulonephritis. Overall, the prevalence is relatively low.

Hepatorenal Syndrome
Hepatorenal syndrome (HRS) is characterized by kidney injury in the
context of liver disease (see Chapter 42). In this setting, AKI has been
traditionally considered a purely functional form of AKI because of
splanchnic vasodilatation and relative hypovolemia induced by cirrhosis.38,39

New evidence, however, suggests a role for systemic inflammation and
structural kidney damage in the pathogenesis of HRS. Bacterial translocation
would lead to the release of bacterial products and inflammatory cytokines,
resulting in tubular and microvascular dysfunction, similar to sepsis. In
addition, bilirubin may cause direct tubular damage, as documented by both
kidney biopsy and damage biomarkers.40

CONCLUSIONS
AKI represents a multifactorial syndrome involving a variety of etiologies,
pathophysiologic mechanisms, and clinical manifestations. The definition of
AKI is currently based on functional criteria only but may evolve in the
future, given the expanding information about the dynamic course,
pathophysiology, and the discovery of new kidney biomakers.
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Epidemiology of Acute Kidney Injury
Neesh Pannu

Acute kidney injury (AKI) is a clinical syndrome characterized by retention
of waste products; impaired acid-base, fluid, and electrolyte homeostasis;
and altered drug metabolism resulting from a reduction in kidney function.
The spectrum of AKI is broad, ranging from small changes in biomarkers to
overt kidney failure requiring kidney replacement therapy (KRT). Over the
past decade, AKI has been identified as a potent predictor of outcomes in
critical illness. It is common in critically ill patients and, regardless of
etiology, is associated with an increased risk of adverse short- and long-term
outcomes, including prolonged mechanical ventilation, hospitalization,
development or progression of chronic kidney disease (CKD), and death.1

The epidemiology of AKI has changed with advances in the science of
critical care medicine. This chapter reviews the incidence, risk factors, and
outcomes associated with AKI in the intensive care unit (ICU).

DEFINITION OF ACUTE KIDNEY INJURY
Although current definitions of AKI, as discussed in detail in Chapter 5 (see
Table 6.1)2, are largely reliant on changes in serum creatinine (SCr) levels,
in the ICU, oliguria and anuria are often the sole markers of kidney injury.
Furthermore, these biomarkers are relatively insensitive to changes in kidney
function and fail to discriminate true kidney injury from hemodynamic
changes in kidney function, which are common in critical illness. These
definitions inform, but do not replace clinical judgment in establishing an
AKI diagnosis. Clinical context, evaluation of urine sediment, ultrasound of



TA B L E  6 . 1

the kidneys, and ancillary supportive testing (biomarkers—see Chapter 16)
can help distinguish kidney injury from other conditions as well as identify
the etiology of AKI.

Recent Consensus Definitions of Stage 1 AKI

Definitions Serum Creatinine Criteria Urine Output Criteria

RIFLE (2003) Increase in SCr × 1.5 or decrease in GFR
by 25% within 48 hr

Urine volume <0.5
mL/kg/hr for 6 hr

AKIN (2007) Increase in SCr × 1.5 or by ≥0.3 mg/dL
(≥26.5 µmol/L) within 48 hr

Urine volume <0.5
mL/kg/hr for 6 hr

KDIGO (2012) Increase in SCr by ≥0.3 mg/dL (≥26.5
µmol/L) within 48 hr
Increase in SCr to ≥1.5 times baseline,
which is known or presumed to have
occurred within the prior 7 d
Severity staging after initial criteria met

Urine volume <0.5
mL/kg/hr for 6 hr

AKI, acute kidney injury; AKIN, Acute Kidney Injury Network; GFR, glomerular filtration rate;
KDIGO, Kidney Disease Improving Global Outcomes; RIFLE, Risk, Injury, Failure, Loss, End-
stage; SCr, serum creatinine.

INCIDENCE OF ACUTE KIDNEY INJURY
The epidemiology of AKI has been described using administrative data and
through prospective, retrospective, and cross-sectional cohort studies using a
variety of definitions. A systematic review of 312 cohort studies, which
included 49 million patients across the world, found that one in five adults
and one in three children hospitalized with acute illness will develop some
form of AKI.3 The incidence of AKI in unselected hospitalized patients in
the developed world is between 0.4% and 18% depending on the definition
used and accounts for 1% to 4% of all hospital admissions.4 Several large
studies suggest that the incidence of AKI in hospitalized patients has
increased by approximately 13% per year over the past three decades.5,6

Notably, the incidence was identified by diagnostic codes, which are highly
specific for AKI (97%) but are relatively insensitive (35.4%),7 and thus these
studies likely underestimate the true incidence. Similar increases have been
observed in the incidence of severe AKI (requiring KRT) between 2000 and
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2009 and a doubling in the number of deaths attributable to AKI.6 The
increased incidence is likely related to increasing patient age and a higher
burden of comorbidity, including a higher prevalence of CKD.

AKI is particularly common in the setting of critical illness;
approximately 50% of ICU patients will develop at least stage 1 AKI. The
incidence of AKI in a number of large cohort studies of critically ill patients
is presented in Table 6.2.8 Multicenter studies have reported the incidence of
AKI to be between 10% and 67%, likely reflecting differences in case mix
between patients, health care systems, and countries.9 A large cross-sectional
multinational study (Acute Kidney Injury-Epidemiologic Prospective
Investigation or AKI-EPI) reported the incidence of AKI to be 57% using
Kidney Disease Improving Global Outcomes (KDIGO) criteria.9 Between
5% and 11% of critically ill patients will require KRT; this is dependent on
AKI etiology, with less than 5% of patients undergoing cardiac surgery
requiring KRT versus approximately 15% of patients with sepsis.10

Incidence of AKI in Critically Ill Patients



CAUSES OF ACUTE KIDNEY INJURY
AKI in the ICU context is most commonly due to acute tubular necrosis
(nephrotoxic and ischemic) and prerenal causes.11 Other potentially
modifiable causes discussed in detail elsewhere include radiocontrast
nephropathy and nephrotoxicity from nonsteroidal anti-inflammatories,
angiotensin-converting enzyme (ACE) inhibitors, angiotensin receptor
blockers, diuretics, and chemotherapeutic agents.4 Patients may present to
the ICU with AKI (community-acquired) or develop AKI while in hospital.
Hospital-acquired AKI is generally associated with a worse prognosis.12

RISK FACTORS FOR ACUTE KIDNEY INJURY
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Risk factors for AKI have been determined in a variety of clinical settings,
including cardiac surgery, contrast-induced AKI, and critically ill
populations. Nonmodifiable and illness-specific risk factors common to all
populations are summarized in Table 6.3 and discussed elsewhere.

AKI Risk Factors

Patient-Specific Risk Factors for AKI Illness-Specific Risk Factors for AKI

Age
Gender (male)
Chronic kidney disease
Proteinuria
Diabetes
Congestive heart failure
Chronic liver disease

Drug exposures (nephrotoxins)
Septic/cardiogenic/hypovolemic shock
Multiorgan dysfunction
Surgery

AKI, acute kidney injury.

Age
Multiple studies have shown that AKI is more common in elderly
individuals, and many have shown an independent association between AKI
and older age.13 In a community-based prospective study, the very elderly
(aged 80-89) were 55 times more likely to develop AKI than adults younger
than 50 years.14 Possible explanations for this association include (1)
structural and functional changes associated with age that lead to diminished
nephron reserve and reduced capacity of the kidneys for autoregulation; (2)
accumulation of comorbidity, which increases susceptibility to AKI
(vascular disease, diabetes, hypertension, CKD); and (3) increased exposure
among the elderly to medications and procedures that predispose to AKI.13

Reduced Estimated Glomerular Filtration Rate
Preexisting reduction in estimated glomerular filtration rate (eGFR) is a
potent risk factor for AKI following exposure to radiocontrast,15 major
surgery, and medical illness,16 although the pathophysiology underlying this
association is poorly understood. Hsu and colleagues found that the odds of



developing dialysis requiring AKI were increased at lower baseline eGFR:
the excess risk as compared to normal eGFR was approximately 2-fold in
patients with baseline eGFR 45 to 60 mL/min/1.73 m2 but more than 40-fold
for patients with baseline eGFR <15 mL/min/1.73 m2.17 These associations
were confirmed in several recent systematic reviews, demonstrating strong
independent associations between the risk of AKI and lower baseline
eGFR.18-20 Although these analyses support a causal association between
CKD and hospitalization-associated AKI, little is known about how this
association may be modified by the presence of one or more comorbidities
such as heart failure or whether all causes of CKD confer similar risk of
AKI.

Proteinuria
Proteinuria is also strongly associated with AKI risk. A case-control study of
over 600,000 patients identified proteinuria as an independent predictor for
AKI,17 which was replicated in multiple settings, including postcardiac
surgery in Taiwan and a general population studies from the United States
and Canada.21-23

ASSOCIATIONS BETWEEN ACUTE KIDNEY INJURY AND
ADVERSE OUTCOMES
AKI is associated with high costs and adverse clinical outcomes, including
excess mortality, increased length of hospital stay, development and/or
progression of CKD, requirement for chronic dialysis in survivors, and a
greater requirement for posthospitalization care.24,25

Mortality
Multiple observational studies demonstrate increased mortality among
patients who experience AKI during hospitalization; nearly 50% of critically
ill patients with severe AKI will die during hospital admission.26 A meta-
analysis of eight studies of hospitalized patients (most of whom were
critically ill or had heart failure) confirms a graded relationship between
increasing severity of AKI and short-term mortality.27 Most importantly, it



confirms that even mild forms of AKI are clinically relevant; an increase in
SCr of 26 µmol/L (0.3 mg/dL) was associated with a short-term relative risk
for death of 2.3 (95% confidence interval [CI], 1.8-3.0). The association
between AKI and mortality is likely influenced by several factors, including
the presence of underlying CKD, duration and severity of AKI, and degree
of recovery of kidney function.28 A recent analysis of postoperative AKI
comparing kidney and survival outcomes in those subjects (3.7%) with and
without preexisting CKD (defined as eGFR < 45 mL/min/1.73 m2) found a
lower attributable mortality due to AKI (hazard ratio [HR] 1.26 [95% CI,
1.09-1.78]) when subjects with prior CKD but no AKI were used as
reference.29 However, not all changes in serum creatinine have been linked
to increased mortality.30 Setting and timing of AKI diagnosis also have
important prognostic significance; weekend admission for AKI has been
consistently associated with increased mortality31 as well as hospital size.

Although the incidence of AKI continues to climb, there has been a
corresponding improvement in survival. A recent analysis reported a 19%
decrease in mortality between 2000 and 2009 in subjects requiring acute
dialysis.6 Whether this represents a move toward earlier and more aggressive
use of dialysis (rather than a true improvement in survival) requires further
investigation.

Chronic Kidney Disease
An increasing number of recent studies have linked AKI survivorship to the
development of CKD or end-stage kidney disease (ESKD). A meta-analysis
of 13 cohort studies reported that the HRs for patients with CKD and ESKD
were 8.8 (95% CI, 3.1-25.5) and 3.1 (95% CI, 1.9-5.0), respectively,
compared to subjects without AKI.32 Depending on AKI severity and the
presence of CKD, between 2% and 30% of AKI survivors will progress to
ESKD within 2 to 5 years of hospital discharge.33-36 Baseline kidney
function, AKI severity, and nonrecovery of kidney function are potent
predictors of de novo CKD and CKD progression.37,38 A recently published
population-based risk prediction score of CKD progression after AKI in
hospitalized patients additionally identified proteinuria, age, and sex as risk
factors.39 The prospective cohort study has also identified pre-AKI
proteinuria as a potent predictor of CKD progression.40 However, the risk of



CKD is evident even in transient stage 1 AKI and in those with normal
baseline kidney function.41 Recurrent episodes of AKI further increase the
risk of progressive CKD: each additional AKI event after the first episode
appears to double the risk of progression to stage 4 CKD.42

Cardiovascular Risk
AKI has long been associated with an increased risk of cardiovascular events
in patients with underlying or suspect cardiovascular disease.43,44 Several
large retrospective cohort studies of patients undergoing both vascular and
nonvascular major surgeries have recently confirmed an association between
postoperative AKI and cardiovascular mortality.45,46 Further, a recent
systematic review by Odutayo and colleagues analyzed data from 25 cohort
studies of patients (n = 254,408) with and without AKI and reported that
AKI is associated with an 86% increased risk of cardiovascular mortality, a
38% increased risk of major adverse cardiovascular event (MACE), and a
40% increased risk of heart failure.47 The association between AKI and both
incident heart failure and increased risk of hospitalization for heart failure is
particularly striking and is perhaps the most plausible in the context of
decreased water and solute clearance associated with AKI and the post-AKI
period.48,49 Consistent with these observations, the use of statins and renin-
angiotensin blockade in AKI survivors has been associated with reduced
mortality.50-52

The development of AKI in critical illness identifies a cohort of patients at
high risk for adverse outcomes. However, US data suggest that only 5% of
AKI survivors saw a nephrologist after hospital discharge,36 and AKI
survivors with CKD and proteinuria often do not receive treatment with
ACE inhibitors/angiotensin receptor blockers after hospital discharge.53

Given this, longitudinal follow-up of AKI survivors is recommended.

Quality of Life
There are conflicting data regarding the impact of AKI on the quality of life
in ICU survivors. Whereas early studies suggested that these patients had
poor long-term quality of life relative to non-AKI survivors,54,55 recent
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studies suggest that critically ill patients have low quality of life prior to ICU
admission and that AKI does not significantly change this.56,57

Costs
Several studies have evaluated the costs associated with the development of
AKI in hospitalized patients. A single-center study of AKI in hospitalized
patients demonstrated a direct relationship between the severity of AKI and
associated hospital length of stay and hospital costs.58 AKI defined as a 0.3
mg/dL (24 µmol/L) increase in SCr was associated with an incremental total
hospitalization cost of $4,886; a doubling of SCr was associated with an
incremental cost of $9,000. Studies of specific populations of hospitalized
patients support these findings; a recent study of the cost of AKI postcardiac
surgery suggests that the average difference in postoperative costs ranges
between $9,000 and 14,000 depending on AKI severity. Postoperative AKI
in noncardiac surgery is similarly associated with an $11,308 increase in the
median cost.59 However, none of these studies accounted for the impact of
CKD on AKI and attendant costs, which is likely to be significant.60 A recent
Canadian study of hospitalized patients with AKI identified incremental
costs associated with increasing KDIGO AKI stage, with a 3-fold increase in
hospital costs and doubling of hospital length of stay in those requiring
dialysis. Additional costs, increasing by AKI stage, were also seen over a 1-
year period after hospital admission.61

AKI is a common and serious complication of critical illness that is
associated with high hospital mortality and poor short- and long-term
outcomes in AKI survivors. Increasing age and the presence of CKD are
important risk factors for AKI. As critical care improves and patient
complexity increases, the incidence of AKI and AKI survivorship continues
to increase. Longitudinal care for AKI survivors is warranted.
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Acute Kidney Injury and Non–Acute
Kidney Injury Risk Scores in the Intensive
Care Unit
Luke E. Hodgson and Lui G. Forni

INTRODUCTION TO PREDICTION MODELS
Prognostic prediction research investigates the ability of combinations of
variables to predict a future outcome in the form of a prediction model.1

Such models are intended to enhance decision making by providing
objective estimates of probability.2

MODEL PERFORMANCE
Following data collection, model performance is assessed initially in the
original derivation data set. Quantifying the effect of using a model on
patient and physician behaviors and outcomes is termed impact analysis.
The TRIPOD guidelines through the equator network (www.equator-
network.org) provide a useful reference to judge the quality of reporting of
such model studies. The overall performance of a model may be quantified
using various pseudo-R2 measures; the Brier score is commonly employed.3

Discrimination refers to the ability of a model to distinguish individuals with
and without the outcome of interest.3 It can be quantified by the concordance
(c) statistic, which is identical to the area under the receiver operating
characteristic curve (AUROC) for logistic models.4 The c statistic can be
interpreted as the chance a patient with the outcome of interest is assigned a

http://www.equator-network.org/


higher probability of the outcome by the model than a randomly chosen
patient without the outcome: a value of 0.5 indicates the model does not
perform better than chance, whereas a value of 1 indicates perfect
discrimination.4 Calibration refers to agreement between outcome
probability predicted and the observed outcome frequency.5 It can be
investigated graphically by plotting observed outcome frequencies against
the predicted outcome probabilities for subjects grouped by quantiles of
predicted probabilities.6 A calibration plot on the 45 degree line denotes
perfect agreement. Calibration can be formally assessed by modeling a
regression line with intercept (α) and slope (β),3 which can be estimated in a
logistic regression model with the observed outcome as the dependent
variable and the linear prediction as the only independent variable. The
intercept is 0 and the calibration slope is 1 for well-calibrated models.
Although commonly used, the Hosmer-Lemeshow goodness-of-fit test may
lack statistical power to reject poor calibration.5

INTENSIVE CARE UNIT PREDICTION MODELS
Acute Physiology and Chronic Health Evaluation
Since the 1980s, many complex scoring systems have been described to
predict intensive care unit (ICU) mortality. The most well-known is the
Acute Physiology and Chronic Health Evaluation (APACHE) score.7 The
model was revised and simplified (from 34 to 12 physiologic variables, age,
and chronic health status) to create APACHE II, the most widely used
severity of illness score.8 The worst value recorded during the first 24 hours
of admission to the ICU is used for each variable, and the principal diagnosis
leading to ICU admission is added as a category weight so that predicted
mortality is computed based on the APACHE II score and principal
diagnosis. APACHE III was developed in 1991,9 and most recently,
APACHE IV was developed with the same physiologic variables and
weights but with different predictor variables.10 Unfortunately, such scores
are time consuming—for example, APACHE IV, with a maximum score of
286, is said to take 37 minutes to calculate. A score of 56 corresponds to a
mortality risk estimate of 10%, and a score of 132 predicts a mortality of
90%. Commonly employed ICU prediction models are presented in Table
7.1.
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Simplified Acute Physiology Score
Simplified Acute Physiology Score (SAPS), developed and validated in
France in 1984, used 13 weighted physiologic variables measured in the first
24 hours of ICU admission.11 This was updated to develop SAPS II,
including 12 physiologic variables, age, type of admission, and 3 variables
related to underlying disease.12 SAPS III was created in 2005 and includes
20 variables divided into three subscores related to patient characteristics:
prior to admission, admission reason, and the degree of physiologic
derangement less than 1 hour pre- or post-ICU admission.13 The score ranges
from 0 to 217, with a score of 40 corresponding to a mortality risk estimate
of less than 10% and a score of 120 predicting a mortality of more than 90%.
SAPS III includes customized equations for prediction of hospital mortality
in different geographical regions and has also been used to examine
variability in resource use between ICUs.14

Mortality Probability Model
The first Mortality Probability Model (MPM) consisted of an admission
model using seven admission variables and a 24-hour model using seven
variables.15 MPM II appeared in 1993 using logistic regression from a
database of 12,610 ICU patients from 12 countries.16 Unlike APACHE or



SAPS, in MPM II, each variable is designated present or absent (except age).
A further iteration MPM0-III has been derived and includes 16 variables,
including 3 physiologic parameters, obtained within one hour of ICU
admission.17

Intensive Care National Audit and Research Centre Score
In the United Kingdom, the Intensive Care National Audit and Research
Centre (ICNARC) score was derived using a UK-wide database and
calibrated for adult critically ill patients admitted to ICUs in the United
Kingdom.18 This score, ranging from 0 to 100, uses elements of the
APACHE, SAPS, and MPM systems and performed better (c statistic 0.87
on development and validation samples) than SAPS II, APACHE II and
APACHE III, and MPM II.18 A score of 10 corresponded to a mortality risk
estimate of less than 10%, and a score of 50 carried a mortality risk of more
than 90%. The ICNARC score has subsequently been updated and has
demonstrated improved discrimination and overall performance compared to
the original model (c-index 0.89 vs 0.87).19

External Validation
Data derived from ICUs (n = 10,393) in Scotland compared APACHE II and
APACHE III, SAPS II, and MPM0 and MPM24.20 All models demonstrated
good discrimination, although observed mortality was significantly different
from that predicted (poor calibration). SAPS II had the best overall
performance, but APACHE II demonstrated better calibration. From an
American cohort, the coefficients for APACHE IV, MPM0-III, and SAPS II
scores were reestimated and applied to assess risk-adjusted mortality rates.21

Discrimination and calibration were adequate (AUROC 0.892 for APACHE
IV, 0.873 for SAPS II, and 0.809 for MPM0-III). Harrison et al, in a large
UK external validation (n = 141,106), found moderate discrimination (c
statistic for APACHE II 0.80, APACHE III 0.83, SAPS II 0.82, and MPM II
0.82); however, all demonstrated imperfect calibration requiring
recalibration.22

Limitations of Intensive Care Unit Mortality Models
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General models are likely to perform best in groups of patients close to the
derivation population. Accuracy of all the models is dependent on the quality
of input, such as definitions, time of data collection, and rules for missing
data. Most models are created from ICUs, specifically interested in
measuring and improving performance, and, as a consequence, may not be
generalizable, and the predicted outcome is usually vital status at discharge
rather than longer term outcomes, such as health-related quality of life and
resource use. The statistical methodology used to assess calibration, most
commonly the Hosmer-Lemeshow statistic, is influenced by the number of
covariates assessed, the manner in which observations with equal
probabilities are sorted, and sample size.23 It is thus recommended when
assessing calibration in validation studies to produce calibration plots.24

Although discrimination is often adequate, calibration deteriorates in most
external validations, requiring additional recalibration. The use of automatic
data management systems can, by changing the sampling rate for the
physiologic variables, change model accuracy. Finally, there is little clinical
evidence of benefit for using such scoring systems, which is important as
there are potential drawbacks such as self-fulfilling “poor outcome”
conclusions that could be drawn when these models are employed.

ORGAN DYSFUNCTION SCORES
Organ failure scores are designed to describe the degree of organ
dysfunction rather than to predict survival and account for time and severity.
Three of the most commonly used are the Multiple Organ Dysfunction Score
(MODS),25 the Sequential Organ Failure Assessment (SOFA),26 and Logistic
Organ Dysfunction System (LODS) (Table 7.2).27 Each uses six organ
systems: pulmonary, cardiovascular, renal, neurologic,
hematologic/coagulation, and hepatic.

Organ Dysfunction Scores



Logistic Organ Dysfunction System
LODS was developed using a database from 137 ICUs in 12 countries, with
12 variables selected using logistic regression with the worst value in the
first 24 hours of admission selected. In the derivation population, a
maximum score22 carried a mortality of 99.7%. 27 On validation, increased
LODS was associated with higher mortality,28 and in a French study, LODS
demonstrated an AUC (area under the curve) of 0.72 to predict mortality.29

Sequential Organ Failure Assessment
SOFA is the predominant score in current use being developed during a 1994
consensus conference.26,30 The worst value on each day is recorded. Unlike
LODS and MODS, cardiovascular system includes a treatment-related
variable: vasopressor dose. Initially validated in a mixed ICU population,26,31

SOFA has subsequently been validated in multiple patient groups, including
cardiac surgery, burns, and sepsis.32-35 In one study, a score greater than 15 is
correlated with a mortality rate of 90%.36 In another study, an increase in the
score during the first 48 hours predicted a mortality rate greater than 50%,
whereas a decrease was associated with a mortality rate of 27%.37 In a
multicenter study of those older than 60 years, a maximum score greater



than 13 on any of the first 5 days, a minimum SOFA greater than 10 at all
times, and a positive or unchanged SOFA over the first 5 days had 100%
mortality.38 The updated Sepsis-3 definitions incorporate SOFA (see Chapter
35), with organ dysfunction identified as an acute change in total SOFA
score greater than or equal to 2 points consequent to infection.30

Multiple Organ Dysfunction Score
MODS was based on a literature review of publications that had
characterized organ dysfunction with seven organ systems initially selected
for consideration (pulmonary, cardiovascular, renal, neurologic,
hematologic, hepatic, and gastrointestinal). No accurate descriptors of
gastrointestinal function were identified; thus, this system was not included.
The score was developed in one surgical ICU (n = 336) and validated on the
same ICU (n = 356). For each system, the first parameters of the day are
used with a maximum score of 24. Change in MODS (difference between
admission MODS and maximum score) may be more predictive of outcome
than individual scores.

External Validations of Organ Dysfunction Scores
Similar discriminative power of SOFA, APACHE III, LODS, and MODS to
predict hospital mortality has been described.39,40 SOFA in patients with
brain injury has been reported to have superior discriminative ability for
hospital mortality and unfavorable neurologic outcome compared to
MODS.41

ACUTE KIDNEY INJURY INTENSIVE CARE UNIT
PREDICTION MODELS
Acute kidney injury (AKI), defined as an abrupt decline in kidney function,
is common in the ICU with an estimated prevalence of 57% and is
associated with increased risk of mortality, prolonged length of stay, and
development of chronic kidney disease (CKD).42-44 Early risk stratification
for AKI in the ICU is challenging, but is essential in developing novel,
sophisticated strategies for the prevention and treatment of AKI.45 Several
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investigators have developed and validated clinical risk prediction models
for AKI or predict mortality in those who have developed AKI, among
heterogeneous groups of critically ill patients.

Mortality Prediction in Patients With Acute Kidney Injury
A 2017 systematic review of mortality prediction scores in patients with
AKI included 12 derivation studies (7 in ICU populations, the most recent
published in 2011) and 9 external validations.46 Two studies,47,48 although
classed as validations in the systematic review, also derived a model and are
included in Table 7.3. Although good performance was reported for internal
validation, most prediction models had poor discrimination (AUROC < 0.7
on external validation) and variable performance compared to general ICU
models.

AKI-Associated Mortality Outcome Model Studies
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Recent Acute Kidney Injury Prediction Studies and
Future Directions
AKI prediction in the ICU can be challenging with such a high incidence,
potential for prior insults to not yet be reflected in serum creatinine changes,
and frequent lack of accurate baseline kidney function. A number of small
studies were described predating Kidney Disease Improving Global
Outcomes (KDIGO) definitions.49-51 A number of recent studies since the
publication of KDIGO definitions52 have proposed models predicting the
onset of AKI or more severe AKI (Table 7.4). Three models employed
random forest (RF) plots, an ensemble classifier that aggregates the results
of multiple decision trees via majority voting with machine learning (ML).53-

55 Such techniques have been reported to perform well in other areas of the
ICU56 and for AKI prediction in the wider hospital up to a 72-hour time
frame.57 One model reported an AUROC of 0.88 using the same variables as
in the SAPS II general ICU mortality model.54

Recent AKI Prediction Studies on ICU



The concept of renal angina was described a decade ago58 and
subsequently operationalized to describe a renal angina index (RAI) in
children with promising performance to predict AKI (AUROC 0.74-0.81).59

The RAI uses a combination of risk (such as ventilated) and signs of injury
(fluid overload) and has recently been validated in adults.60 Functional
markers may in the future be incorporated into risk prediction. For example,
the furosemide stress test (FST) predicts progression to more severe stages
of AKI (Figure 7.1).61 The number of AKI biomarkers continues to grow
and has been described in concert with prediction models to recognize those
at highest risk62 and enable tailored interventions63 (see Chapter 16).
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FIGURE 7.1: A schematic outlining the potential development of AKI prediction models.

A major challenge limiting AKI prediction and prognostication is its
multifactorial origin, further complicated by the fact that the changes of
molecular expression induced by AKI are difficult to distinguish from those
of the diseases associated or causing AKI, such as sepsis.64 A large genome-
wide association study (GWAS) by Zhao et al identified two genetic loci
associated with increased risk of AKI that could reveal novel pathways for
early diagnosis and subsequent therapeutic development.65 Addition of
genomic profiling to prediction model assessments promises further
enhancement of risk modeling.
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Prevention of Acute Kidney Injury
Nicholas Michael Selby

INTRODUCTION
Prevention is the action of stopping something from happening, which in
medical terms is to prevent disease before its onset. This implies several
things: that patients at risk can be identified, that there is a window of
opportunity to act prior to disease onset, and that effective preventative
interventions exist. When it comes to acute kidney injury (AKI) in the
intensive care unit (ICU), these elements are not always apparent. It is also
important to recognize that AKI is not a single condition, but a
heterogeneous syndrome with multiple different causes that may require a
range of preventative actions.1,2 It can also be difficult to determine with
currently available diagnostic tests as to whether the situation is one of risk
and prevention, or whether in fact kidney injury has already occurred.
Despite this, the potential value of AKI prevention is significant when the
high morbidity, mortality, and health care resource utilization associated
with AKI are considered.3 The epidemiology of AKI in the ICU and
identification of patients at risk have been discussed in Chapters 6 and 7, so
this chapter will provide an overview of interventions to prevent AKI in the
ICU, with common risk factors for AKI in critically ill patients summarized
in Table 8.1.4

Thirteen Risk Factors for the Development of AKI
in Critically Ill Patients, Identified by Meta-analysis

of 31 Studies Including 504,545 Patients



Patient-related factors
Older age
Higher baseline creatinine/CKD
Diabetes mellitus
Heart failure
Hypertension
Situational risk factors
Presence of sepsis/SIRS
Higher severity of disease scores
Use of vasopressors/inotropes
Use of “nephrotoxic” drugs
High-risk surgery
Emergency surgery
Use of IABP in cardiothoracic patients
Longer time in cardiopulmonary bypass pump in cardiothoracic patients

Nephrotoxic drugs were defined as any of: intravenous contrast, aminoglycosides,
amphotericin B, vancomycin, nonsteroidal anti-inflammatory drugs, angiotensin-converting
enzyme inhibitors, and angiotensin receptor blockers. Severity of disease was measured by
different severity scores such as the acute physiologic and chronic health evaluation
(APACHE) or the injury severity score (ISS).
AKI, acute kidney injury; CKD, chronic kidney disease; IABP, intra-aortic balloon pump;
SIRS, systemic inflammatory response syndrome.
From Cartin-Ceba R, Kashiouris M, Plataki M, et al. Risk factors for development of acute
kidney injury in critically ill patients: a systematic review and meta-analysis of observational
studies. Crit Care Res Pract. 2012;2012:691013.

PREVENTATIVE STRATEGIES FOR PEOPLE AT HIGH
RISK OF ACUTE KIDNEY INJURY IN THE INTENSIVE
CARE UNIT
International guidelines that encompass AKI prevention include those from
the European Society of Intensive Care Medicine (ESICM) in 2010,5 their
update in 2017,6 the 2010 consensus guidelines on behalf of the American
Thoracic Society, European Respiratory Society, ESICM, the Society of
Critical Care Medicine,7 and the 2012 Kidney Disease Improving Global
Outcomes (KDIGO) clinical practice guidelines.8,9

Volume Expansion and Choice of Intravenous Fluid
Volume expansion to restore circulating volume or correct hypovolemia is
an obvious step to prevent AKI, but most would regard this as a basic



element of care of the critically ill patient. Furthermore, goal-directed
therapy including central venous pressure (CVP) monitoring or
protocolized fluid resuscitation without CVP use has been shown to be no
more effective than usual care in reducing AKI incidence, at least in
sepsis.10 Restricting fluid volumes has also been suggested as a strategy to
improve outcomes, although evidence in this area is incomplete.11 In people
with AKI, there is a strong association between excess fluid accumulation
(defined as >10% increase in body weight relative to baseline) and
increased mortality,12 and a randomized parallel group feasibility trial has
suggested that a restrictive volume replacement protocol may result in
lower rates of AKI.13 These results are also supported by the Fluids and
Catheters Treatment Trial (FACTT), in which less kidney replacement
therapy (KRT) was needed in patients with acute lung injury who received a
conservative fluid management regime, although mortality was not different
between groups.14 However, in surgical patients, a restrictive fluid
administration regime may increase AKI.15 Further clarification is therefore
required before definite conclusions can be drawn, and it is also possible
that the impact of restrictive volume replacement may differ depending on
the clinical setting. In the meantime, a judicious and individualized
approach to fluid resuscitation is advisable, avoiding excessive fluid
accumulation when possible (e.g., aiming for <10% increase in body weight
because of fluid accumulation).

Choice of fluid may also be important in terms of AKI prevention;
although also covered in Chapter 10, we will touch on this briefly here.
Crystalloids are generally preferred to colloids for resuscitation, because of
the lack of major benefit and increased costs of the latter. Additionally, a
number of large randomized controlled trials (RCTs) have shown an
increased risk of AKI and the need for KRT with the use of starches,16-18

which have now largely been abandoned. There has also been extensive
debate as to whether choice of crystalloid can influence the risk of AKI,
specifically as to whether balanced solutions (Ringer’s lactate, Hartmann’s
solution, Plasma-Lyte) confer benefit over normal (0.9%) saline. A number
of observational studies have reported associations between normal saline
and an increased risk of AKI, and the physiologic effects of chloride-rich,
nonbuffered solutions that include hyperchloremic metabolic acidosis,
reduced renal blood flow, and renal vasoconstriction could plausibly



contribute to AKI.19 Recent randomized trials have also addressed this
question, but without providing a definitive answer. The SPLIT trial was a
double-blind, cluster randomized, crossover trial that compared 0.9% saline
and a balanced crystalloid solution (Plasma-Lyte 148) in 2,278 patients
across four ICUs in New Zealand.20 Participating ICUs were assigned a
masked study fluid, either saline or a buffered crystalloid, for alternating 7-
week treatment blocks over the 28 weeks of the study. There was no
difference in the primary outcome of proportion of patients who developed
AKI, nor in KRT rates or mortality. In contrast, the SMART trial (Isotonic
Solutions and Major Adverse Renal Events Trial) did show benefit with
balanced crystalloids.21 SMART was a single-center, pragmatic trial of
saline versus balanced crystalloids (Ringer’s lactate or Plasma-Lyte A) in
15,802 adult ICU patients, which had a similar cluster-randomized multiple
crossover design to SPLIT, with ICUs alternating between fluid types from
month to month. The primary outcome of Major Adverse Kidney Events at
30 days (MAKE30) was seen in 14.3% of the balanced crystalloid group
and 15.4% of the saline group (odds ratio, 0.90; 95% confidence interval
[CI], 0.82-0.99; p = 0.04). MAKE30, a composite endpoint, was defined as
mortality, new receipt of KRT, or persistent kidney dysfunction (final
inpatient creatinine value of >200% baseline). However, when focusing on
the question of AKI prevention, secondary endpoint analyses showed no
difference between rates of AKI stage 2/3, highest serum creatinine, change
from baseline to highest creatinine, or persistent kidney dysfunction
between groups. KRT (as a single outcome measure) was delivered to 2.5%
of the balanced crystalloid group versus 2.9% saline group, p = 0.08.
Similar findings were seen in the SALT-ED trial, conducted at the same
center with a similar design to SMART but in noncritically ill patients.22 So
while the SMART trial suggests benefit of balanced crystalloids overall,
neither the SPLIT nor the SMART trials have demonstrated that their use
prevents AKI in the ICU.

Prevention of Contrast-Associated Acute Kidney injury
Contrast-associated AKI (CA-AKI) is discussed in detail in Chapter 44, but
the mainstay of CA-AKI prevention is prehydration in those at increased
risk. Although performed outside of ICU, the well-conducted PRESERVE



trial showed definitively that in patients at high risk of CA-AKI undergoing
angiography, bicarbonate was not superior to normal saline in preventing a
combined endpoint of death, the need for dialysis or a persistent increase of
50% or more from baseline in the serum creatinine level at 90 days, or in
reducing rates of CA-AKI.23 In addition, PRESERVE also demonstrated
that N-acetylcysteine was ineffective. Smaller trials conducted in critically
ill patients are consistent with these findings.24,25

Therefore, the administration of isotonic crystalloids to patients receiving
intravascular contrast media should be considered when patients are
hypovolemic or if they are particularly at high risk for CA-AKI (in
particular with preexisting CKD, e.g., estimated glomerular filtration rate
[eGFR] <30 mL/min/1.73 m2); however, fluids should not be given if the
patient is at risk of fluid overload. There is no role for intravenous
bicarbonate or N-acetylcysteine. Minimizing contrast volume in high-risk
patients is also important, particularly for intra-arterial contrast
administration.

Blood Pressure and Vasopressors
Vasoactive medications and the management of septic shock are reviewed
in Chapters 2, 13, and 36 and will not be discussed here. Nevertheless,
interventions around intraoperative blood pressure may also be effective for
AKI prevention. The INPRESS trial randomized 298 people deemed at
higher risk of postoperative AKI to either the maintenance of a systolic
blood pressure (SBP) within 10% of the patient’s preoperative value
intraoperatively and for 4 hours postoperatively, or standard management
(treating SBP if <80 mm Hg or <40% from the preoperative value, initially
with ephedrine boluses).26 Intra-arterial monitoring and an infusion of
norepinephrine were used in the intervention arm to achieve target SBP.
Postoperative organ dysfunction was reduced with the intervention, and of
particular interest kidney dysfunction occurred in 32.7% of the intervention
group versus 49% of the controls (p = 0.01), equating to a number needed
to treat to prevent one episode of kidney dysfunction of only 7.



Care Bundles and a Systematic Approach to Supportive
Acute Kidney Injury Care
Outside of the ICU, variation in the quality of AKI care is common and
linked to adverse outcomes.27 In pediatric populations, a quality
improvement program (NINJA) has been shown to sustainably reduce rates
of AKI by quantifying exposures to nephrotoxic medication and
highlighting these to the relevant clinical teams.28-31 A number of other
studies have evaluated complex interventions applied across entire
hospitals, which have included elements of AKI prevention as well as
improved delivery of AKI care.32-36 For example, the ICE-AKI study tested
an electronic clinical prediction rule (prevention) and an AKI e-alert
(detection) that were both combined with care bundles in a controlled
before-after study across two UK hospitals. Results showed a small
reduction in the incidence of hospital-acquired AKI (odds ratio 0.99, 95%
CI 0.98-1.00, p = 0.049), as well as lower mortality in those with hospital-
acquired AKI and those identified as higher risk by the AKI prediction
rule.36 Improved outcomes, including reductions in AKI incidence, have
been reported with various quality improvement projects,33,35 and the
introduction of an AKI computer decision support system across the ward
and ICU areas of 14 US hospitals was associated with reduced mortality,
lower KRT rates, and a shorter hospital length of stay.37 However, these
studies had before-after designs that cannot completely exclude effects of
temporal trends on outcomes (i.e., changes that would have happened
anyway). The Tackling AKI study was a pragmatic, multicenter cluster-
randomized trial that employed a stepped-wedge design that did allow
separation of temporal effects from those because of the intervention. The
trial tested a complex intervention consisting of e-alerts, a care bundle, and
an education program introduced across five UK hospitals and included
24,059 AKI episodes. The intervention did not alter the primary outcome of
30-day mortality but did result in improvements in the delivery of AKI care,
better AKI detection, and reductions in AKI duration and hospital length of
stay.34 In a formal cost-effectiveness analysis, the latter resulted in
significant savings to the health care system (manuscript under review).
Conversely, a single-center randomized trial of e-alerts that were introduced
in isolation did not impact on delivery of care or patient outcomes.38



More specific to ICU settings, two single-center randomized trials have
evaluated the impact of the early application of a care bundle based on
KDIGO recommendations for management/prevention of AKI in the early
postoperative period.39,40 Both studies had a similar design in that patients
were eligible for randomization only if an AKI biomarker (Nephrocheck,
urinary tissue inhibitor of metalloproteinase 2 [TIMP-2] × insulin-like
growth factor binding protein 7 [IGFBP-7]) was elevated in the immediate
postoperative period. Details of the care bundles used in each study are
shown in Table 8.2. The PREV-AKI trial randomized 276 patients
(requiring 882 to be screened) following cardiac surgery and reported lower
rates of AKI within 72 hours in the care bundle group (55% vs 72%, p =
0.004). The rates of AKI stage 2/3 were also significantly lower (30% vs
45%, p = 0.009). The high rates of AKI seen in both groups were notable,
and there was no difference between groups in other outcomes, including
mortality. A larger, multicenter study to confirm these findings and examine
effects of the intervention on harder outcomes is now underway
(ClinicalTrials.gov Identifier: NCT03244514). The BigpAK trial
randomized 121 patients after major abdominal surgery to standard care or
AKI preventative care bundle. Although rates of AKI (all stages), the
primary outcome, were not significantly lower in the intervention group
(32% vs 48%, p = 0.07), rates of AKI stage 2/3 were (7% vs 20%, p =
0.04). There were also reductions in ICU and hospital length of stay. Both
studies had weaknesses, in that they were single center, were unblinded, and
the primary endpoint was the KDIGO definition of AKI (i.e., an outcome
defined using urine output and serum creatinine, rather than harder clinical
endpoints). Taken together, these data do suggest that attention to the details
of basic elements of AKI care and prevention is worthwhile. Furthermore,
the approach of using a novel biomarker to enhance risk assessment
followed by early application of an intervention should be noted—we can
hypothesize that this approach may result in more successful trials in the
future, particularly if a biomarker that indicates a process relevant to the
mechanism of action of the intervention can be used to enrich the study
population.



TA B L E  8 . 2 Details of the Care Bundles That Were Used in
PREV-AKI and BigpAK Trials

PREV-AKI Trial BigpAK Trial

Avoidance of nephrotoxic agents
Discontinuation of ACE inhibitors and
ARBs for the first 48 hr after surgery
Close monitoring of serum creatinine and
urinary output
Avoidance of hyperglycemia for the first
72 hr after surgery
Consideration of alternatives to
radiocontrast
Close hemodynamic monitoring by using
a PICCO catheter with an optimization of
the volume status and hemodynamic
parameters according to prespecified
algorithm:

SVV <11 (otherwise therapy with 500-
1,000 mL crystalloids), CI > 3
L/min/m2 (otherwise therapy with
dobutamine or epinephrine), MAP >
65 mm Hg (otherwise therapy with
norepinephrine)

Nephrology consult
MAP > 65 mm Hg
Take CVP measurement, perform
dynamic test of volume responsiveness,
and then prescribe fluid administration
over next 0–3 hr.
Repeat CVP measurement then
prescribe fluid administration over hours
4–6.
Repeat Nephrocheck after 12 hr.

ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker; CI, confidence
interval; CVP, central venous pressure; MAP, mean arterial pressure; PICCO, pulse contour
cardiac output; SVV, stroke volume variation.
From Meersch M, Schmidt C, Hoffmeier A, et al. Prevention of cardiac surgery-associated
AKI by implementing the KDIGO guidelines in high risk patients identified by biomarkers:
the PrevAKI randomized controlled trial. Intensive Care Med. 2017;43(11):1551-1561;
Gocze I, Jauch D, Gotz M, et al. Biomarker-guided intervention to prevent acute kidney
injury after major surgery: the prospective randomized BigpAK study. Ann Surg.
2018;267(6):1013-1020.

Ineffective Interventions
Unfortunately, there is a relatively long list of interventions that have been
shown not to be effective for the prevention of AKI, as summarized in
Table 8.3.



TA B L E  8 . 3
Interventions That Have Been Shown Not to Be Effective to Reduce

AKI in a Critical Care or Perioperative Setting

Ineffective Intervention Setting(s) Tested Proposed Mechanism(s)
of Action

Furosemide Cardiac surgery43 Prevention of tubular
obstruction, increase renal
blood flow, reduce
medullary oxygen
consumption, reduce
venous congestion

Dopamine Postoperative (cardiac,
vascular, other), contrast,
nephrotoxic medications,
critically ill patients44

Vasodilator, prevents
selective renal
vasoconstriction, promotes
natriuresis

Fenoldopam Cardiac surgery, critically ill
patients45,46

Dopamine A1 receptor
agonist, renal vasodilation,
promotes natriuresis

Levosimendan Cardiac surgery, critically ill,
sepsis47-49

Calcium sensitizer,
vasodilator, anti-
inflammatory effects

Erythropoietin Cardiac surgery, contrast,
critically ill patients50

Activation of EPO receptors
reducing apoptosis,
increased oxygen delivery

Intravenous selenium Critically ill patients51 Reduced oxidative stress

RIPC Cardiac surgery52,53 Protection of organs against
ischemic injury after
nonlethal ischemia to
arm/leg, mechanisms not
understood

Aspirin/clonidine Noncardiac surgery54 Aspirin: reduces platelet
aggregation and
microembolization,
potentially improving GFR at
a time of poor kidney
perfusion, reduces urinary
thromboxane, a potent
vasoconstrictor
Clonidine: centrally acting
α2-adrenergic agonist,



reduces sympathetic tone,
anti-inflammatory effects

All pharmacologic except RIPC.
AKI, acute kidney injury; EPO, erythropoietin; GFR, glomerular filtration rate; RIPC, remote
ischemic preconditioning.

Natriuretic peptides have been postulated to prevent AKI as they cause
afferent vasodilation and efferent vasoconstriction, thereby increasing GFR
and leading to natriuresis. They are not included in Table 8.3 because a
number of studies that encompass cardiac surgery, CA-AKI, abdominal
aortic surgery, heart failure, and liver resection have suggested that low-
dose atrial natriuretic peptide (ANP) can reduce the incidence of AKI in
these settings. It is not strictly accurate to state that they have been shown to
be ineffective. However, the evidence is weak as most of these studies have
small sample sizes and are of low methodologic quality; in addition, no
studies have looked at AKI prevention in critically ill patients. Therefore,
despite the overall trend toward suggested benefit, current evidence is not
strong enough to support the use of ANP for the prevention of AKI.41

Similarly, a number of studies and meta-analyses have suggested that statins
may prevent CA-AKI. However, these studies are all conducted outside of
the ICU and many studied patients with acute coronary syndromes. A
recent secondary analysis of an RCT in critically ill patients with acute
respiratory distress syndrome (ARDS) suggested no protective effect of
statins in an ICU setting.42

SUMMARY AND CONCLUSIONS
The high incidence of AKI in critically ill patients, coupled with its strong
association with increased mortality, greater health care resource utilization,
and longer-term complications, makes a strong case for AKI prevention.
However, this is not without challenges. While the common risk factors and
clinical scenarios in which AKI occurs are clear, further work is required to
build upon existing evidence to further develop, validate, and translate more
sophisticated risk prediction for individual patients. While many of the
pharmacologic agents tested to date have not shown benefit, careful
attention to intravenous fluid administration, maintenance of intraoperative
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blood pressure, and systematic application of supportive elements of care
are measures that can be taken currently to reduce AKI.
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Treatment of Acute Kidney Injury
Tanima Arora and Francis Perry Wilson

Acute kidney injury (AKI) is common in the intensive care unit (ICU), with
some studies estimating a prevalence of nearly 50%.1 ICU and inpatient
mortality are substantially higher in those with AKI, suggesting that efforts
to modify or reverse the injury may lead to substantial improvements in
outcome.2,3 However, to date, no single therapy has been shown to be
effective for the treatment of AKI.

ACUTE KIDNEY INJURY IS A HETEROGENEOUS
DISEASE
AKI is a syndrome defined by an increase in serum creatinine or a fall in
urine output.4 These changes occur in a variety of pathophysiologic settings
including hemodynamic changes, intrinsic kidney injury, inflammation,
ischemia, and obstruction (as outlined in Chapter 5). As such, it is not
surprising that no single therapy has been shown to be effective at modifying
the course of AKI in all clinical scenarios. As an example, the relief of
obstructive AKI in the setting of benign prostatic hypertrophy by the
placement of a Foley catheter is curative, but this intervention is unlikely to
benefit the patient with septic AKI or acute lithium toxicity. The guiding
principle for AKI treatment is individualization.

UNIVERSAL TREATMENT MEASURES



Although there is no single treatment that will modify the course of AKI
from diffuse etiologies, there is broad scientific consensus that certain
universal measures are likely to be beneficial. These include maintenance of
kidney perfusion, avoidance of nephrotoxic insults, and appropriate
medication dosing.

MAINTENANCE OF KIDNEY PERFUSION
Blood flow through the kidney serves two purposes. First, the blood flow to
the kidneys forms the substrate upon which glomerular filtration and tubular
modification of the glomerular ultrafiltrate operate. Without this substrate,
the glomerular filtration rate (GFR) must necessarily fall. Second, blood
flow provides oxygen and removes waste products from the highly
metabolically active renal tubules. These cells are located in a hostile
environment, with very low oxygen tension and high osmolarity with the
potential for large osmolar shifts.5 It may not be surprising then that tubular
epithelial cells often undergo apoptosis and necrosis when systemic
hemodynamics are not severe enough to cause diffuse cell damage elsewhere
in the body.6

AVOIDANCE OF NEPHROTOXIC INSULTS
Although common sense would dictate that further exposure to nephrotoxic
agents is counterproductive in the setting of AKI, a careful assessment of the
risks and benefits is warranted, lest renalism—the sacrifice of good care for
fear of worsening kidney function—worsens patient outcomes.7

There is perhaps no place where this mentality is clearer than in the use of
iodinated contrast. As Cashion and Weisbord point out in Chapter 44, there
is substantial debate regarding the nephrotoxicity of current contrast agents
in the setting of computed tomography (CT) scans.8 But even assuming there
is some risk of kidney injury, the information gleaned from a necessary CT
scan may often outweigh the risk of worsening kidney function. Once again,
the watchword is individualization. A careful assessment of the risks and
benefits of potentially nephrotoxic agents is key. The development of the
systematic screening program called Nephrotoxic Injury Negated by Just-in-
Time Action (NINJA), recommending the daily assessment of serum



creatinine, has also been implemented for use in hospitalized children with a
high risk of nephrotoxic medication–associated AKI in an attempt to
counteract the long-term negative outcomes associated with nephrotoxic
exposure.9 Stoops et al demonstrated a reduction of nephrotoxin exposure by
42% and rate of AKI by 78% in their study, applying the NINJA surveillance
system to an ICU setting, thus highlighting the efficacy of systematic
surveillance of nephrotoxin exposure as an effective method to prevent
episodes of AKI.10

APPROPRIATE DOSING OF MEDICATION
Many medications are excreted by the kidney and thus may reach
supratherapeutic concentrations in the setting of AKI. Even medications that
are not directly nephrotoxic, but may lead to other systemic adverse events,
must be appropriately dosed when GFR declines. However, how to dose-
adjust medications in the setting of AKI is somewhat difficult (as discussed
in Chapter 26).

Most patients with AKI will not be in steady state with regard to serum
creatinine, meaning that an estimate of GFR is not possible using traditional
estimating equations, such as the Cockroft-Gault (most commonly used by
clinical pharmacists) or Chronic Kidney Disease Epidemiology
Collaboration (CKD-EPI) equations.11 Although equations that attempt to
estimate GFR in the setting of dynamic changes in creatinine (e.g., the
Jelliffe equation) exist, they have not been uniformly introduced into clinical
practice.12

Redosing medications must take into account the therapeutic window of
the particular medication. Medications with very limited or absent toxicity in
high doses do not need to be as aggressively titrated as those with narrow
therapeutic indexes. Medications with a low toxicity threshold, such as
vancomycin and the aminoglycosides, are best dosed via direct measurement
of plasma levels as opposed to estimates of clearance based on serum
creatinine or other markers.

INDIVIDUALIZED TREATMENT MEASURES



The above considerations are relevant for essentially all patients with AKI,
but the downstream consequences of AKI are key targets for therapy. These
include volume overload, electrolyte and acid/base derangement, and
uremia.

VOLUME MANAGEMENT
Volume overload is the most common reason for the initiation of dialysis in
hospitalized patients with AKI.13 Hypervolemia has been associated with
substantially worse inpatient outcomes, even when adjusting for comorbid
disease, suggesting causative links between excessive third spacing of fluids,
ventilator-dependent respiratory failure, and poor cardiac function exist.14

Additionally, patients with severe illness and AKI often have high obligate
intake in the form of intravenous medications and hyperalimentation.
Without adequate kidney function to excrete this volume load, the clinical
course may rapidly decline.

The use of diuretics is specifically not advocated by the Kidney Disease
Improving Global Outcomes (KDIGO) for the treatment of AKI (as
discussed in Chapter 12).4 However, in the setting of volume overload where
an increase in urine output may reduce the risk of intubation or dialysis for
volume overload, a trial of diuretics is reasonable. Response to diuretic
challenge has been formalized as the “furosemide stress test”—a validated
treatment paradigm that identifies patients with a higher likelihood of
treatment recovery.15

Several algorithms exist to guide choice of diuretics in the setting of
volume overload, but broadly two main principles apply. First, the dose
chosen should be appropriate for the degree of kidney dysfunction. Second,
sequential tubular blockade (e.g., by the combination of loop and thiazide-
type diuretics) may be reasonable after maximal dosing of a single diuretic
class has been achieved. This recommendation is on the basis of several
studies that suggest that adding thiazide to loop diuretics before the latter
have been titrated appropriately may in fact worsen clinical outcomes.16

There are several risks to aggressive diuretic administration. The first is
overly exuberant urine output resulting in volume depletion. There is little
evidence that this is a common occurrence, and should this occur the
treatment (intravenous fluids) is obvious and readily available. Second, and



more concerning, diuretics increase a host of neurohormonal mediators via
their effect on tubuloglomerular feedback, which may worsen cardiac
function.17 Finally, the unique toxicities of high-dose diuretics (such as
ototoxicity in the case of loop diuretics) are worth consideration, but we note
that studies demonstrating the ototoxicity of diuretics used markedly higher
doses than are commonly used today.18

ELECTROLYTE MANAGEMENT
Electrolyte management is a central component of critical care and
nephrology, as multiple processes perturb electrolyte concentrations in the
critically ill. Details on the mechanisms of electrolyte abnormalities and
their appropriate treatment are described in Chapters 19 to 24, but several
issues regarding electrolyte management in the setting of AKI bear
mentioning.

Although hyperkalemia is a common complication of AKI (as outlined in
Chapter 21), hypokalemia is seen in up to 10% of patients with AKI and is
often the result of substantial total body potassium depletion. Hypokalemia
has several relevant clinical consequences for the critically ill patient; it may
prolong ventilation, worsen ammoniagenesis, and precipitate arrhythmias.
As such hypokalemia should be treated aggressively in most cases even in
the setting of ongoing AKI. An exception to this rule is in the case of
anticipated large shifts of potassium from the intracellular to extracellular
space (such as in the case of tumor lysis syndrome or rhabdomyolysis), in
which case more caution is advised.

As discussed in Chapter 22, hypocalcemia can generally be treated with
intravenous (IV) calcium supplementation, but in the case of AKI when
hyperphosphatemia is present, the increased calcium load can lead to
metastatic calcification and should be avoided. When symptomatic
hypocalcemia coexists with severe hyperphosphatemia, the appropriate
ultimate therapy is usually dialysis, although IV calcium can be administered
to temporize in urgent or emergent situations.

UREA MANAGEMENT



Uremia is a clinical diagnosis, but azotemia, an elevated blood urea nitrogen
(BUN), is a reasonable proxy. Critically ill patients often display altered
sensoria, diminished levels of consciousness, confusion, and delirium.19 In
the setting of an elevated BUN, distinguishing uremia—which would
necessitate dialysis—from benign azotemia can be challenging. Few clinical
signs provide objective evidence of uremia, but an otherwise unexplained
pericardial effusion should certainly prompt kidney replacement therapy
(KRT) in the proper clinical setting.

To avoid potentially unnecessary dialysis, attempting to limit the rise of
BUN during AKI is worthwhile. As such, a reduction in the use of catabolic
steroids and hyperalimentation (both of which provide “protein loads” as a
substrate for urea generation) may be warranted. If this is not clinically
feasible, providers should recognize the possibility that an elevated BUN is
not necessarily evidence for uremia.

ACUTE KIDNEY INJURY CARE BUNDLES
The concept of an AKI “care bundle” has been proposed as a tool to improve
the quality of care of patients with AKI.20 A care bundle is defined as a
method of improving processes of care and patient outcomes: a small,
straightforward set of evidence-based practices, treatments, and/or
interventions for a defined patient segment population and care setting that,
when implemented collectively, significantly improves the reliability of care
and patient outcomes beyond that expected when implemented
individually.21 An AKI care bundle is usually not a single intervention, but
rather a number of different elements (usually between three and six) that are
delivered together as a complex intervention.22 An example of a care bundle
developed by Kolhe et al in 2015 included elements such as fluid
assessment, urinalysis, diagnosis of the cause of AKI, ordering
investigations, initiating treatment, and referral.23 A list of the specific
elements used in the design of previously studied AKI care bundles is shown
in Table 9.1.22 Such care bundles aim to change clinician behaviors and
improve delivery of care.22 Recent data suggested that implementation of
specifically designed AKI care bundles can improve processes, lead to more
efficient resource use, and potentially improve outcomes.23,24 However, it
may be challenging to design and implement a care bundle for AKI because
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of heterogeneity of AKI patients, range of clinical settings in acute care,
coexisting life-threatening conditions, and uncertainty in the evidence base
for how to optimally dose and manage AKI.25

AKI Care Bundles, Showing Elements Used in
Design and Outcomes Observed



KIDNEY REPLACEMENT THERAPY
Management of AKI requires meticulous attention to fluid, acid-base, and
electrolyte balance as well as removal of uremic toxins. The above sections
detailed individual steps that can be taken to control these factors, but when
they present in aggregate, KRT may be the only appropriate solution. For
example, nonanion gap metabolic acidosis can be treated with intravenous
solutions containing bicarbonate, but in the setting of concomitant volume
overload, this is impractical. As discussed in Chapter 31, the decision to
initiate KRT then is rarely determined by a single factor (though in
emergency situations like life-threatening hyperkalemia, this can be the case)
but by a constellation of metabolic derangements that cannot be mutually
addressed in the absence of KRT. A “furosemide stress test” can be
considered when deciding to start KRT, with nonresponders (those who
produce less than 200 mL of urine after a bolus of 1 mg/kg furosemide if
furosemide naïve or 1.5 mg/kg if previously exposed to furosemide)
predicting a progression to more severe AKI and thus adding weight to the
case for KRT initiation.26

KDIGO guidelines state that KRT should be initiated emergently when
life-threatening changes in fluid, electrolyte, and acid-base balance exist, but
clinical decision-making may take precedence in nonlife-threatening
instances, where KRT may be delayed.27 However, many randomized
controlled trials that have compared strategies of early versus delayed
initiation of KRT have yielded conflicting results.28-30 A meta-analysis of 11



randomized trials showed no difference between early and late initiation on
the risk of dialysis dependence, length of ICU stay, or recovery of renal
function.31

As Ramakrishnan and Vijayan review in Chapter 32, a wide array of
modalities are available for KRT, including intermittent hemodialysis (IHD),
peritoneal dialysis (PD), continuous kidney replacement therapy (CKRT),
and hybrid therapies such as sustained low-efficacy hemodialysis (SLED).
Optimal choice of dialysis modality and dosage, based on individual
indications, is important for the efficacious management of AKI (Figure
9.1). KDIGO suggests the use of IHD and CKRT as complementary
therapies for the management of patients with AKI; however, some studies
have shown CKRT to be more advantageous than IHD.32 There is superior
management of volume overload and nutritional requirements because of
more consistent net salt and water removal in hemodynamically unstable
patients.33 In addition, enhanced clearance of inflammatory mediators,
alongside better preservation of cerebral perfusion in patients with acute
brain injury and fulminant hepatic failure, is seen with CKRT.34



FIGURE 9.1: Indications, types, and dosages in KRT for the management of AKI. AKI, acute
kidney injury; ARDS, acute respiratory distress syndrome; CVS, cardio-vascular surgery;
ICP, intracranial pressure; IHD, intermittent hemodialysis; KRT, kidney replacement therapy.

A vascular access must be obtained for the use of KRT in AKI (explained
in Chapter 29). The suggested lengths of the catheter used are based on the
site of insertion as follows: right internal jugular vein 15 cm, left internal
jugular vein 20 cm, femoral vein 25 cm. Whenever possible, ultrasound
guidance for catheter insertion should be employed. The most common
complications associated with the use of KRT in the management of AKI are
fluid volume deficiency because of excessive ultrafiltration without adequate
volume replacement, electrolyte abnormalities (e.g., low phosphorus, low
magnesium, low potassium), hypothermia, air embolus, and filter clotting.
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NOVEL THERAPIES
In light of the expanding research in the domain of AKI treatment, many
novel therapies have been studied and clinical trials have been conducted to
improve outcomes for patients with AKI. Kyung Jo et al, in their 2007
review,35 highlight some of the therapies that have recently been
implemented in the care of AKI. These include antiapoptotic/necrotic agents,
free radical scavengers, antisepsis agents such as ethyl pyruvate, growth
factors such as recombinant erythropoietin (EPO) and hepatocyte growth
factor, vasodilators, and anti-inflammatory drugs such as sphingosine-1-
phosphate analogs, α2 agonists, inducible nitric oxide (NO) synthase
inhibitors, and fibrates. Likewise, Kaushal and Shah36 also elaborate on these
therapies and introduce the use of α-melanocyte-stimulating hormone, small
interfering ribonucleic acid (RNA) proteins, bone morphogenetic family of
proteins, mesenchymal stem cells, RenalGuard Therapy (a closed-loop fluid
management system), alkaline phosphatase, catalytic iron, renal cell therapy,
and bioartificial renal epithelial cell system therapy. Implementation of such
new therapies to prevent or treat AKI requires further research and
collaborative efforts from academic institutions, private industry, and the
federal governments and the conduct of well-designed clinical trials.
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INTRODUCTION
Increasingly, intensivists and nephrologists are treating intravenous (IV)
fluids like drugs. That means individualizing the type and dose of fluids for
each patient. The days of 100 mL/hr of normal saline for every patient in the
intensive care unit (ICU) are over. The 21st century has been marked by
three fundamental questions regarding resuscitation fluids in the ICU:

1. Crystalloids or colloids: which is better?
2. Within crystalloids, are balanced solutions better than isotonic saline?
3. How much IV fluids should we be giving patients?

After a brief overview of the role IV fluids play in the ICU, each of these
questions will be summarized, looking at the major trials that have attempted
to answer these questions.

THE ROLE OF INTRAVENOUS FLUIDS IN THE INTENSIVE
CARE UNIT
IV fluids are given to just about every patient in the ICU. They are used to
carry medications, bypassing the gastrointestinal (GI) tract that is often
unreliable in critically ill patients. They are used to adjust serum tonicity in
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dysnatremia and providing nutrition, and they have a central role in the
treatment of shock and sepsis. (See Table 10.1).

Role of Intravenous Fluids

Treatment of sepsis
Increase in blood pressure
Replace fluid losses
Change osmolality (up or down)
As a carrier fluid for other medicines and electrolytes
Nutrition
Increasing urine output

IV fluids come in various compositions designed to achieve various goals
(Table 10.2). The standard teaching of IV fluids divides the body water into
three compartments: intracellular, interstitial, and the plasma compartment.
This model was used to divide IV fluids into three broad categories of fluids.

Compositions of Various Intravenous Fluids

The classic physiology of IV fluids described depends largely on Starling
equation, which states that movement of fluids is driven by hydrostatic



capillary pressure and interstitial protein osmotic pressure, counteracted by
plasma protein osmotic pressure and interstitial pressure.4 (See Figure 10.1).
This classical view of capillary physiology has been challenged by in vitro
and in vivo observations. One of the central aspects of the model is the
movement of interstitial fluid back into the capillary at the venous end of the
capillary bed. Contemporary studies do not show fluid moving back into the
vasculature. Without this movement back into the capillary, traditional
Starling values result in fluid movement from the plasma to the interstitium
that is 5- to 10-fold higher than lymph flow. This cannot be, so Starling’s
equation needs an adjustment to decrease flow from the capillaries to match
the lymph flow draining them. The adjustment comes in the form of an
additional osmotic barrier beyond the endothelial cells. The capillaries are
lined with a 2-μm-thick endothelial glycocalyx layer (EGL). This layer
decreases the flow from the plasma to the interstitial compartment. The EGL
and its transport characteristics change in response to sepsis, surgery, trauma,
and hypotension.5

FIGURE 10.1: Exchange across the capillary bed and Starling forces. Exchange at the
capillary beds is primarily as a result of net osmotic (oncotic) and hydrostatic (blood)
pressures. BP, blood pressure.



The recognition of these changes in Starling equation can be used to
explain one of the recurring observations regarding the use of colloids versus
crystalloid solutions. Colloids should be trapped in the plasma space,
whereas roughly only a quarter of isotonic saline solution should remain in
the plasma. But instead of the expected 1:4 or 1:5 ratio of albumin to
isotonic saline required to get equivalent plasma expansion, blinded studies
only showed a 1:1.4 ratio.6 Similarly, in a 2001 study of perioperative
patients given 1.3 L of isotonic albumin or hydroxyethyl starch (HES), only
40% of the volume remained in the plasma compartment 30 minutes after
the infusion.7 Additionally, the revised Starling equation showed that even
highly concentrated albumin infusions (25% albumin) will not be effective at
drawing fluid from the interstitial compartment and restore that to the
plasma compartment. There is some disagreement on these points.8

THE QUESTIONS
Crystalloids or Colloids: Which Is a Better Solution?
Traditional fluid physiology indicates that colloids should remain in the
vascular space better than crystalloids so they should be much better at
volume resuscitation. However, in 1998, a Cochrane systematic review and
meta-analysis showed a higher mortality rate with the use of albumin
compared to saline.9 This analysis led to the SAFE trial, a randomized
controlled trial (RCT) of saline versus albumin that revealed no difference in
28-day mortality.6

Albumin
Albumin is the main protein constituent of human plasma, and it constitutes
approximately 80% of normal colloid oncotic pressure. It is commercially
available as a slightly hypo-oncotic 4% solution, iso-oncotic 5% solution,
and hyperoncotic 20% and 25% solution. Normally, transcapillary leakage
rate of albumin is 5% per hour; however, this rate was 40% in 30 minutes in
a trial of perioperative patients.7,10

The SAFE trial, a randomized, multicenter, double-blind trial involving
6,997 patients, found no difference in patient survival between 4% albumin
and 0.9% normal saline (NS) in critically ill patients. During the initial 4



days, the overall ratio of volume of albumin to the volume of saline was
approximately 1:1.4. After those first days there was no difference in the
volume of fluids administered between the groups. Of note, the study did
have two important findings in subgroup analysis:

1. Trauma patients had a worse outcome with 4% albumin.
2. Septic patients had a trend toward improved survival with albumin.

The trauma patients that drove the adverse finding for albumin were
specifically patients with traumatic brain injury. A subsequent post hoc
analysis of SAFE confirmed increased mortality with albumin in patients
with traumatic brain injury.11

In the Albumin Italian Outcome Sepsis (ALBIOS) open-label randomized
trial, patients were randomized to a protocol of daily infusions of 60 g of
albumin (in the form of 300 mL of 20% albumin solutions) in order to keep
the serum albumin above 3 g/dL. Both groups received crystalloid infusions
as clinically indicated. The albumin group had higher mean arterial
pressures, lower net fluid balance, but no difference in mortality, total
volume of fluid administered, incidence of acute kidney injury (AKI), or
need for dialysis.12

Surviving Sepsis Campaign recommended the use of albumin for initial
resuscitation and subsequent volume replacement only in patients with
sepsis and septic shock requiring high volumes of crystalloid solutions. The
guidelines describe the albumin recommendation as “weak” supported by
low-quality evidence.13

There is a lack of evidence to suggest a beneficial role of albumin use in
patients with burns, trauma, and malnutrition.14

In an observational study of colloids, hyperoncotic albumin (20%-25%
albumin) was associated with more kidney events (doubling of serum
creatinine or need for dialysis) (odds ratio [OR] 5.99 [2.75-13.08]) and
increased ICU mortality (OR 2.79 [1.42-5.47]) in a propensity-matched
sample when compared to crystalloids. Albumin with lower osmolality (as
used in SAFE) did not show this signal. A possible explanation is that
increased capillary oncotic pressure from the infused albumin slows
filtration at the glomerulus.15

In cirrhosis, albumin is used for a number of indications. This is covered
in Chapter 42.



Hydroxyethyl Starch (HES)
HES is a glucose polymer with hydroxyethyl substitutions at some of the
carbons. Its molecular weight varies from 70 to 670 kDa.2

The use of HES for resuscitation in critically ill patients has been
examined in multiple randomized trials and meta-analyses.16 The three most
important trials are CHEST, 6S, and CRYSTAL.17,18

CHEST randomized 7,000 ICU patients to either 6% HES (130/0.4) or
NS. There was no difference in 90-day mortality. However, a higher
number of patients in the HES group were treated with kidney
replacement therapy (KRT). Post hoc analysis found a dose-response
increase in the risk of AKI with HES compared to saline.
In 6S, 804 patients were randomized to HES (130/0.4) or Ringer’s acetate.
The HES group had increased mortality at 90 days and was more likely to
require KRT.
CRYSTAL had a different question and study design. It did not test a
specific colloid, but each participating institution used their colloid of
choice. They randomized 2,857 patients. The experimental group included
gelatins, albumin, dextrans, and HES solutions. Additionally, this trial
included the entire resuscitation period, whereas the other studies had a
delay in starting the study fluids (6S: 14 hours, CHEST: 12 hours) so the
intervention did not include the initial resuscitation. CRYSTAL failed to
show a mortality benefit at 28 days (the primary outcome), but colloids
did show improved mortality at 90 days. There was no signal of increased
AKI.19

The AKI from HES is believed to be due to osmotic nephrosis, with
vacuolization and swelling of the proximal tubule.20 Other adverse effects
from HES include coagulopathy and rare allergic reactions.21

Given the adverse events, increased AKI, and a lack of clear clinical
benefit, the Kidney Disease Improving Global Outcomes (KDIGO) AKI
guidelines recommend against using synthetic colloids for volume
resuscitation.22

Therefore, given the current data, the answer to the first question,
“Crystalloids or Colloids: Which is a better solution?,” appears to be
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crystalloids. (Table 10.3) summarizes important clinical trials comparing
colloids and crystalloids.

Clinical Trials Comparing Colloids and
Crystalloids

Within Crystalloids, Are Balanced Solutions Better Than
Isotonic Saline?
Balanced Solutions
As seen from Table 10.2, NS, though isotonic, differs greatly from the
electrolyte composition of plasma. Every liter of NS delivers around 50
mmol more chloride than a liter of plasma. This chloride is core to the
central concern regarding saline. The increased chloride gets filtered at the



glomerulus, overwhelms proximal tubule reabsorption, and trips salt
detectors in the macula densa of the thick ascending loop of Henle. These
salt detectors are part of the tubular glomerular feedback system and, when
activated, cause mesangial contraction and vasoconstriction of the afferent
arteriole, decreasing both renal blood flow and glomerular filtration rate
(GFR).23

In denervated dog kidneys, chloride-containing fluids lowered renal blood
flow and GFR compared to nonchloride fluids. Sodium-containing fluids did
not have this effect.24 In healthy volunteers, time to micturition was longer
with large volumes (50 mL/kg) of saline than with lactated Ringers (LR).25

Looking at patients, a propensity-matched, retrospective analysis of 22,851
noncardiac surgical patients found a chloride level greater than 110 to be
associated with longer length of stay and increased mortality.26 High-
chloride fluids used in resuscitation were similarly associated with worse
outcomes in SIRS.27 A double-blind RCT of saline versus balanced solutions
in major abdominal surgery had to be stopped after 60 patients (of a planned
240) because of a safety signal; 97% of saline patients, compared with only
67% of balanced solution patients, required vasopressors.28 The potential for
AKI from high-chloride fluids became very apparent after Yunos et al
published their prospective, open-label, sequential period study of 760
patients. Patients during the low-chloride period (largely balanced solutions)
had an OR of KRT of 0.52.29

Following the data of Yunos et al, in 2015 the SPLIT trial became the
first, major, randomized, double-blind, head-to-head comparison of balanced
solution (Plasma-Lyte in this case) versus saline in a group of ICU patients
in New Zealand.30 There was no significant difference in rates of AKI
between groups treated with NS versus Plasma-Lyte, nor was there a
significant difference in need for KRT or mortality. It is worth noting that a
large proportion of patients in this study were postsurgical patients and that
the median volume of fluid administered was 2 L. A follow-up study,
SPLIT-Plus, is underway to evaluate 90-day mortality between saline and
Plasma-Lyte in critically ill patients. Generalizability of these results is most
likely sound despite minor differences in composition of parenteral fluids
around the world. In 2018, the Smart Trial assigned nearly 16,000 critically
ill patients to receive NS or balanced solutions.31 Patients who received
balanced solutions had less major adverse kidney events at 30 days



(composite of death, persistent kidney dysfunction, or need for KRT). The
median volume of fluid administered in either group was only around 1 L.
Subgroup analyses revealed more marked benefit from balanced solutions in
patients with sepsis. These findings were echoed by the 2018 SALT-ED trial,
which found patients treated with balanced crystalloid in the emergency
department had significantly less adverse kidney events than those treated
with NS.32

Despite these findings, saline remains a popular fluid for resuscitation.
Part of this is the inertia of “this is how we always did it” and part of this is
likely due to beliefs about balanced solutions, some of which do not hold up
to scrutiny:

Can you use LR in patients with liver failure? Probably not. Lactate is
converted to pyruvate in the liver, generating a bicarbonate ion. In liver
failure, it is presumed this is inhibited and LR is generally contraindicated
in cirrhosis and liver failure.33

Can LR cause lactic acidosis? No. The lactate in LR is sodium lactate,
not lactic acid, so it cannot cause lactic acidosis. It can, however, increase
the serum lactate, so some caution should be used when using lactate to
judge the adequacy of resuscitation.34

Is LR contraindicated in hyperkalemia? No. LR has 4 mmol/L of
potassium, so diluting plasma with a normal potassium should not raise
the serum potassium. Additionally, because NS causes a nonanion gap
metabolic acidosis, this may cause movement of potassium from inside to
outside of the cell. In studies of LR versus NS following kidney
transplant, there was less hyperkalemia with LR.35,36

Can you run LR with a blood transfusion? No. Blood transfusions use
citrate anticoagulation to prevent clotting. The calcium in LR is the
antidote to citrate and could inadvertently cause the blood to clot.

Isotonic Saline
Though the data seem to be tipping toward balanced solutions over normal
saline, there are some situations where NS is superior to balanced solutions.
Metabolic alkalosis is one. Most cases of metabolic alkalosis are due to a
chloride deficiency, so the high-chloride content of NS makes it a good



match for this condition.37 Neurosurgery and traumatic brain injury are
another area where caution should be used with balanced solutions. Though
LR is nearly iso-osmolar, the lactate is not an effective osmole, so the fluid is
slightly hypotonic. This means it can cause a shift of fluid into the brain and
increase intracranial pressure.38,39

Lastly, NS is preferred in situations where LR is contraindicated such as
liver failure and hypercalcemia.

Hypertonic Saline
There are some specific scenarios in which hypertonic saline has been
suggested as a resuscitation fluid. One scenario is traumatic brain injury with
the aim of decreasing cerebral edema. Cooper et al used this to successfully
increase serum tonicity but did not improve mortality or neurologic
outcomes.40 An attempt to use 7.5% saline in prehospital patients with
trauma was stopped early because of futility and safety concerns.41 The
HYPERS2S trial, which randomized patients in septic shock to resuscitation
with either 0.9% or 3% saline, did not show a survival benefit with
hypertonic saline and it was terminated early because of increased mortality
in the hypertonic saline arm.42 Some heart failure researchers have used
hypertonic saline in conjunction with loop diuretics to treat refractory acute
decompensated heart failure with some efficacy.43

And so given the current data, the answer to the second question, “Saline
or balanced solutions: Which is a better solution?,” in most cases, appears to
be balanced solutions.

How Should We Dose Resuscitation Fluids?
Beyond determining which type of fluid, the dose of fluids is important. In
2001, the Rivers trial on early goal-directed therapy (EGDT) showed a
dramatic improvement in mortality for patients presenting with severe sepsis
and influenced international guidelines and sepsis treatment for over a
decade.44 Patients received an average of 5 L of fluid over the first 6 hours.
Current Surviving Sepsis guidelines recommend an initial bolus of 30 mL/kg
to be followed by additional fluid to maintain and improve perfusion.13

Enthusiasm for EGDT has waned as three large, multicenter trials failed to
reproduce the results of the Rivers trial. (See Table 10.4). Although the three
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multicenter trials of EGDT did not show improved outcomes, they also did
not show harm. However, when EGDT for sepsis was studied in low-
resource Zambia,45 there was a profound increase in mortality, 33% usual
care and 48% with EGDT.

Trials Comparing EGDT in Septic Shock

The study of Andrews et al is not the only data to call into question the
safety and wisdom of large-volume resuscitation. The FEAST trial46

compared initial resuscitation strategies in African children with sepsis
(largely because of malaria). Similar to SAFE, there was no difference
between albumin and saline boluses, but both were significantly worse than
no bolus at all. So despite the questionable generalizability of using septic
children in Africa, this remains the only explicit RCT of the use of a bolus
for the initial management of septic shock.

To try to understand the contradictions and unintuitive findings of the
above trials, multiple trials have evaluated liberal versus restrictive use of
fluids in various settings.

The CLASSIC study was a single-center trial of 153 patients that
randomized patients to restricted versus liberal fluid protocol in septic
patients. There was a separation of 1.2 L of resuscitation fluid at 5 days and



1.4 L at the end of the ICU stay. There was no difference in outcomes or
adverse events between the two groups, although the study was not powered
for this finding. Of interest to readers of this handbook, there was less
worsening of AKI in the restricted protocol arm.47

A retrospective review of sepsis treatment in New York looked at the time
to completion of a three-part sepsis bundle: antibiotics, measurement of
lactate, and receiving bolus fluids. The time to completion of the bundle was
critical to patient survival, but this was entirely dependent on the time to
antibiotics. Time to completion of the fluid bolus was irrelevant.48

The Acute Respiratory Distress Syndrome (ARDS) trial49 in 2006
compared a conservative versus liberal fluid strategy in acute lung injury.
The net fluid balance in the conservative strategy was −136 mL compared to
+6,992 mL with the liberal strategy. Although there was no difference in 60-
day mortality, the primary outcome, the use of a conservative strategy,
improved lung function, shortened the duration of mechanical ventilation,
and decreased intensive care stay without increasing shock.

Acute pancreatitis (AP) is another area where fluid resuscitation is the
cornerstone of management as it provides macro- and microcirculatory
support and prevents pancreatic necrosis. Until recently, aggressive fluid
therapy was considered the basis of treatment; however, retrospective studies
show that aggressive fluid resuscitation (≥33% of the total volume in 72
hours of infusion performed in the first 24 hours) results in higher mortality
and higher SIRS scores.50 Permissive hypovolemia in a study of burn
patients with 20% or more body surface area (BSA) was safe and reduced
multiple-organ dysfunction scores in a pilot study of 24 patients.51

But enthusiasm for conservative fluid approaches should be cautious. In
an international, randomized, partially blinded trial of liberal versus
conservative fluid strategies for high-risk patients undergoing major
abdominal surgery, there was a 50% increase in AKI and a trebling of KRT
for AKI.52 The important trials examining EGDT in septic shock are shown
in Table 10.4.

So a safe conclusion should be to give fluid when it is necessary, but not
too much, and only enough. Strategies to decrease fluid buildup in ICUs are
shown in Table 10.5.
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Strategies to Decrease the Volume Load in the
Intensive Care Unit

Decrease or eliminate use of maintenance and replacement fluids
Decreasing the tonicity of fluids (use half-NS or dextrose fluids when possible)
Use a small volume of carrier fluids with intravenous medications
Use enteral medications and nutrition as often and as soon as possible

NS, normal saline.

RATING FLUID RESPONSE
With recognition that giving excess fluid is harmful to patients, it becomes
obvious that patients should only be given fluids when it improves
hemodynamics; this is termed fluid responsive. An operative definition of
fluid responsiveness is an increase of stroke volume by at least 10%
following a fluid bolus.53 Currently, there is not a consensus method to
predict fluid responsiveness. Methods to assess fluid response can be divided
into static or dynamic techniques, see (Table 10.6).54 Discussing the merits
of each technique is beyond the scope of this chapter and readers are
directed to Chapter 1. Numerous studies and meta-analyses have questioned
the utility of central venous pressure (CVP), which is affected by thoracic,
pericardial, and abdominal pressures, RV compliance as well as tricuspid
valve competence. Also, there are no clear cut-off values. Rivers et al used a
target CVP range of 8 to 12 mm Hg. The majority of patients are fluid
responsive when CVP is less than 8 mm Hg, and only a few patients respond
when the CVP is more than 12 mm Hg.44

Parameters for Evaluation of Volume
Responsiveness

Static Techniques Dynamic Techniques Techniques Based on Real
or Virtual Fluid Challenge

CVP
IVC diameter
Inferior vein collapsibility
End-diastolic volume
Corrected flow time

Pulse pressure variation
Stroke volume variation
Plethysmographic variability
index

PLR test
Fluid bolus

CVP, central venous pressure; IVC, inferior vena cava; PLR, passive leg raise.



1.
2.

Dynamic indices like pulse pressure and stroke volume variation may
have a better role in assessing fluid responsiveness.55 Assessment of
respiratory variation in inferior vena cava (IVC) diameter is a noninvasive,
quick, and reliable method to predict fluid responsiveness. With positive
pressure ventilation, the IVC diameter expands at the end of inspiration
compared to the end of expiration; when expressed as a percentage, it
predicts response to a fluid bolus. In patients on positive pressure
ventilation, values greater than 18% predicted fluid responsiveness.56 A
meta-analysis highlighted a beneficial role of assessing respiratory variation
in IVC by point-of-care ultrasonography with a pooled sensitivity and
specificity of 76% and 86%, respectively.57 The same technique can be used
in patients not on positive pressure ventilation, but there is less consensus on
its efficacy.58

The passive leg raise (PLR) test is among the most promising of these
techniques. PLR requires the use of ultrasound in the apical five-chamber
view with a pulsed-wave Doppler sample to measure the velocity-time
integral (VTI), which assesses variations in stroke volume. After
measurements of VTI are performed in a semirecumbent position with the
trunk at 30 degrees and legs in a horizontal position, the legs are elevated to
45 degrees and the trunk of the patient placed flat and a second set of
measurements are made. Douglas et al demonstrated the effectiveness of
PLR in an RCT of septic patients. In the intervention arm, patients who
develop hypotension had their management guided by PLR. If the patient
was deemed fluid responsive and VTI increased by more than 10%,
crystalloid fluids were given. If the patient was not determined to be fluid
responsive, vasopressors were started or increased. A total of 124 patients
were analyzed from 13 sites. The intervention lowered fluid balance 1.4 L at
72 hours (primary outcome). Additionally, the intervention group had less
need for KRT (5.1% vs 17.5%, p = 0.04) and mechanical ventilation (17.7%
vs 34.1%, p = 0.04).59 Further studies and meta-analyses involving larger,
more diverse populations are warranted to see if these results are robust.
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ANEMIA IN CRITICALLY ILL PATIENTS
Introduction
Anemia, defined as hemoglobin less than 13 g/dL in men and less than 12
g/dL in women, is a common complication in critically ill patients that is
associated with increased morbidity and mortality. Nearly two-thirds of
patients admitted to the intensive care unit (ICU) have anemia at the time of
admission, and 97% of ICU patients develop anemia within 1 week.1

Anemia in critically ill patients is associated with poor outcomes, including
acute kidney injury (AKI), prolonged mechanical ventilation,2 myocardial
infarction,3 and death.4 Anemia at hospital admission or prior to cardiac
surgery is also a predictor of both the incidence and severity of AKI.1

Anemia may contribute to poor outcomes by reducing oxygen carrying
capacity in the blood and thereby decrease oxygen delivery to peripheral
tissues. Packed red blood cells (pRBCs) in the past were transfused liberally
to a goal of greater than 10 g/dL in an effort to improve oxygen delivery;
however, prospective trials in ICU patients failed to show a survival
benefit.5,6 Furthermore, transfusions themselves are known to cause
complications ranging from mild febrile reactions to life-threatening
conditions, such as transfusion-related acute lung injury (TRALI) or
anaphylaxis.7 As a result, a “restrictive” strategy of transfusion is



recommended in the majority of the critically ill population.8 Despite the
change in strategy, the United States still transfuses 15 million units of
pRBCs annually, and 85 million units are transfused worldwide,9

underscoring the necessity of recognizing the causes of anemia, indications
for transfusion, and possible adverse effects of pRBC transfusion. In this
section, we review the causes of anemia in the ICU, indications for pRBC
transfusion, and potential complications of transfusions.

Causes of Anemia in Intensive Care Unit Patients
The cause of anemia in an ICU patient is often multifactorial. Even in those
without active bleeding (i.e., postsurgical bleeding or gastrointestinal [GI]
bleeding), blood loss due to frequent phlebotomy is nearly universal.10 In
addition, bone marrow production of RBCs is often suppressed in the setting
of inflammation.11 Finally, coagulopathy related to endogenous factors, such
as sepsis, or exogenous factors, such as the use of extracorporeal membrane
oxygenation (ECMO) or ventricular assist devices (VADs), frequently
causes hemolysis in this population1,12 (for further discussion of VADs and
ECMO, see Chapters 35 and 41, respectively). RBC loss or destruction,
coupled with the inability to efficiently make new RBCs, are the key reasons
for the near-universal anemia observed in the critically ill population.

Anemia Associated With Acute Kidney Injury, End-Stage Kidney
Disease, and Kidney Replacement Therapy
Anemia is common in the setting of kidney disease. In AKI, anemia is both a
risk factor for disease13 and a predictor of poor patient outcomes.14

Patients with AKI requiring continuous kidney replacement therapy
(CKRT) may have even higher rates of anemia owing to clotting of the
hemofilters during the procedure,15 although the impact of anemia on
recovery of kidney function in this population is uncertain.16

In patients with chronic kidney disease (CKD) or end-stage kidney disease
(ESKD), anemia is common owing to the lack of erythropoietin. In the
inpatient setting, this can further exacerbate bone marrow suppression, seen
in the setting of inflammation. Resistance to erythropoietin-stimulating
agents (ESAs) also often occurs in the setting of inflammation, which can
lead to further decreases in hemoglobin in ESRD patients.17 As in AKI,
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anemic patients with CKD and ESRD are at higher risk for poor outcomes.18

Common causes of anemia are summarized in Table 11.1.

Causes of Anemia in Critically Ill Patients

Blood Loss Phlebotomy Gastrointestinal Bleeding Surgery

Impaired RBC production Bone marrow suppression
Inflammation
Medications
Sepsis
Iron deficiency/inaccessibility
Folate or B12 deficiency

Hemolysis Ventricular assist devices (VADs)
Continuous kidney replacement therapy (CKRT)
Extracorporeal membrane oxygenation (ECMO)
Medical conditions associated with hemolytic anemia (e.g.,
thrombotic microangiopathy [TMA], drug reactions)

Kidney associated Reduced erythropoietin production
Anemia at baseline (CKD, ESKD)
Impaired iron homeostasis

CKD, chronic kidney disease; ESKD, end-stage kidney disease; RBC, red blood cell.

Indications for Blood Transfusions
Current data support the use of a restrictive strategy in most patients with
anemia, defined as a transfusion threshold of 7 g/dL. A recent Cochrane
review of 31 trials involving 12,587 patients from a variety of inpatient
settings found no significant difference in 30-day mortality with a restrictive
strategy (relative risk [RR] = 0.97) as opposed to a liberal strategy, with a
reduction in the risk of RBC transfusion of 43% (RR = 0.57).19 Studies in the
ICU population show similar results.

The Transfusion Requirements in Critical Care (TRICC) trial randomized
838 critically ill patients to a transfusion threshold of 7 versus 10 g/dL and
showed no difference in 30-day mortality.5 The TRICC study was followed
by the Transfusion Strategies for Acute Upper Gastrointestinal Bleeding
trial,20 the Transfusion Requirements in Septic Shock (TRISS) trial,21 and the
Transfusion Requirements in Cardiac Surgery (TRICS) III trial,22 which
studied restrictive versus liberal strategies in GI bleeding, sepsis, and



postcardiac surgery, respectively, and in all three, there were no differences
in 30-day mortality between the two groups. Preoperative anemia is a well-
established risk factor for cardiac surgery–associated AKI (CSA-AKI),23

although, in the TRICS III trial, the rates of AKI were identical in the
restrictive and conservative transfusion groups.22,24,25 Ambiguity remains
regarding transfusion thresholds in acute myocardial infarction because of a
lack of large randomized trials within this group,26,27 and guidelines such as
those by the AABB (formerly American Association of Blood Banks) do not
recommend for or against liberal or restrictive thresholds in this patient
population.8

Transfusion thresholds have not been specifically evaluated in
hospitalized patients with CKD or ESRD, although these patients were not
excluded from the studies mentioned earlier. In patients who are or may be
eligible for organ transplantation in the future, current guidelines suggest
avoiding pRBCs when possible to minimize the risk of allosensitization.28

When acute correction of hemoglobin is needed, such as during hemorrhage,
myocardial infarction, or prior to surgery, a goal of 7 g/dL is recommended.
However, in nonurgent and nonacute anemia, transfusion should not be
based on a threshold, but rather on the presence of clinical symptoms.28

ESAs have not been shown to be effective in preventing the need for
pRBC transfusions in critically ill patients. In the largest randomized study
of ESA use to date,29 1,460 patients were given epoetin alfa 40,000 U (EPO)
or placebo weekly. There were no differences in the mean number of pRBCs
transfused, and there were higher rates of serious thrombotic events in the
EPO group. A subgroup analysis of trauma patients showed lower mortality
with EPO, although the mechanism did not seem to be related to fewer
transfusions or higher hemoglobin levels. Adding intravenous iron to
erythropoietin does not reduce pRBC requirements30 and may worsen
infectious complications,31 although human data are unclear.32 More recent
studies have focused on the pleiotropic effects of erythropoietin in regulating
inflammation, apoptosis, and immune function; however, whether there are
benefits to ESA use in critically ill patients remains unclear.33-36

Packed Red Blood Cell Preparation
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pRBCs are made through centrifugation or apheresis of whole blood. A
single unit is approximately 350 mL in volume and has a hematocrit of 60%
to 80%. Each unit contains approximately 250 mg of iron. An anticoagulant,
usually citrate, is added, which allows for storage up to 35 days.37 However,
transfusion-related adverse events may increase with longer pRBC storage
times.38

pRBCs can be further treated depending on the clinical situation.
Leukoreduced pRBCs have had most of their white blood cells (WBCs)
removed, which may reduce the risk of febrile transfusion reactions, prevent
alloimmunization to major histocompatibility complex (MHC) donor
antigens, and reduce the risk of cytomegalovirus (CMV) transmission.
pRBCs are irradiated to remove (or destroy) all remaining leukocytes and
are used to prevent transfusion-associated graft-versus-host disease
(GVHD). Washed pRBCs are cleaned using saline to remove proteins,
reducing the risk of allergic reaction. The washing process also reduces the
extracellular potassium concentration, which is especially notable in
irradiated pRBCs.39,40 pRBCs must be used within 24 hours of washing.41

Complications
Transfusions of pRBCs carry numerous risks, which range from trivial to
life-threatening.

A summary of common complications is given in Table 11.2.

Potential Complications of Packed Red Blood Cell
Transfusions



THROMBOCYTOPENIA IN CRITICALLY ILL PATIENTS
Thrombocytopenia is common in critically ill patients in the ICU, with
prevalence rates ranging from 15% to 55%.42-44 A large number of these
studies have further shown that thrombocytopenia in the ICU is associated
with increased mortality and that mortality increases along with the degree
of thrombocytopenia.45,46 Risk factors for the development of
thrombocytopenia include sepsis, liver dysfunction, and the use of a number
of pharmacologic agents, including heparin, phenytoin, piperacillin,
vancomycin, and imipenem.47,48 The effect of thrombocytopenia on mortality
rates persists even when adjusting for factors such as severity of illness,
demographics, and comorbid conditions. Like anemia, most cases of
thrombocytopenia are multifactorial. Etiologies of thrombocytopenia can be
broadly categorized into decreased production, sequestration, and
destruction or consumption.49

Thrombocytopenia may be a risk factor for AKI, which has been
demonstrated in patients following cardiac surgery requiring



cardiopulmonary bypass.50 Patients requiring CKRT have been shown to
have increased rates of thrombocytopenia. The mechanism is unclear, but
may be related to a combination of machine factors, including shear stress
and platelet-membrane interactions, underlying processes such as
Thrombotic Thrombocytopenic Purpura (TTP) or endothelial cell
dysfunction, or bone marrow suppression in the setting of inflammation and
critical illness.51 As in other types of thrombocytopenia, CKRT-associated
thrombocytopenia is associated with increased mortality.52 The impact of
thrombocytopenia in patients with CKD or ESRD has not been well
investigated.

Indications for Transfusions
The major indications for platelet transfusion include treatment or
prevention of bleeding in the setting of thrombocytopenia or impaired
platelet function. The 2015 AABB guidelines give the following
recommendations for platelet transfusions:

Hospitalized patients with 10 × 109 cells/L or less should be transfused to
prevent spontaneous bleeding.
Patients undergoing central catheter placement should be transfused to a
goal of greater than 20 × 109 cells/L.
Patients undergoing lumbar puncture or elective non-neuraxial surgery
should be transfused to a goal of 50 × 109 cells/L or more.
AABB recommends against prophylactic platelet transfusions in patients
without thrombocytopenia undergoing cardiopulmonary bypass surgery,
unless there is evidence of platelet dysfunction.
In the case of kidney biopsy, the threshold at which a biopsy can be safely
performed is unclear. Many nephrologists will not perform a biopsy if
platelets are less than 100 × 103/µL, although specific data are lacking.53

Risks of Platelet Transfusion
The complications of platelet transfusions are similar to those seen in pRBC
transfusions and include febrile reactions, TRALI, GVHD, hemolysis, and
anaphylaxis. However, platelet transfusions are associated with higher rates



of bacterial contamination than pRBCs, likely due to the fact that platelets
are stored at room temperature to preserve function.54 In addition, platelet
transfusions carry risk for post-transfusion thrombocytopenia (PTP), a
condition that primarily affects female patients who lack human platelet
antigen 1a with sensitization through prior platelet transfusions.2 PTP is rare,
but presents with severe thrombocytopenia and is fatal in 10% to 20% of
cases.

Plasma and Cryoprecipitate Content
Fresh-frozen plasma (FFP) and cryoprecipitate are allogeneic blood products
used to treat deficiencies in the amount or function of coagulation system
proteins. Plasma is the acellular liquid fraction of whole blood that contains
circulating proteins that remain after centrifugation of anticoagulated whole
blood. Cryoprecipitate is produced from FFP by slowly thawing the plasma,
collecting the supernatant, and precipitating the suspended proteins with
centrifugation. This process enriches the level of factor VIII, factor XIII, and
fibrinogen in cryoprecipitate compared to FFP. Each pooled cryoprecipitate
unit is derived from five separate donors. Both FFP and cryoprecipitate
contain plasma proteins important in hemostasis, which can be transfused to
restore deficiencies in the coagulation system.

Indications for Use of Plasma and Cryoprecipitate
The most common indications for the administration of FFP are to restore
coagulation protein levels depleted by bleeding after trauma or surgery,
reverse acquired dysfunction in coagulation proteins, and prevent bleeding
associated with invasive procedures. Current guidelines recommend
transfusing FFP into patients requiring massive transfusion (defined as
transfusion of 10 or more units of RBCs within 24 hours) and for those
treated with warfarin complicated by intracranial hemorrhage. Although
high-quality evidence is lacking, FFP transfusion is appropriate when the
risk of harm from bleeding exceeds the risk of transfusion. Common clinical
practice includes transfusing FFP to target a specific international
normalized ratio (INR) prior to line insertion and restoring acquired
coagulation system dysfunction owing to exposure to foreign surfaces in



extracorporeal circuits necessary for cardiopulmonary bypass, ECMO, or
CKRT.

The majority of national guidelines recommend transfusing
cryoprecipitate for patients with hypofibrinogenemia and evidence of
clinical bleeding when the fibrinogen level falls below 100 mg/dL.54

Fibrinogen replacement is indicated as part of a massive transfusion protocol
or in the setting of hypofibrinogenemia with active bleeding or disseminated
intravascular coagulation (DIC). Expert consensus and guidelines
recommend transfusing plasma in a 1:1:1 ratio with RBC and platelet
transfusions, and fibrinogen replacement should be guided by laboratory
testing with a treatment threshold below 100 mg/dL in the massive
transfusion protocol.

Risks
The most common complications following FFP or cryoprecipitate
transfusion are TRALI, transfusion-associated circulatory overload (TACO),
and anaphylaxis. Acquiring an infection after transfusion is rare, with less
than 1 per 2 million transfusions, and includes pathogen transmission and
transfusion-associated sepsis. Citrate toxicity is another rare complication
resulting in hypocalcemia that responds to intravenous calcium replacement.

Transfusion-Related Acute Lung Injury
TRALI is defined as acute respiratory failure within 6 hours of a blood
transfusion without evidence of circulatory overload and has an incidence of
0.1%. Diagnostic specificity is difficult in practice and relies on the new
onset of symptoms and the temporal relationship to blood transfusion. Two
detailed guidelines provide recommendations for accurate diagnosis,2,3

which remains a challenge in clinical practice leading to under reporting of
the incidence of TRALI. FFP transfusion has the highest rate of TRALI
compared to all the allogeneic blood products, and a key inciting factor is the
presence of anti-WBC antibodies in the donor. These antibodies are more
common in multiparous women, which led to national policy changes to
collect only FFP from males or from women without anti-WBC antibodies.
These changes in transfusion practice led to a sharp reduction in mortality
because as a result of TRALI, no targeted interventions exist for TRALI and



management relies on providing supportive care. Specifically, clinicians
should immediately stop a transfusion suspected of causing harm and assess
the patient for signs of respiratory failure and circulatory overload. Patients
may report symptoms such as dyspnea or chest tightness accompanied by an
increased respiratory rate, wheezing, or increased oxygen requirements.
When severe, patients may require urgent respiratory support with
mechanical ventilation or, possibly, veno venous ECMO.

Transfusion-Associated Circulatory Overload
TACO is the most common cause of death due to transfusion and is defined
as acute respiratory distress within 6 hours of a blood transfusion with
evidence of left heart failure and pulmonary edema with an incidence
between 1% and 2%. Key risk factors for TACO include cardiac failure,
acute CKD and CKD, and hypertension. A key diagnostic feature that
distinguishes TACO from TRALI is the rapid response to diuretic therapy.
Therefore, in the setting of a suspected transfusion reaction, the benefit of a
therapeutic trial of diuretic therapy exceeds the potential harm of
unnecessary diuresis and should be considered early in the management of a
transfusion reaction.

Citrate Toxicity
Citrate toxicity is an uncommon transfusion complication, resulting in
clinically significant hypocalcemia, most often during massive transfusion.
Citrate is the primary anticoagulant used in preparing blood products and
works by chelating calcium. Citrate is rapidly metabolized by the liver in
patients with normal hepatic function, but during massive transfusion, citrate
levels may exceed the metabolic capacity of a patient’s liver, leading to
reduced cardiac function and hypotension by decreased cardiac output and
reduced vascular tone. Patients with hepatic failure are at increased risk of
citrate toxicity, especially during liver transplantation, which includes an
anhepatic phase that prevents all citrate metabolism. Citrate toxicity results
in a characteristic prolongation of the QT interval measured by
electrocardiogram. This may be associated with hypotension due to a
decrease in vascular tone and myocardial contractility. Citrate toxicity



responds rapidly to calcium supplementation with intravenous calcium
chloride.

Coagulation Factor Concentrates
Coagulation factor concentrates are virally inactivated forms of plasma-
derived or recombinant proteins indicated for restoring coagulation system
function for inherited or acquired factor deficiencies. Acquired coagulation
disorders include warfarin treatment, hypofibrinogenemia, and heparin
resistance. Prothrombin complex concentrates (PCCs) contain coagulation
factors II, VII, IX, and X, with a variable amount of factor VII, which
determines whether the PCC is considered a three- or four-factor
concentrate. Fibrinogen concentrate is also isolated from plasma, pathogen
inactivated, and lyophilized to allow for rapid reconstitution and
administration. Fibrinogen concentrate is indicated for the treatment of
bleeding when fibrinogen levels are below 100 mg/dL. Coagulation factor
concentrates are highly effective for targeting specific deficiencies in the
coagulation system with a favorable safety profile.

Massive Transfusion Protocol
Massive transfusion protocols vary by institution, but a consensus statement
by experts agreed that a standardized protocol targeting a transfusion ratio
approximating whole blood (1:1:1, FFP:platelets:RBC) is ideal.4 Initiating a
massive transfusion protocol notifies the blood bank of a patient’s ongoing
transfusion requirements and avoids delays in treatment, which may
otherwise be fatal. Key evidence in support of a 1:1:1 transfusion ratio in
severe trauma is from the PROPPR (Pragmatic Randomized Optimal Platelet
and Plasma Ratios) clinical trial, demonstrating that exsanguination was less
common and that hemostasis was more common compared to a 1:1:2 ratio
with more RBC transfusions.5 Although the trial did not demonstrate an
overall mortality benefit, a 1:1:1 transfusion ratio is accepted as the standard
of care, given the established benefits of reducing coagulopathy associated
with severe injuries.

Assay-Directed Management of Hemostasis



Management of hemostasis has traditionally been directed by conventional
coagulation assays (CCAs) such as prothrombin time (PT) with INR, partial
thromboplastin time (PTT), platelet count, and fibrinogen concentration. The
PT and PTT assays indicate the time to fibrin formation through either the
extrinsic or intrinsic pathways.

Recently, viscoelastic hemostatic assays (VHAs) are emerging in the
management of hemostasis and massive transfusion in critical care, surgery,
cardiopulmonary bypass, and trauma. The two most commonly used VHAs
include thromboelastography (TEG) (Haemonetics Corp., Niles, IN) and
rotational thromboelastometry (ROTEM; TEM International, GmbH,
Munich, Germany). These VHAs characterize the life span of clot formation
from the initiation of fibrin cross-link formation through clot breakdown and
fibrinolysis. A recent randomized controlled trial (RCT) demonstrated
improved survival with reduced platelet and plasma transfusions when
massive transfusion is guided by TEG versus CCA in patients after trauma;
however, no difference in AKI rates was seen.55 In addition to a body of
literature supporting the use of VHA in cardiac surgery with
cardiopulmonary bypass, such RCTs continue to mount evidence for their
efficacy and benefit in trauma and other more generalizable circumstances.56-

58 A Cochrane review of 17 studies comparing VHA-directed management
of blood product transfusion to CCA demonstrated a 54% reduced risk of
dialysis-dependent kidney failure.57 VHAs such as TEG and ROTEM may
have potential utility in the management of coagulopathy associated with
critical kidney disease.

Management algorithms are described in the literature for both TEG and
ROTEM. The selection of hemostatic products for replacement in
coagulopathic patients is founded in the interpretation of these VHAs in the
context of the cell-based model of hemostasis (summarized in Table 11.3
and Table 11.4). The cell-based model describes clot formation as
overlapping stages (rather than a cascade) from initiation, amplification,
propagation, and through fibrinolysis.59,60 Clot initiation (R time on the TEG)
occurs as tissue factor activates and forms a complex with factor VIIa,
which, in turn, activates other coagulation factors. Clot amplification (K time
and angle) occurs as platelets, and cofactors are activated in preparation for
a large thrombin burst. Clot propagation occurs as the platelets are activated
and thrombin is generated on the platelet surface, which, in turn, induces
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fibrinogen conversion to fibrin to stabilize the clot (MA of the TEG).
Fibrinolysis is demonstrated by the LY30 of the TEG.61,62

TEG-Directed Management of Hemostasis via the
Cell-Based Model

VHA Derangement Hemostatic State Recommended
Intervention

Short R time (TEG) or short
clot formation time (ROTEM)

Hypercoagulability Consider systemic
anticoagulation, if indicated
or at risk for thrombosis

Prolonged R time (TEG) or
prolonged clot formation
time (ROTEM)

Coagulopathy secondary to
low clotting factors

FFP transfusion

Low angle (TEG or ROTEM) Coagulopathy secondary to
low clotting factors
(especially fibrinogen)

FFP or cryoprecipitate
transfusion (if serum
fibrinogen concentration is
low)

Low MA (TEG) or low
maximum clot firmness
(ROTEM)

Platelet dysfunction or
thrombocytopenia

Platelet transfusion

High MA (TEG) or high
maximum clot firmness
(ROTEM)

Hypercoagulability Consider systemic
anticoagulation or
antiplatelet therapy, if
indicated or at risk for
thrombosis

High LY30 (TEG) or high
maximum lysis (ROTEM)

Fibrinolysis Consider antifibrinolytic
infusion, if indicated and at
risk for bleeding

FFP, fresh-frozen plasma; ROTEM, rotational thromboelastometry; TEG,
thromboelastography;

Reported Indications and Potential Uses for VHA
Assessment

Reported Indications for Use of VHA Potential Uses for VHA Assessment

Product replacement selection:
Massive transfusion and trauma

Product replacement selection for treatment
of coagulopathies in patients at risk for
bleeding:



1.

2.

3.

4.

5.

6.

7.

8.

9.

10.
11.

12.

Active hemorrhage
Product replacement selection in bleeding
patients or patients at risk for bleeding after:

Cardiac surgery with cardiopulmonary
bypass
Orthopedic surgery
Solid organ transplantation

Monitoring of systemic anticoagulation:
Patients at risk for thrombosis
Treatment of active thrombosis
(pulmonary or venous thromboembolism)
Patients requiring systemic
anticoagulation for mechanical
cardiopulmonary circulatory support
(ECMO or ventricular assist device)

Prior to procedures (e.g., kidney biopsy)
Following procedure with refractory
bleeding
Evaluation of potential clotting factor loss
from excessive peritoneal dialysis
catheter output
Evaluation of kidney disease–associated
platelet dysfunction

Monitoring of systemic anticoagulation:
During extracorporeal kidney
replacement therapies

ECMO, extracorporeal membrane oxygenation; VHA, viscoelastic hemostatic assay.
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Diuretics and Acute Kidney Injury
Anam Tariq and Blaithin A. McMahon

INTRODUCTION
Optimizing fluid status is fundamental in critical care but is challenging to
achieve, especially in patients receiving vasoactive medications. Almost half
of all intensive care admissions are prescribed diuretics.1-4 Although diuretics
have many uses, for the purpose of this chapter we discuss diuretic
classification, pharmacology, the role of diuretics in the treatment of
extracellular fluid (ECF) expansion, and their current utility in acute kidney
injury (AKI).

CLASSIFICATION
Diuretics are normally classified according to their site and mechanism of
action along the nephron. Currently, there are three common categories of
diuretics used in the intensive care unit (ICU): loop diuretics, thiazide
diuretics (and thiazide-like diuretics), and potassium-sparing diuretics
(including mineralocorticoid receptor antagonists) (Table 12.1).

Pharmacokinetics and Use of Diuretics in the
Management of Volume Overload, Oliguria, and

AKI Status in the ICU



PHARMACOLOGY
Loop Diuretics
Loop diuretics (e.g., furosemide, bumetanide, torsemide, and ethacrynic
acid) exert their natriuretic effect in the nephron by inhibiting the Na-K-2Cl
(NKCC2) cotransporter in the apical membrane of the ascending loop of
Henle (LOH) to decrease sodium transport.1-5 Furosemide is absorbed
quickly after oral administration with peak concentrations within 0.5 to 2
hours. Loop diuretics are organic anions that are poorly lipid soluble, and
highly bound (>95%) to serum albumin, thus limiting their filtration at the
glomerulus.6,7 There is great variability in the bioavailability of all types of
loop diuretics: furosemide (40%-60%), bumetanide (80%), or torsemide
(>91%).4,7,8 To gain access to the peritubular region, loop diuretics must be
secreted across the proximal tubule via organic anion transporters (OATs) 1
and 3 on the basolateral membrane.7 Once secreted into the tubular fluid on



the luminal side, a loop diuretic binds to the NKCC2 cotransporter at the
thick ascending limb (TAL) of the LOH.

The choice of loop diuretic is important because the half-life is
significantly different among loop diuretics and longer for torsemide
compared to bumetanide and furosemide (Table 12.1). This has led many
clinicians to use an IV infusion of furosemide over bolus administrations.7-10

The Diuretic Optimization Strategies Evaluation (DOSE) trial attempted to
answer the question of whether more aggressive decongestion can improve
acute heart failure outcomes. The trial examined outcomes between high-
versus low-dose furosemide treatment and continuous infusion versus every-
12-hour bolus furosemide administration. The high-dose group (e.g., total
daily IV furosemide dose 2.5 times their total daily oral loop diuretic dose in
furosemide equivalents) had a nonsignificant improvement in patients’
global assessment of symptoms (co-primary end point, p = 0.06) and greater
diuresis without a change in kidney function. Interestingly, even though the
high-dose group had more AKI (23% compared to 14% in the low dose
group, p = 0.04), the effects were transient, resolving before 60 days and
without a change in overall survival. Important adverse effects of high-dose
diuretics include hypovolemia,11 electrolyte imbalances,12,13 hyperuricemia,
hyperglycemia, tinnitus, and deafness.14

Thiazide Diuretics
Similar to loop diuretics, thiazide diuretics are organic anions. Examples
include chlorthalidone, hydrochlorothiazide, metolazone, and chlorothiazide.
Thiazides exert their effect by blocking the NaCl cotransporter (NCC) along
the distal convoluted tubule (DCT) to promote natriuresis. Thiazides are
particularly effective in correcting loop diuretic resistance in patients with
severe congestion.15-17 Pharmacologic properties of thiazide diuretics are
highlighted in Table 12.1. Thiazides normally have 50% or more
bioavailability, with metolazone having a bioavailability of 70%.15 Half-lives
of thiazides are prolonged in AKI and chronic kidney disease (CKD). The
most common adverse effects associated with the thiazide diuretics include
skin rashes, interstitial nephritis, gout, alkalosis, pancreatitis, volume
depletion, hypokalemia, hyponatremia, hypomagnesemia,
hypercholesterolemia, hypertriglyceridemia, hyperglycemia, and azotemia.



Limited observational data suggest an increased risk of hyponatremia and
hypokalemia when thiazides are used in combination with loop diuretics.18

K+ Sparing Diuretics
This class of diuretics includes triamterene, amiloride, and spironolactone.19-

22 Spironolactone (and eplerenone) acts as an aldosterone antagonist, so the
diuretic effect occurs distal in the nephron, potentially limiting their
natriuresis effect. As such, they are often paired with other diuretics in order
to increase sodium elimination. Where these agents excel is in patients with
hypervolemia from heart failure or end-stage liver disease where they limit
the adverse circulatory effects of aldosterone and improve patient
outcomes.23-25 The oral bioavailability of these medications is 50% or more,
and the half-life is anywhere from 1.5 to 26 hours. Commonly reported side
effects include hyperkalemia, worsening renal function (WRF),
hypersensitivity, metabolic acidosis, or gynecomastia. For this reason, they
should be used with caution in patients with an active AKI.

Others
Mannitol is an osmotic diuretic that impairs the ability to concentrate urine
by inhibiting sodium and water reabsorption in both the proximal tubule as
well as the LOH.26 Mannitol infusion is most commonly used in the
treatment of intracranial hypertension following traumatic brain injury in the
neurocritical care setting; it is therefore not primarily employed as a diuretic
for volume overload. However, when used in any clinical setting, its water
diuresis can lead to an increase in plasma osmolality and induce volume
expansion/overload and dysnatremias.27,28 Carbonic anhydrase inhibitors are
a separate class of weak diuretics that inhibit sodium bicarbonate
reabsorption in the proximal tubules and promote water and bicarbonate loss
in the urine. These agents are frequently used in the treatment of both
metabolic alkalosis and glaucoma. Acetazolamide was studied in the setting
of patients requiring mechanical ventilation because of chronic obstructive
pulmonary disease and the aforementioned metabolic alkalosis. In this study,
500 to 1000 mg twice a day led to lower serum bicarbonate levels and fewer
days with metabolic alkalosis compared to placebo. Unfortunately, there was



no significant difference in the duration of mechanical ventilation; however,
given the changes in metabolic parameters, there may still be a role for these
agents in this specific patient population.29

DIURETIC USE FOR THE MANAGEMENT OF
GENERALIZED EDEMA
Loop diuretics remain the initial choice of therapy to alleviate fluid overload
that may result from edematous states. However, many factors influence the
efficacy of loop diuretics in critically ill patients in the ICU, including age,
body weight, mean arterial pressure, hypoalbuminemia, severity of AKI,
metabolic acidosis, hypokalemia, nonsteroidal anti-inflammatory drugs
(NSAIDs), cephalosporins, and premorbid diuretic naivety.14,30-34 These are
important factors when considering the initial starting dose of loop diuretics,
but very little guidance exists in the literature on this topic. All loop diuretics
produce similar responses when given in equipotent doses. In the setting of
normal kidney function, 40 mg of furosemide is approximately equal to 1
mg of bumetanide and 20 mg of torsemide. Typically, the recommendation is
to “double the dose” of loop diuretic until a “threshold” dose of diuretic is
reached. Below this threshold plasma concentration, there is no significant
natriuresis and above it the response rises rapidly. At higher concentrations,
a “ceiling” or plateau concentration is reached such that with increasingly
higher plasma concentrations of diuretic, there is no further natriuresis.35 For
the initial starting dose of loop diuretic, in a naive patient with preserved
kidney function, a dose of 40 mg of intravenous furosemide (or equivalents)
is an appropriate starting point. However, in settings of prior exposure to
loop diuretics, reduced blood flow to the kidneys, enhanced sodium
reabsorption (renin-angiotensin activation), or decreased glomerular
filtration rate (GFR), higher doses will likely be needed to achieve diuresis.
In these situations, clinicians can consider starting by doubling the home
dose of diuretic or base dosing on the patient’s weight (e.g., 1 mg/kg for
diuretic-naive patients or 1.5 mg/kg for nondiuretic-naive patients). Table
12.1 describes the range of doses and equivalent doses (in both oral and
parental forms) across the spectrum of diuretics. Over time, with effective
natriuresis, the efficacy of diuretics can wane as ECF space declines, an
effect often referred to as the “braking phenomenon” whereby the nephron



avidly reabsorbs sodium and is equal to dietary NaCl intake.14,36 Many
factors account for these changes, but remodeling and adaptive changes
(hypertrophy and hyperplasia) in the distal nephron play a significant role,
specifically leading to an increased reabsorption of sodium and blunting the
natriuretic effect.16,37-39 The addition of a thiazide or thiazide-like drug can
help to treat this type of adaptation by blocking NaCl absorption along the
distal nephron and can improve diuretic resistance and restore diuretic
efficacy.14,40,41 Other mechanisms of diuretic resistance include (a) poor
diuretic delivery to kidney (e.g., hypoalbuminemia, dose too low or too
infrequent and poor absorption), (b) reduced diuretic secretion (because of
decreased kidney perfusion in the setting of heart failure or vasoconstriction
within the kidney in the setting of end-stage liver disease or competitive
inhibition of OATs by uremic toxics [such as cresol and indoxyl sulfate],
which are increased in the setting of decreased glomerular filtration) or
decreased functional kidney mass, and (c) insufficient kidney response
(because of CKD, activation of renin-angiotensin-aldosterone system
[RAAS], use of NSAIDs, and excessive sodium intake).15

Strategies to improve diuretic resistance despite maximum doses of loop
diuretic include changing from one loop diuretic to another member of the
same class. As the bioavailability of loop agents is highly variable, with oral
furosemide having notoriously heterogenous availability, some have reported
success after switching from furosemide to bumetanide or torsemide.42 Other
strategies include changing to a continuous infusion versus bolus or the
coadministration with thiazides or potassium-sparing diuretics.

While there are some data to suggest that the coadministration of
intravenous albumin with diuretics may augment the diuretic response in the
setting of cirrhosis or nephrotic syndrome, a systematic review demonstrated
that there was only marginal increase in sodium excretion and urine output
using this technique.15,17,43 Finally, sequential nephron blockade with use of a
combination types of diuretics effecting the proximal convoluted tubule
(PCT), DCT, and collecting duct (CD) can cumulatively result in an additive
or synergistic diuretic response when compared to monotherapy. While
theoretically different mechanisms of diuresis (e.g. RAAS blockade or
inhibiting specific electrolyte transporters) should improve urine output, the
comparative efficacies of exact diuretic combinations are not well known.
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LOOP DIURETICS AND ACUTE KIDNEY INJURY
OUTCOME
Diuretics are ineffective in the prevention and treatment of AKI (Table
12.2).17,22,30,44-49 Some studies comparing loop diuretics to no diuretic therapy
in patients undergoing either cardiac angiography or cardiac surgery did not
prevent AKI.44,45 However, newer studies have shown there might be a
benefit of loop diuretics when used with hydration fluid to prevent contrast-
associated AKI (CA-AKI). Induced Diuresis With Matched Hydration
Compared to Standard Hydration for Contrast Induced Nephropathy
Prevention (MYTHOS) study trial compared IV hydration alone or with
hydration plus 0.5 mg/kg of IV furosemide after a coronary procedure.46 The
furosemide group displayed lower AKI rate (4.6% in the fluid with matched
hydration group, vs 18% in the control group, p = 0.005). The use of
matched hydrated protocols (every mL of urine produced matched with mL
of hydration fluid) such as that used in the AKIGUARD (Acute Kidney
Injury GUARding Device) trial also showed promising results but has yet to
be recommended for use in the absence of multicenter randomized
controlled trials (RCTs).50

Summary of Studies Associated With Diuretics
and Clinical Outcomes





Other forms of AKI do not support the use of diuretics in AKI
therapeutics. Additionally, furosemide administration in patients undergoing
kidney replacement therapy (KRT) does not improve the overall rate of
kidney recovery.48 Older studies have reported that diuretic use is
significantly associated with higher hospital mortality among critically ill
patients with AKI.51 Cumulative IV dosing, from 1.5 to 3 mg/hr, of diuretics
in postsurgical patients was predictive of mortality, and the higher the dose,
the more the associated hypotension during KRT.45 In patients undergoing
cardiac surgery, furosemide did not have notable differences in kidney
dysfunction when used before or during surgery.22 RCTs and meta-analyses
involving use of diuretics also showed improvement in urine output without
improvement in patient-centered outcomes such as duration of KRT,
hospitalization, or mortality.47,52

Despite the lack of effect of furosemide in the prevention, treatment, and
recovery of AKI, more recent studies suggest a beneficial effects of loop
diuretics, particularly in maintaining fluid balance in critically ill patients
with AKI. Post hoc analysis of the multicenter FACTT (Fluid and Catheter
Trial Therapy) trial showed that patients with AKI in the fluid-conservative
group received more furosemide (80 vs 23 mg/d than those in the fluid-
liberal group, p < 0.001). Additionally, those in the fluid conservative arm
had less fluid accumulation compared to those in the fluid-liberal group, (0.9
vs 2.2 L/day, p < 0.001). Thus, in the setting of acute respiratory distress
syndrome (ARDS), protocolized diuretic use as part of a fluid conservative



strategy is associated with a protective effect on 60-day mortality even in the
presence of positive fluid balance.53 In a second study from a multicenter
prospective cohort in ten Italian ICUs involving 601 critically ill patients,
nonsurviving AKI patients had higher mean fluid balance (1.31 ± 1.24 vs
0.17 ± 0.72 L/d; p < 0.001) and lower mean urine volume (1.28 ± 0.90 vs
2.35 ± 0.98 L/d; p < 0.001) as compared to survivors. Proportion of ICU
days in which diuretics were used as a surrogate for diuretic use and
occurred over 1-10 ICU days. Diuretic use was associated with better
survival in this population (adjusted hazard ratio [HR] 0.25, 95% confidence
interval [CI]: 0.12-0.52; p <0.001).34 This supports the concept that a
positive fluid balance has a detrimental effect on mortality of critically ill
AKI patients.

DIURETIC USE IN HEART FAILURE
In the DOSE trial, mentioned earlier, twice-daily IV bolus versus continuous
furosemide infusion and high-dose versus low-dose furosemide were
compared, with no significant differences in the patient’s global assessment
of symptoms. However, there remains many advantages to using a
continuous infusion of loop diuretic over IV bolus including lower peak
plasma concentrations. These lower levels protect patients from ototoxicity,
which is often temporary but can be permanent, and is an often overlooked
complication of diuretic use in AKI. For the comparison of high- versus low-
dose furosemide, WRF (defined as increase in plasma creatinine >0.3 mg/dL
within 72 hours) occurred more frequently in the high-dose arm, although
subsequent statistical analyses showed WRF was associated with improved
rather than worse long-term clinical outcomes.55 Further data have
questioned the clinical significance of serum creatinine (SCr) rise during
ADHF. Acute Kidney Injury Neutrophil Gelatinase-Associated Lipocalin
(N-GAL) Evaluation of Symptomatic Heart Failure Study (AKINESIS)
study of AKI biomarkers during ADHF has confirmed an overall lack of
substantial kidney tubular injury in ADHF.56,57

Regarding the choice of loop diuretic for the management of ADHF, there
are an increasing number of studies that have shown benefit of torsemide
over furosemide in ADHF with improved ADHF outcomes. A systematic
review and meta-analysis from 1996 through 2019 demonstrated 19 studies,



where mean follow-up duration was 15 months and torsemide was
associated with a lower risk of hospitalization among ADHF patients (10.6%
vs 18.4%; odds ratio [OR] 0.72, 95% CI 0.51-1.03, p = 0.07, I2 = 18%;
number needed to treat [NNT] = 23) compared with furosemide.58 However,
all-cause mortality was nonsignificant between torsemide and furosemide
use.

DIURETIC USE IN PATIENTS WITH END-STAGE LIVER
DISEASE
Diuretics such as loop diuretics and aldosterone antagonists are the mainstay
of therapy for ascites and volume overload in patients with end-stage liver
disease. Aldosterone antagonist use is superior to loop diuretics in the
treatment of ascites, but loop diuretics do help augment the diuretic effects.59

Spironolactone can be titrated every 7 days (in increments of 50 mg) with
furosemide (40-160 mg/d, in 40 mg/d steps) provided kidney function and
electrolytes are closely monitored.60,61 The use of diuretics in patients with
end-stage liver disease who are admitted to the ICU with AKI presents a
challenging scenario. Diuretics can contribute to AKI in end-stage liver
disease patients through hemodynamic mechanisms and should warrant a
trial of discontinuation of diuretics together with volume expansion.62

USE OF FUROSEMIDE FOR THE ASSESSMENT OF
TUBULAR INTEGRITY IN EARLY ACUTE KIDNEY INJURY
Furosemide-induced urine output can be used to assess the integrity of the
kidney tubular function (furosemide stress test [FST]) in the setting of AKI
and was formally described in a pilot study by Chawla et al in 2013.63 In this
study, 77 subjects (with early-stage AKI) were challenged with a one-time
dose of IV furosemide (1 mg/kg for loop diuretic–naive patients and 1.5
mg/kg for those who had prior loop diuretic exposure) and assessed to
predict progression to severe AKI (need for KRT or increased SCr to 3 times
baseline or urine output <0.3 mL/kg/hr). This was an isovolemic challenge
with every 1 mL of urine output replaced with 1 mL IV crystalloid (as per
the discretion of the primary ICU team). This pilot study demonstrated that
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the 2-hour urine output (<200 mL) in response to a furosemide challenge
was able to predict progression to Stage III AKI.63

Since publication of this initial pilot study, there have been several
retrospective validations of this cutoff and the publication of the multicenter
FST prospective study.54,64 This 92 ICU patients multicenter study found
similar operating characteristics for the FST with a urinary cutoff of 200 mL
over the first 2 hours (sensitivity 73.9% and specificity 89.9%).54 The
incidence of hypotension was 9.8%, almost double that in the pilot study,
suggesting that the FST should not be utilized in hypovolemic patients.
There were no critical life-threatening events recorded in the multicenter
study.
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Vasoactive Medications
Stephen Duff and Patrick T. Murray

INTRODUCTION
Vasoactive medications have been a standard component of critical care
since the 1940s. They are used to correct shock states and maintain adequate
end-organ perfusion. Despite their long history, there is often little evidence
for the choice of agent. Vasoactive medications are generally divided into
three classes: vasopressors, inotropes, and vasodilators.

VASOPRESSORS
Vasopressors are medications whose predominant action is to induce
peripheral vasoconstriction and increase systemic vascular resistance (SVR).
They are the key means of correcting vasoparesis in vasodilatory shock. The
Surviving Sepsis Guidelines have recommended a mean arterial pressure
(MAP) target of greater than or equal to 65 mm Hg. A large randomized
controlled trial (RCT) comparing low (65-70 mm Hg) with high (80-85 mm
Hg) MAP found no difference in the primary outcome of 28-day mortality.1

However, a subgroup analysis indicated a possible reduction in acute kidney
injury (AKI) rates among patients with chronic hypertension in the high
MAP arm of the trial.

The 65 trial (n = 2,600) randomized patients older than 65 years with
vasodilatory shock to permissive hypotension, a target MAP of 60 to 65 mm
Hg, or usual care as directed by the treating physician.2 There was a shorter
duration of exposure to vasopressors in the intervention group with a median
duration of 33 versus 38 hours in the usual care group (difference, −5.0; 95%



confidence interval [CI], −7.8 to −2.2). The total vasopressor dose
administered was also reduced (8.7 mg, 95% CI, −12.8 to −7.6 mg,
norepinephrine equivalent).

There was a trend toward lower mortality in the hypotension group with
500 (41.0%) versus 544 (43.8%) deaths in the usual care arm (p = 0.15).
This effect was statistically significant after multivariate adjustment with an
adjusted odds ratio (OR) of 0.82 (95% CI, 0.68-0.98).

Data on mild-to-moderate AKI were not provided, but there was no
difference in urine output or the incidence of kidney replacement therapy
(KRT) between groups. An important limitation of the trial is that the MAP
achieved in the permissive hypotension group was higher than targeted, with
a median MAP of 67 mm Hg (interquartile range [IQR] 64.5-69.8) versus
72.6 mm Hg (69.4-76.5) in the usual care group. Thus, the study cannot
establish whether there is benefit or harm in achieving an MAP target of 60
to 65 mm Hg. These data would support reducing vasopressor exposure in
patients older than 65 years but do not contradict the Surviving Sepsis
recommendation of an MAP target of greater than or equal to 65 mm Hg.
The more pronounced mortality benefit in the chronic hypertension
subgroup is surprising and requires further investigation in future studies.

Norepinephrine
Norepinephrine is an endogenous vasopressor released at end organs by
postganglionic fibers of the sympathetic nervous system. Norepinephrine has
the advantage over pure α-1-adrenergic agonists such as phenylephrine in
that its β-1-adrenergic effects augment cardiac output (CO). The
disadvantage of this is increased myocardial oxygen demand and risk of
arrhythmias.

Norepinephrine is currently the first-line vasoactive medication
recommended in septic shock as per the Surviving Sepsis Guidelines (see
Chapter 36).3 Clinically, it is administered as an infusion with a dose range
of 0.05 to 0.5 μg/kg/min. Fluid resuscitation should first be completed to
avoid masked hypovolemia and tissue hypoperfusion. A 30 mL/kg
crystalloid fluid bolus and/or albumin is recommended in the Surviving
Sepsis Guidelines. Early norepinephrine administration resulted in faster
time to achieving target hemodynamic parameters in a recent phase II trial



from Thailand.4 Further large RCTs are required to determine whether early
administration should become routine practice.

Epinephrine
Epinephrine is a naturally occurring catecholamine that is released by the
sympathetic nervous system via the adrenal medulla. It acts on both α- and
β-adrenoceptor(-s), with predominant β-1-adrenergic effects at low doses. At
low doses, CO increases and β-2-adrenoceptor-mediated vasodilation can
lead to a drop in SVR. However, at higher doses, potent α-1-adrenergic
vasoconstriction causes a rise in SVR.

Epinephrine, delivered as a bolus, is the primary agent in the management
of anaphylaxis (1 mg intramuscularly [IM] or 50-100 µg intravenously [IV])
and is a component of advanced cardiac life support (ACLS) cardiac arrest
protocols (1 mg IV). It has a short half-life of approximately 2 minutes. An
infusion (range 0.01-0.5 μg/kg/min) is an option for the management of
post–coronary artery bypass grafting (CABG) low cardiac output state
(LCOS) and as an alternative to norepinephrine in vasodilatory and mixed
shock states. Epinephrine use is more prevalent in pediatric critical care
units.

The CAT study (n = 280; see Visual Abstract 13.1) was a double blind
RCT that compared norepinephrine and epinephrine in critically ill adults
requiring a vasopressor.5 The trial did not find a significant difference in the
primary outcome of achievement of the MAP target within 24 hours.
However, rates of lactic acidosis, tachycardia, and failure to achieve the
target parameters were higher in the epinephrine group. These factors led to
a higher study withdrawal rate within the epinephrine group (18/139 [12.9%]
vs 4/138 [2.8%]; p = 0.002). Given these undesirable effects of epinephrine
and the lack of a primary outcome or mortality benefit versus
norepinephrine, epinephrine is generally used as a second-line agent in adult
septic shock.

Dopamine: Low-Dose Dopamine
At low doses (1-2 μg/kg/min), dopamine exerts significant dopaminergic D1-
mediated vasodilation of renal vasculature and raises urine output. This led



to the hypothesis that it may be useful in preventing AKI.6 However, a meta-
analysis of 61 RCTs (n = 3,359) of low-dose dopamine (≤5 μg/kg/min)
found an improvement in urine output, but no difference in mortality or
initiation of KRT.7

Dopamine in Vasodilatory Shock
Dopamine, at medium doses (~3-10 μg/kg/min), primarily acts on β-1-
adrenergic receptors, resulting in an inotropic effect with increased CO. It
also indirectly releases norepinephrine. At higher doses (>10 μg/kg/min), the
balance shifts with predominant α-1-adrenergic agonists and an increased
SVR. High variation in the clearance of dopamine contributes to a
significant overlap of the receptor response curves.8 Thus, many patients
receiving infusions at low “dopaminergic” doses will experience mixed
effects and be susceptible to β-1-adrenoceptor-induced arrhythmias.

Dopamine was previously widely used in the treatment of vasodilatory
shock. In the SOAP II trial (see Visual Abstract 13.2), 1,679 patients were
randomized to either dopamine or norepinephrine as the first-line
vasopressor. There was no significant difference in the primary outcome of
28-day mortality. However, an increased rate of arrhythmias (207 [24.1%]
events in the dopamine group vs 102 [12.4%] events in the norepinephrine
group) was observed (p < 0.001).9 This contributed to the Surviving Sepsis
Guidelines recommendation to restrict use of dopamine to highly selected
cases of septic shock with a low arrhythmia risk.

Phenylephrine
Phenylephrine is a specific α-1 agonist that is useful for its rapid vasopressor
effects. It can be given as boluses of 50 to 100 µg or as an infusion of 0.1 to
10 μg/kg/min. Phenylephrine has a half-life of 5 to 10 minutes after IV
injection. Its uses include counteracting the vasodilatory effects of anesthetic
agents and treating vasodilatory states. It is recommended by the Surviving
Sepsis Guidelines in the setting of norepinephrine-associated arrhythmias
and high CO with hypotension or refractory hypotension. Disadvantages
include the risk of a reflex bradycardia and reduced CO. A small clinical
trial randomized patients to either norepinephrine or phenylephrine infusion



to achieve an MAP target of 65 to 75 mm Hg. It found no difference in the
primary outcome of hepatosplanchnic perfusion, but higher doses of
phenylephrine were required to obtain MAP targets.10

Vasopressin
Vasopressin (antidiuretic hormone or ADH) acts on G-protein-coupled V
receptors in vascular smooth muscle. This results in an increase in
intracellular calcium and induces significant vasoconstriction. Vasopressin
plasma levels have been reported to be low in septic shock, perhaps
reflecting an acquired deficiency, prompting interest in the therapeutic use of
exogenous vasopressin in vasodilatory shock to supplement and spare dosing
of catecholamine vasopressors. It is given at a dose of 0.01 to 0.1 U/min as
an IV infusion. Vasopressin was removed from the 2015 ACLS cardiac
arrest guidelines because of a lack of evidence of benefit over epinephrine.

The use of vasopressin in septic shock is supported by the results of two
large RCTs: the Vasopressin and Septic Shock Trial (VASST) and the
VAsopressin versus Noradrenaline as Initial therapy in Septic sHock
(VANISH) trials.

Vasopressin and Septic Shock Trial
The VASST (n = 778) investigated the addition of blinded low-dose
vasopressin or norepinephrine to open-label vasopressors.11 It found no
change in the primary outcomes of mortality rates between the vasopressin
and norepinephrine groups, at day 28 (35.4% and 39.3%, respectively; p =
0.26) or day 90 (43.9% and 49.6%, respectively; p = 0.11). A subgroup
analysis of the predefined lower severity septic shock group found a trend
toward lower mortality in those treated with adjuvant vasopressin (relative
risk [RR] 0.74; 95% CI, 0.55-1.01; p = 0.05). In addition to these interesting
findings, a post hoc analysis showed an interaction effect between
vasopressin and hydrocortisone.12

VAsopressin versus Noradrenaline as Initial therapy in Septic sHock
Trial
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The VANISH trial (n = 409) sought to determine whether vasopressin could
increase kidney failure–free days (Acute Kidney Injury Network [AKIN]
stage 3) during the 28-day period after randomization (see Visual Abstract
13.3). Patients with septic shock were randomized to vasopressin (titrated up
to 0.06 U/min) and/or hydrocortisone or norepinephrine (titrated up to 12
μg/min) and/or hydrocortisone in a 2×2 factorial design. There was no
significant difference in the primary outcome of kidney failure in either
survivors or nonsurvivors. In the survivor analysis, 94/165 patients (57.0%)
in the vasopressin group never developed kidney failure as opposed to
93/157 patients (59.2%) in the norepinephrine group (difference, −2.3%;
95% CI, −13.0% to 8.5%). In a subgroup analysis, vasopressin reduced KRT
requirements, although the effect was only seen in nonsurvivors.

In summary, vasopressin has not demonstrated a benefit over
norepinephrine in clinical trials. It is typically used as an adjunctive agent to
supplement norepinephrine in the management of vasodilatory shock (for
recommended dosing, see Table 13.1). Vasopressin and phenylephrine are
nonchronotropic vasopressors that do not increase heart rate. They are also
treatment options in the initial management of cardiogenic shock (CS)
secondary to aortic/mitral stenosis and left ventricular outflow tract
obstruction. In these conditions, these agents maintain perfusion pressure
without inducing tachycardia.13 Studies have shown significant hypotension
on discontinuing vasopressin. It is thus recommended to slowly titrate down
infusions by 0.01 U/min every 30 to 60 minutes.

Recommended Dosing, Receptor Affinities,
Hemodynamic Effects and Adverse Effects of

Commonly Used Vasoactive Medications





Angiotensin II
Angiotensin II is produced by the renin-angiotensin-aldosterone system in
response to low kidney perfusion, decreased sodium delivery to the macula
densa or β1 stimulation. It exerts its main actions via AT1 and, to a lesser
extent, AT2 receptors. Highly potent vasoconstriction, reduced reuptake of
norepinephrine, and increased ADH, aldosterone, and adrenocorticotropic
hormone (ACTH) secretion result. In the ATHOS-3 trial, 321 patients on
high-dose vasopressors were randomized to either an infusion of angiotensin
II or placebo.14 The primary outcome was an MAP target of 75 mm Hg or an
increase of 10 mm Hg from baseline. The majority (69.9%) achieved the
target MAP in the angiotensin group, versus only 23.4% in the placebo
group (p < 0.001; OR, 7.95; 95% CI, 4.76-13.3). A post hoc analysis of
patients with AKI requiring KRT found improved 28-day survival in the
angiotensin arm (53% [95% CI, 38%-67%] vs 30% [95% CI, 19%-41%]; p
= 0.012).15 Further large RCTs that compare angiotensin II with other
second-line vasopressors are needed. Efficacy data using patient-centered
end points are essential to determine the clinical role of angiotensin II, which
is currently licensed in the United States for the treatment of vasodilatory



shock. Angiotensin has been shown to be prothrombotic in animal models.16

Furthermore, angiotensin II carries a Food and Drug Administration (FDA)
warning as a higher rate of thrombotic events, particularly deep vein
thrombosis (DVT), was observed in the ATHOS-3 trial (13.5% in
angiotensin II vs 5% in placebo).

ADMINISTRATION
Vasopressor medications should be administered via a continuous infusion
through a central venous catheter (CVC). Limited evidence suggests that
under highly controlled conditions, peripheral administration of
norepinephrine, dopamine, and phenylephrine has a relatively low incidence
of extravasation (2%).17 However, currently, no international guideline
recommends the use of peripheral vasopressor medications in critical care
patients.

Extravasation Injury of Vasoactive Medications
Extravasation of vasopressors is a serious event that causes extreme
vasoconstriction and may cause tissue necrosis. In the event of extravasation,
the infusion should be immediately stopped, the cannula aspirated, irrigated
with saline, and a warm compressor applied.18 Phentolamine is the only
FDA-approved treatment for extravasation injury, and 10 to 15 mL of 0.9%
normal saline with 5 to 10 mg phentolamine should be infiltrated
subcutaneously as soon as possible after detection.18

INOTROPES
Inotropes are a class of medications whose primary action is to increase
myocardial contractility and thus CO. The primary role of inotropes is in the
management of LCOS and CS.

Dobutamine
Dobutamine is a powerful inotrope with 3:1 selectivity for the β-1-
adrenergic receptor over β-2. β-2-Adrenergic agonist causes peripheral
vasodilation and a reduction in SVR at doses lesser than or equal to 5



µg/kg/min. There is usually little change in SVR at doses between 5 and 15
µg/kg/min. Above 15 µg/kg/min, α-1-mediated vasoconstriction
predominates.19

It is a treatment option in cases of LCOS and CS. β-2-Adrenergic-
mediated vasodilation may exacerbate hypotension in some patients.
Concerns regarding increased rates of arrhythmias mean that it should not be
used in routine cases of acute heart failure (AHF).

A trial of dobutamine therapy is suggested in cases of septic shock
refractory to fluid therapy and vasopressors, although the underlying
evidence is limited. Dobutamine should be titrated to the minimum dosage
necessary and therapy reduced/discontinued if hypotension or arrhythmias
occur. Continuous electrocardiogram (ECG) monitoring is necessary to
detect myocardial ischemia or arrhythmias. The British National Formulary
advises that low concentration (0.5-1 mg/mL) of dobutamine may be
administered through a peripheral line.20 Concentrations above this require a
CVC.

Levosimendan
Levosimendan acts on cardiac myofilaments, increasing sensitivity to
calcium and acting as a positive inotropic agent. It is currently not FDA
approved. The SURVIVE trial, the largest trial of levosimendan in acute
decompensated heart failure (ADHF), did not show any difference in clinical
outcome against placebo. A recent Cochrane review (n = 1,552) compared
the efficacy of vasodilatory and inotropic agents in the setting of LCOS and
CS.21 The main finding based on six studies (n = 1,776) was that
levosimendan may improve short-term mortality over dobutamine (RR 0.60;
95% CI, 0.37-0.95; low-quality evidence). However, this effect should be
interpreted with caution as it was driven by small, low-quality trials with a
high risk of bias caused by a lack of blinding in four studies, loss to follow-
up in one study, and baseline imbalance in another. Levosimendan has
significant vasodilatory effects. For this reason, the European Society of
Cardiology Guidelines recommend avoiding its use in patients with systolic
blood pressure (SBP) less than 85 mm Hg or CS unless combined with
another vasopressor/inotrope. Large, high-quality RCTs are needed to



establish the optimal role of inotropes and vasopressors in the management
of CS.

Phosphodiesterase Inhibitors
Phosphodiesterase-3 (PDE3) enzyme inhibition causes an accumulation in
intracellular cyclic adenosine monophosphate (cAMP). This results in
increased myocardial inotropy and peripheral vasodilation. The most
common PDE3 inhibitors in critical care are milrinone and enoximone. As a
result of their vasodilatory properties, these agents should be avoided in
hypotensive patients. A meta-analysis of clinical trials of milrinone versus
any comparator in critically ill adults with cardiac dysfunction found no
difference in all-cause mortality (RR 0.96; 95% CI, 0.76-1.21; p = 0.73)
among the 14 small trials (n = 1,611) that reported this outcome.22 The
included trials had a high risk of bias, mainly because of a lack of reporting
of bias protection, and most had increased risk of random errors.

VASODILATORS
Vasodilators are agents that induce peripheral vasodilation (Table 13.1). A
detailed review on the use of vasodilators is beyond the scope of this chapter.
Nitrovasodilators such as nitroglycerin and sodium nitroprusside effectively
reduce preload and afterload. Their core role is in the management of
hypertensive emergencies (see Chapter 44). Vasodilators are also useful as a
temporizing measure in the management of acute aortic and mitral
regurgitation.

Recombinant Natriuretic Peptides
Nesiritide, a recombinant B-type natriuretic peptide (BNP), produces
balanced arterial and venous vasodilation. It was most commonly used in the
United States in the early 2000s for the treatment of ADHF. The ASCEND-
HF trial (n = 7,141) randomized patients with AHF to either nesiritide
infusion or placebo. There was a small change in dyspnea, but no difference
in mortality or readmission within 30 days. Nesiritide was discontinued by
Janssen in 2018.
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Carperitide
Carperitide is a recombinant A-type natriuretic peptide. It has similar effects
to nesiritide, producing vasodilation and natriuresis. It is widely used in
Japan, with the ATTEND registry showing its use in 58.2% of AHF
patients.23 Carperitide should be avoided in cases of CS or SBP less than 90
mm Hg. RCT support is limited to small studies, and a propensity score–
matched study indicated a possible increase in mortality.24 A large RCT is
needed before it should be used more widely.

Inhaled Nitric Oxide
Inhaled nitric oxide (iNO) is a potent selective pulmonary vasodilator. iNO
is used to reduce pulmonary vascular resistance in conditions such as right
ventricular failure, severe pulmonary hypertension, and graft failure after
lung transplantation. RCT evidence of efficacy is currently lacking, although
some reports have shown hemodynamic improvements, including decreased
pulmonary arterial pressure, pulmonary vascular resistance, and CO.25

Fenoldopam
Fenoldopam is a selective D1-receptor agonist. It is used in the management
of acute hypertensive emergencies (see Chapter 44). Early trials indicated a
potential role in the setting of cardiac surgery, with a 2012 meta-analysis (n
= 440; six studies) showing a reduction in AKI (OR = 0.41; 95% CI, 0.23-
0.74; p = 0.003).26 However, a large Italian trial (n = 667) was stopped for
futility owing to a lack of efficacy in the primary outcome of KRT and an
increase in the incidence of hypotension in the fenoldopam group (85 [26%]
vs 49 [15%]) compared to the placebo group (p = 0.001).27 In summary,
fenoldopam has no proven renoprotective effect in patients with shock
requiring pressor support and significant potential for harm in this setting.
Finally, fenoldopam is contraindicated in patients with glaucoma and in the
presence of raised intracranial pressure.
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Anticoagulants in the Intensive Care Unit
Paul Mark Adams and Javier A. Neyra

INTRODUCTION: ANTICOAGULATION AND KIDNEY
DYSFUNCTION
Anticoagulation in the setting of kidney dysfunction presents a challenge.
Low glomerular filtration rate (GFR) reduces drug clearance, making safe
and effective dosing difficult. Sudden drop in GFR seen in critically ill
patients with acute kidney injury (AKI) adds another level of complexity.
Patients with kidney disease not only have decreased drug clearance but can
also be coagulopathic, displaying both hemophilic and hypercoagulable
tendencies (Table 14.1).1,2 Anticoagulated patients with kidney disease have
more bleeding events and higher mortality, regardless of the anticoagulant
chosen.3-5 Given these complications, management of anticoagulation in the
intensive care unit (ICU) requires extra attention when kidney disease is
present.

Coagulopathy of Kidney Disease

Thrombophilic Hemophilic

Increased fibrinogen2 Uremic platelet dysfunction1

Increased factors XIIa and VIIa Poor von Willebrand factor adhesion2

Reduced antithrombin activity Increased nitric oxide activity with poor
vasoconstriction2

Activated, inflamed endothelium



Anticardiolipin, antiphospholipid antibodies1

PARENTERAL AGENTS: HEPARINS
Unfractionated Heparin
Pharmacology
Unfractionated heparin (UFH) is given parenterally or subcutaneously, with
the subcutaneous route yielding a longer half-life.6 UFH binds antithrombin,
accelerating inactivation of thrombin (IIa) and factor Xa. Response to UFH
can be unpredictable because binding of positively charged surfaces reduces
bioavailability.5 Larger UFH molecules can also interfere with platelet-
endothelial interaction, prolonging bleeding time.6 Given UFH’s variable
activity and short half-life (60-150 minutes), it requires careful monitoring,
usually through following activated partial thromboplastin time (aPTT) or
anti-Xa levels.

UFH is cleared through two main pathways: (a) a rapid but saturable
endothelial cell and macrophage-mediated depolymerization process and
(b) slower urinary clearance, eliminating remaining UFH.6 Supratherapeutic
anticoagulation can occur with impaired kidney function when creatinine
clearance (CrCl) or estimated GFR (eGFR) is below 50 mL/min/1.73 m2,
becoming more significant at lower GFRs.5

Dosing and Use
For venous thromboembolism (VTE) and general systemic anticoagulation
needs, a loading dose of 75 to 80 U/kg, followed by 18 U/kg/hr infusion,
usually leads to therapeutic anticoagulation in patients with normal kidney
function.6,7 A reduced 60 U/kg loading dose and 12 U/kg/hr maintenance
dose is recommended for patients with kidney dysfunction (CrCl <50
mL/min).5 This reduced dose still offers therapeutic anticoagulation, but
avoids supratherapeutic anticoagulation. Acute coronary syndrome (ACS)
requires lower doses, given concomitant use of fibrinolytics and/or
antiplatelet agents, but does not require adjustment for kidney function.8,9

An aPTT of 1.5 to 2.5 times the normal range is widely accepted for
UFH monitoring.6,10 Anti-Xa levels can also monitor heparin levels, with



anti-Xa range of 0.3 to 0.7 U/mL usually indicating therapeutic
anticoagulation. Both aPTT and anti-Xa targets vary based on local
laboratory practices and may not provide a reliable reference for
monitoring. Neither aPTT nor anti-Xa has been proven superior, and
clinical practice should follow institutional protocols for heparin monitoring
after a loading dose is given.6,7,11,12

Reversal and Safety
The advantages of UFH for critically ill patients with kidney failure come
from its short half-life and easy reversibility with protamine.
Supratherapeutic anticoagulation and minor bleeding can be managed by
stopping UFH infusion. More serious bleeding associated with
supratherapeutic UFH levels can be reversed with protamine; 1 mg of
intravenous (IV) protamine neutralizes about 100 U of UFH. Given UFH’s
short half-life, only the UFH dose given within the previous 4 to 6 hours
should be considered for reversal. Protamine should be given slowly (<20
mg/min) to avoid hypotension or bradycardia.6,13 Although UFH can be
used for hemodialysis (HD) and continuous kidney replacement therapy
(CKRT) anticoagulation, extracorporeal clearance has a limited role in
correcting supratherapeutic UFH levels and should not be utilized. UFH is
not dialyzable and does not need adjustments in the setting of KRT. More
information regarding anticoagulation for KRT can be found in Chapter 33.

Heparin-induced thrombocytopenia (HIT) is a rare but serious
complication of UFH therapy, leading to a coagulopathic state. All heparin
products, including low-molecular-weight heparin (LMWH), should be
avoided during the prothrombotic HIT state, necessitating anticoagulation
with nonheparin-based alternatives. In patients with severe kidney failure,
argatroban is the preferred agent for acute therapy because it relies on
extensive hepatic clearance rather than urinary elimination.14 Warfarin is
then used for chronic anticoagulation as other agents have not been proven
for patients with kidney disease.

Low-Molecular-Weight Heparin
Pharmacology
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LMWHs are shorter heparin chains with a stronger affinity for factor Xa but
lower affinity for thrombin. Interaction with antithrombin III induces a
conformational change, accelerating inactivation of factor Xa and factor
II.15 Interactions with platelets, macrophages, endothelium, and plasma
proteins are reduced, thus making systemic anticoagulation with LMWH
more predictable and less prone to adverse effects, such as HIT.5,6 LMWHs
require less monitoring as therapeutic anticoagulation is easier to achieve.

The half-life of LMWH is 2 to 4 hours after IV administration and 3 to 6
hours after more common subcutaneous injection.6,15 LMWHs are primarily
cleared by the kidneys, prolonging half-life in patients with kidney
failure.6,16 Although LMWHs have more predictable action than UFH,
variation exists between formulations with different molecular weights.

Dosing and Use
Convenience and high bioavailability make subcutaneous injection the
preferred route of administration.17 The various LMWHs differ in their
properties and dosing regimens, but no clear differences in outcomes exist.6

LMWHs have not been proven superior to UFH or other anticoagulants for
most acute indications, such as ACS or VTE.8,9,18,19 Nonetheless, LMWH is
the preferred anticoagulation for patients with malignancy-associated
VTE.18-20

Because these drugs are eliminated by the kidneys, LMWHs accumulate
with increasing dose and decreasing kidney function.6,21 Patients with CrCl
greater than or equal to 30 mL/min usually do not require dose adjustment,
whereas LMWHs should be adjusted in patients with CrCl less than 30
mL/min.2,4,6,22,23 Enoxaparin has the most evidence supporting safe use in
kidney failure, with a general dose reduction of 50% being recommended
when CrCl is less than 30 mL/min (Table 14.2) .5,7-9,18,24 LMWHs are not
approved by the U.S. Food and Drug Administration (FDA) for dialysis
patients; therefore, extra care and anti-Xa monitoring should be used when
dialysis is required.5,17,25

Enoxaparin Dosing for CrCl <30 mL/min

Indication Dose



VTE prophylaxis 30 mg administered SC once daily

Acute VTE treatment 1 mg/kg administered SC once daily

ACS: NSTEMI 1 mg/kg administered SC once daily

ACS: STEMI age <75 yr 30 mg single IV bolus plus a 1 mg/kg
SC dose followed by 1 mg/kg administered SC once daily

ACS: STEMI age ≥75 yr 1 mg/kg administered SC once daily (no bolus)

ACS, acute coronary syndrome; CrCl, creatinine clearance; IV, intravenous; NSTEMI, non–
ST-elevation myocardial infarction; SC, subcutaneously; STEMI, ST-elevation myocardial
infarction; VTE, venous thromboembolism.
From FDA, CDER. Fachinformation Lovenox (enoxaparin sodium injection) for
subcutaneous and intravenous use 3000 IU. Stand: 10/2013. sanofi-aventis U.S. LLC,
Bridgewater. National Drug Code: 0075-0624-30. Accessed June 24, 2019.
www.fda.gov/medwatch

Reversal and Safety
There is no proven LMWH reversal method. Protamine may normalize
aPTT and anti-Xa levels but has limited clinical efficacy.6,17 If life-
threatening bleeding occurs, IV protamine sulfate may be trialed. For
LMWH given within 8 hours, 1-mg protamine per 100 anti-Xa units of
LMWH can be used. Enoxaparin reversal is relatively straightforward as 1-
mg enoxaparin equals approximately 100 anti-Xa units; 1 mg of protamine
can be used for every 1 mg of enoxaparin.6,17 LMWHs are not cleared by
dialysis; therefore, it should not be used for correction of supratherapeutic
LMWH anticoagulation.

Contraindicated or Rarely Used Agents in Kidney Failure
Fondaparinux is a synthetic antithrombin analog with the minimum chain
length for factor Xa inactivation. It is used for the prevention and treatment
of VTE, ACS, and HIT. It can be dose reduced for CrCl 30 to 50 mL/min
but contraindicated when CrCl is less than 30 mL/min.17,26

PARENTERAL AGENTS: DIRECT THROMBIN
INHIBITORS
Hirudin, Lepirudin, and Desirudin

http://www.fda.gov/medwatch


TA B L E  1 4 . 3

Hirudin is a polypeptide isolated from medical leeches that inhibits
thrombin.6 Lepirudin and desirudin are two recombinant forms with
pharmacologic properties identical to hirudin.27,28 In the United States,
lepirudin is used for HIT-associated thrombosis or VTE prophylaxis. All
hirudins are cleared by the kidneys with rapid accumulation when CrCl is
less than 60 mL/min and should not be used during severe kidney failure
(acute or chronic).6,27

Bivalirudin
Bivalirudin is a shorter synthetic analog of hirudin that inactivates
thrombin.6,29 Bivalirudin is mainly used for ACS with percutaneous
coronary intervention (PCI) or for anticoagulation in the setting of HIT.6,8,9

Bivalirudin is also gaining popularity for extracorporeal membrane
oxygenation (ECMO) anticoagulation, but published data are limited for
this off-label use. Bivalirudin is short acting with a half-life of about 25
minutes after IV administration and relies on urinary elimination for only
20% of clearance.30 For PCI, an IV bolus dose of 0.75 mg/kg followed by a
maintenance infusion of 1.75 mg/kg/hr for the duration of the procedure is
recommended.31 For CrCl less than 30 mL/min, the bolus dose does not
need to be changed, whereas maintenance dose should be reduced to a rate
of 1 mg/kg/hr. Patients requiring KRT should use a reduced infusion rate of
0.25 mg/kg/hr.30,31

Bivalirudin use for HIT is off-label but commonly utilized. An initial
dose of 0.15 to 0.2 mg/kg/hr is adjusted to accommodate an aPTT 1.5 to 2.5
times the baseline value. This strategy is used as a bridge to warfarin after
about 5 days of bivalirudin therapy.32,33 Recommended dosing during kidney
failure is outlined in Table 14.3.33,34

Bivalirudin HIT Dosing in Kidney Failure

Kidney Function Dose

CrCl >60 mL/min 0.13 mg/kg/hr

CrCl 30-60 mL/min 0.08-0.1 mg/kg/hr

CrCl <30 mL/min 0.04-0.05 mg/kg/hr



Intermittent hemodialysis 0.07 mg/kg/hr

CKRT (CVVH or CVVHDF) 0.03-0.07 mg/kg/hr

CKRT, continuous kidney replacement therapy; CrCl, creatinine clearance; CVVH,
continuous venovenous hemofiltration; CVVHDF, continuous venovenous hemodiafiltration;
HIT, heparin-induced thrombocytopenia.

Argatroban
Argatroban reversibly binds and inhibits thrombin. Argatroban is mainly
used for anticoagulation in HIT and during PCI when heparin is
contraindicated because of a recent history of HIT.6 Argatroban is not
excreted by the kidneys, with clearance dependent on hepatic metabolism.
It should be avoided when hepatic failure is a concern, but can be used
without adjustment when kidney failure is present.35 Argatroban is
administered with a continuous IV infusion. An initial dose of 1 to 2
mg/kg/min is adjusted to maintain aPTT in the range of 1.5 to 2.5.32

ORAL ANTICOAGULANTS: WARFARIN
Pharmacology
Warfarin inhibits vitamin K epoxide reductase, depleting the reduced form
of vitamin K that acts as a coagulation cofactor. Several coagulation factors
depend on vitamin K for action, and without vitamin K, these factors cannot
adequately bind calcium to phospholipid membranes. Production of new
vitamin K is required before clotting factors are again functional.36

Dosing and Use
Warfarin is mainly used for outpatient anticoagulation, but is often
encountered in the ICU. A loading dose between 5 and 10 mg seems safe
and effective. Doses as low as 5 mg daily can achieve anticoagulation
within 4 to 5 days for hospitalized, elderly patients.37,38 A higher 10 mg dose
can achieve anticoagulation faster, but is associated with higher bleeding
risk.36 In general, an initial dose of 7.5 mg daily is recommended, then
titrated to an international normalized ratio (INR) of 2.0 to 3.0 for most
indications. A slower, lower dose approach may be more desirable in



patients with kidney dysfunction.5,36 INR should be checked daily until a
stable level and dose are achieved.

Multiple factors can influence individual patient response to warfarin,
including other medications, diet, hepatic function, and genetics. Warfarin’s
significant drug-drug interactions are especially important, given the
polypharmacy common in critically ill patients and patients with kidney
disease.

Safety and Reversal
Despite the FDA black box warning for increased bleeding risk with
warfarin use in patients with kidney dysfunction, warfarin is still widely
used and is often the recommended anticoagulant for chronic kidney
disease (CKD) patients.39 Safety is unclear, as patients with kidney failure
using warfarin have an increased risk of bleeding, stroke, and other
hemorrhagic complications.40,41 One such complication is anticoagulant-
related nephropathy (ARN), an increasingly recognized condition
associated with chronic oral anticoagulant use, leading to glomerular
hemorrhage and inflammation. Most cases are associated with warfarin and
present as an unexplained AKI, or rarely as unusually progressive CKD.
Unexplained AKI in patients experiencing supratherapeutic anticoagulation
should prompt investigation with a high degree of suspicion for ARN.42

A stepwise approach is taken for patients on warfarin with
supratherapeutic anticoagulation. A minimally supratherapeutic INR of 3 to
4 can be monitored without significant changes in dose.36,43 Risk of
unprovoked hemorrhage even with an INR up to 10 is low. An INR of 4 to
10 without overt bleeding is managed by reducing warfarin dose or
skipping a dose.43 Because hemorrhagic effects can be prolonged in patients
with AKI or CKD, close monitoring is recommended.44

If mild bleeding or other need for reversal is present, vitamin K can be
administered at a dose that will quickly lower the INR but avoid excessive
resistance once warfarin is restarted, as detailed further in Chapter 27.45,46

To prevent anaphylaxis, low doses of vitamin K and slow infusion rates are
recommended.47,48 A vitamin K dose of 1.0 to 2.5 mg is recommended when
the INR is 5.0 to 9.0, but larger doses (2.5-5 mg) may be required for INRs



greater than 9.0. Oral dosing may minimize anaphylaxis, but IV infusion
allows more rapid delivery.36

For active, life-threatening bleeding, immediate correction of warfarin
anticoagulation with fresh-frozen plasma (FFP) or more potent factor
concentrates is indicated. FFP is given at an initial dose of 15 to 30
mL/kg.49,50 Although FFP has traditionally anchored warfarin-associated
bleeding management, concentrated or recombinant factor formulations
require less overall volume and act faster than traditional FFP.51-55 Factor 3
or 4 prothrombin complex concentrate (PCC) or recombinant factor 7
should be considered when available for life-threatening warfarin-
associated bleeding.36

DIRECT ORAL ANTICOAGULANTS
Direct oral anticoagulants (DOACs) inhibiting thrombin (dabigatran) or
factor Xa (rivaroxaban, apixaban, and edoxaban) are becoming widely
used. Although mainly outpatient anticoagulants, their growing utilization
ensures considerations for critically ill patients. As all DOACs depend on
urinary clearance, patients with kidney failure are often vulnerable to their
supratherapeutic effects.5

Dabigatran—Direct Thrombin Inhibitor
Dabigatran was approved in 2010 for stroke prevention in patients with
atrial fibrillation. However, patients with an eGFR less than 30 mL/min
were excluded from the trial.56 Dabigatran is mainly excreted by the
kidneys, with urinary elimination making up to 80% of clearance.57 This
urinary clearance makes dabigatran a poor choice for anticoagulation in the
setting of kidney failure. Studies show a direct relationship between kidney
failure and bleeding risk, with dabigatran causing more bleeding than
warfarin.58,59

Dabigatran reversal is often necessary in patients with kidney failure. The
efficacy of FFP or PCC is questionable for supratherapeutic dabigatran
anticoagulation.60 Fortunately, dabigatran can be eliminated through KRT,
with 49% to 68% cleared though HD. Although HD provides more efficient
initial clearance compared to CKRT, significant dabigatran rebound has



been reported with HD alone, whereas CKRT provides slower but more
steady clearance.61-63 KRT should be considered for therapeutic clearance of
dabigatran when life-threatening bleeding is present. The monoclonal
antibody idarucizumab has also been approved for dabigatran
neutralization, with a dose of 5 g IV used, regardless of kidney function.64

Direct Xa Inhibitors
General Safety and Reversal
Life-threatening bleeding related to direct Xa inhibitors does not generally
respond to traditional FFP. Instead, unactivated four-factor PCC is
recommended. The novel agent andexanet alfa has also been approved for
rivaroxaban and apixaban reversal and has some data supporting the use for
edoxaban.65

Rivaroxaban—Factor Xa Inhibitor
Rivaroxaban is a factor Xa inhibitor approved for stroke prevention in atrial
fibrillation as well as for the prevention and treatment of deep venous
thrombosis (DVT) and pulmonary embolism (PE). However, rivaroxaban is
not recommended for uses other than atrial fibrillation when CrCl is less
than 30 mL/min and is contraindicated for patients with CrCl less than 15
mL/min. Rivaroxaban accumulates in patients with reduced kidney function
and is poorly cleared by HD or CKRT.41

Apixaban—Factor Xa Inhibitor
Apixaban is approved for stroke prevention in patients with atrial
fibrillation and for DVT/PE prophylaxis and treatment. Apixaban can be
used in patients with kidney failure with some caution. If serum creatinine
is greater than 1.5 mg/dL, age above 80 years, or body weight less than 60
kg, a reduced dose of 2.5 mg twice daily is recommended (standard dose of
5 mg twice daily).66 Although data are limited, KRT-dependent patients may
safely tolerate a reduced dose of 2.5 mg of apixaban twice daily.67

Edoxaban—Factor Xa Inhibitor
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Edoxaban is approved for stroke prevention in patients with atrial
fibrillation and for the treatment of DVT/PE, but only after initial 5- to 10-
day treatment with parenteral anticoagulation. For patients with CrCl of 50
to 95 mL/min, 60 mg once daily is recommended, whereas 30 mg daily can
be used for patients with CrCl of 15 to 50 mL/min.66 Although edoxaban is
a small molecule, its large volume of distribution and protein binding limit
clearance with KRT.68
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The Metabolic Management and
Nutrition of Acute Kidney Injury
Wilfred Druml and Kamyar Kalantar-Zadeh

Acute kidney injury (AKI) is a heterogeneous syndrome with a broad
pattern of etiologies and clinical presentations, which is defined by three
distinct stages. This necessitates an individualized approach regarding the
metabolic and nutritional management, which must be meticulously adapted
for each patient at each time point of therapy. Nutrition is more than
maintaining a good nutritional state; it should be viewed as part of the
metabolic management of a patient and must also integrate volume therapy,
acid-base and electrolyte balance, and hemodynamic/respiratory care.1,2

In this chapter, we propose a stage-specific approach in the metabolic
management—including infusion therapy and both enteral and parenteral
nutrition support—in the therapy of patients with acute kidney dysfunction
and its prevention.

Many or even most of the statements are not based on randomized
controlled trials (RCTs) and are expert opinions only.

PREVENTION AND THERAPY OF STAGE 1 ACUTE
KIDNEY INJURY
There is no effective pharmacologic therapy available for AKI. Therefore,
the general management of the AKI patient consists of: optimization of
hemodynamic and volume status, the avoidance of nephrotoxic drugs;
maintaining metabolic balance and nutrition support (Table 15.1).3



TA B L E  1 5 . 1 Infusion Therapy and Metabolic Management in
the Prevention of AKI and Therapy of Stage 1

AKI (Risk Stage)

Volume therapy
Infusion solutions: balanced, no artificial colloids
Avoidance of both hypovolemia and hypervolemia

Prevention/correction of electrolyte imbalances
Potassium, phosphate, magnesium

Prevention/correction deficiency states
Thiamine, vitamin D, vitamin C

Prevention/correction of metabolic acidosis
Prevention/correction of hyperglycemia
Early start of (whenever possible) enteral nutrition
Avoidance of hypercaloric nutrition in the early phase
Higher protein/amino acid intake in the early phase

AKI, acute kidney injury.

Volume Management
Within the context of prevention of AKI, volume management plays a
central role. However, the association of volume status and risk of AKI
follows a U-shaped curve, so both hypovolemia and hypervolemia play an
important role in the deterioration and outcome of kidney function. As
discussed elsewhere, the type (e.g., balanced vs saline) and volume of fluid
can impact renal outcomes (Chapter 10).

Electrolyte Homeostasis and Acid-Base Balance
In experimental models, deficiencies of magnesium, potassium, and
phosphate can augment kidney injury.4 Thus, electrolyte derangements
should be prevented and/or corrected in all ICU patients.

In animal models, acidosis aggravates kidney injury after ischemia
reperfusion injury. In a large prospective randomized trial, correction of
severe metabolic acidosis (pH ≤ 7.2) using bicarbonate infusions in ICU
patients reduced the risk of AKI and improved prognosis in kidney
replacement therapy (KRT).5-8 It is unclear whether these improved



outcomes are from the bicarbonate-related avoidance of hyperkalemia or
systemic alkalinization.

Hyperglycemia
Hyperglycemia interferes with endothelial structure and function, promotes
inflammation, and may aggravate kidney injury.6,7 Thus, in any critically ill
patient, blood glucose concentration should be lower than 180 mg/dL.8

Because blood glucose concentrations have diurnal variation, some
institutions aim for 150 mg/dL to keep the level reliably below 180 mg/dL.
These higher-than-euglycemia targets stem, in part, from the
Normoglycemia in Intensive Care Evaluation—Survival Using Glucose
Algorithm Regulation (NICE-SUGAR) trial. This multicenter trial
randomized patients to conventional (<180 mg/dL) versus intensive (81–
108 mg/dL) glucose control and demonstrated increased risk of
hypoglycemic events and death with tighter control.

Nutrition in the Prevention of Acute Kidney Injury and as
Therapy for Stage 1 Acute Kidney Injury
Nutrition therapy (oral/enteral/parenteral) in this early stage of AKI is not
fundamentally different from that in other patient groups. Nevertheless, in
respect to preservation of kidney function, some points should be
considered:

Initiation and route of nutrition support: Whenever possible, enteral
nutrition should be used. In animal models, enteral feeds are associated with
improved kidney perfusion and kidney function.9,10 Although older
randomized multicenter data demonstrate that later initiation of parental
nutrition is associated with faster recovery and fewer complications
compared to early initiation,11 we believe that in ICU patients, nutrition
support should be started early, but at a low rate (trophic nutrition), and
infusion rate should be increased slowly according to the individual
metabolic and gastrointestinal tolerance.12

Early high-energy intake may increase the risk of developing AKI.13

Preexisting deficiency states (electrolytes and micronutrients such as



thiamine) should be corrected to avoid untoward side effects of nutrition
and the development of refeeding syndrome.14

Amino acid/protein intake: Currently, there is a lot of interest in
determining the optimal protein/amino acid intake in patients at risk of
developing AKI and those with Stage 1 AKI. A high amino acid
infusion/protein intake dilates afferent arterioles and increases kidney
perfusion and glomerular filtration—a phenomenon designated renal
reserve capacity (i.e., the percentage increase in kidney function in a
postabsorptive patient after a defined protein load).15

It was hypothesized that this mechanism could support kidney function
and help to prevent the evolution of AKI. An earlier small pilot study had
suggested that a higher amino acid intake (about 2 g/kg/d) lowers serum
creatinine, increases diuresis, and lowers the need for diuretics.16 A large
randomized controlled study using an intravenous amino acid infusion of 1
g/kg/d in addition to the protein intake of (about 1 g/kg/d) improved kidney
function during the first 4 days but had no effects on the need for KRT,
length of hospital stay, or survival.17

In a post hoc analysis of this study, the increased amino acid intake
protected against the development of AKI and improved survival in those
patients who did not show kidney injury at the start of therapy.18 In a more
recent study, cardiac surgery patients received an amino acid infusion
immediately after the induction of anesthesia.19 The duration of AKI was
shortened, estimated glomerular filtration rate (eGFR) and urine output
were significantly improved after surgery, but again, no additional clinical
end-points were affected.

More evidence derived from RCTs is needed, and for the time being, no
definite recommendations can be given concerning an increased
protein/amino acid infusion in ICU patients for the prevention of AKI or as
therapy for Stage 1 AKI (see below for discussion around more severe
stages of AKI).

Nutrition solutions: In ICU patients with Stage 1 AKI, no specific
nutrition preparations should be used for enteral or parenteral nutrition.

INFUSION THERAPY AND NUTRITION SUPPORT IN
STAGE 2 AND 3 ACUTE KIDNEY INJURY WITHOUT THE



TA B L E  1 5 . 2

NEED FOR KIDNEY REPLACEMENT THERAPY
Although Stage 2 and 3 AKI without the need for KRT is common, there
are limited systematic data on the optimal metabolic management and
nutritional therapy in this cohort. Careful, fastidious ICU management
guides the care in patients with Stage 2 and 3 AKI (Table 15.1). Most
measures are not fundamentally different from those used in the
management of other unstable critically ill patients.20

These patients often exhibit volume intolerance, that is, both too little and
too much fluids will have immediate consequences for
hemodynamics/microcirculation and also for the kidney.21 It is pivotal to
prevent volume overload, which compromises microcirculation and kidney
function. In a European cohort, patients with AKI had better survival if they
were not fluid overloaded at the time of initiation of KRT.22

Maintaining a balanced metabolic environment (electrolytes, glucose,
triglycerides, and acid-base balance) is an essential goal of therapy. Use of
sodium bicarbonate in patients with sepsis and severe AKI and severe
metabolic acidosis (pH < 7.2) may improve outcomes.5

Metabolic Alterations Specifically Induced by Acute
kidney Dysfunction
AKI occurs in various clinical situations, and metabolism in these patients
is affected not only by AKI but also by the underlying disease process,
associated comorbidities, and further complications/organ dysfunctions
such as infections. The main metabolic alterations associated with AKI are
summarized in Table 15.2. Basically, severe AKI is a systemic syndrome in
which all physiologic functions and endocrine and metabolic pathways are
affected. AKI presents a proinflammatory, pro-oxidative, and
hypercatabolic state, which exerts a profound impact on the course of
disease.

Main Metabolic Alterations in Patients With Acute
Kidney Injury

Induction/augmentation of an inflammatory state



Activation of protein catabolism
Peripheral insulin resistance/increased gluconeogenesis
Impairment of lipolysis and intestinal lipid absorption
Depletion of antioxidative systems
Metabolic acidosis
Endocrine alterations: hyperparathyroidism, reduced vitamin D (calcitriol) synthesis,
erythropoietin resistance, growth hormone resistance

Energy metabolism is not grossly affected by AKI, even in those patients
requiring KRT. Energy metabolism is largely determined by the underlying
disease process and associated complications.23,24 Protein catabolism is
stimulated, especially in those patients with additional catabolic factors
such as acidosis or infections. Thus, protein catabolic rate can vary
considerably in patients with AKI; on average it is estimated to be around
1.5 g/kg/d.25 Moreover, severe AKI induces a state of insulin resistance,
which is associated with decreased survival.26

A fundamental difference in the metabolic characteristics of other acutely
ill patients is the fact that in AKI, lipolysis is impaired, potentially resulting
in hypertriglyceridemia.27 Lipid oxidation, however, is maintained in these
patients and lipids can be used both in enteral and parenteral nutrition at
currently recommended infusion rates.27,28 Nevertheless, when additional
factors are present, such as sedation therapy using propofol or a high-energy
intake, hypertriglyceridemia may evolve.

Because of the heterogeneity of AKI and the multifaceted clinical
presentation, both nutrient disposal and nutritional requirements can vary
fundamentally between individual patients. Furthermore, AKI is a dynamic
process and the metabolic situation can change within the same patient
during the course of disease. Thus, metabolic management/nutrition must
be individualized and continually assessed in patients with Stage 2 and 3
AKI.

The previously held opinion that KRT should be started early in order to
enable sufficient nutrition therapy cannot be maintained any unnecessary
KRT should be avoided.29



Nutrition Support in Stage 2 and 3 Acute Kidney Injury
Without the Need for Kidney Replacement Therapy
Again, whenever possible, enteral nutrition should be used in these patients.
However, kidney dysfunction is associated with impairment of
gastrointestinal motility that often can limit full enteral nutrition.30,31

Prokinetic drugs should be given early (potentially even prophylactically) to
facilitate successful enteral nutrition. In many patients, a supplemental or
total parenteral nutrition will be necessary.32

Energy intake: In Stage 2 and 3 AKI without the need for KRT, a full
“normocaloric” nutrition should not be pursued or forced. In analogy with
other critically ill patients, rather a mild “permissive” hypoalimentation
should be the target with a prescription for 60% to 80% of calculated or
measured energy expenditure.33 An exaggerated energy intake can induce a
further deterioration of kidney function in these stages.13

Protein intake: As demonstrated in animal models and confirmed by
recent clinical trials, a high protein/amino acid intake during an active AKI
can aggravate kidney damage and uremic toxicity (“amino acid
paradox”).18,34 Moreover, a high protein intake in this phase may enhance
the necessity of KRT by increasing urea generation.35 Intake of
protein/amino acids must be monitored regularly by measuring plasma urea
concentrations and be adapted accordingly. Protein intake should not be
higher than 0.8 to 1.2 g/kg/d.25 Neither intravenous nor enteral glutamine
should be provided in patients with Stage 2 and 3 AKI.36

Nutrition solutions: International societies do not recommend the use of
specific “nephro” diets but rather standard solutions for both enteral and
parenteral nutrition in patients with severe AKI. Amino acid solutions
adapted to uremic metabolism and with a high content of anabolic essential
and conditionally essential amino acids are available in some countries.36,37

Theoretical advantages are a normalization of plasma amino acid pattern, a
reduction of urea formation, and improved protein synthesis, but these
specific solutions have not been proven to exert an impact on patient
outcome.
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METABOLIC MANAGEMENT AND NUTRITION SUPPORT
IN PATIENTS WITH ACUTE KIDNEY INJURY-3 (AND
CHRONIC KIDNEY DISEASE-5) REQUIRING KIDNEY
REPLACEMENT THERAPY
Management of the fluid, electrolyte, and acid-base status is regulated in
patients on KRT by the extracorporeal device. However, aside from the
metabolic alterations induced by AKI, all extracorporeal treatment
modalities exert a profound impact on metabolism, nutrient balances, and
resulting nutrient requirements (Table 15.3).

Impact of Kidney Replacement Therapy on
Metabolism and Nutrient Balances

Intermittent Hemodialysis
Loss of water-soluble substances:

Amino acids, water-soluble vitamins, L-carnitine, etc.

Activation of protein catabolism:
Loss of amino acids, proteins, blood
Release of cytokines (tumor necrosis factor-α)
Impairment of protein synthesis

Depletion of antioxidative potential
Loss of antioxidants
Stimulation of reactive oxygen species (ROS) production

Continuous Kidney Replacement Therapy
Heat loss
Increased intake of substrates

Glucose, citrate, lactate
Loss of nutrients

Amino acids, vitamins, selenium, etc.
Loss of albumin
Elimination of peptides:

Hormones, cytokines
Loss of electrolytes (phosphate, magnesium)

Metabolic Consequences of Bioincompatibility
Induction of a “low-grade” inflammation, activation of protein catabolism, formation of
ROS
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Electrolytes: Obviously, in any patient with kidney dysfunction,
electrolyte balance has to be monitored closely and intake has to be adapted
accordingly. Plasma levels of phosphate, magnesium, and potassium should
be monitored regularly.

There is increased risk of hypophosphatemia with continuous KRT
(CKRT) and also with intermittent hemodialysis (HD).38,39

Hypophosphatemia is associated with an increased risk of complications, a
retardation of the weaning from artificial ventilation, and decreased survival
(see Chapter 23). Because of the high prevalence of this derangement,
either a systematic phosphate supplementation or phosphate-containing
substitution fluids for CKRT or dialysates should be used.40

Nutrition Therapy
In designing a nutritional regimen for patients on KRT, nutrient losses
associated with KRT must be considered. Guiding values for nutrient
requirements are summarized in Table 15.4. Again, the nutrition support
must be adapted to individual needs and tolerance. Whenever possible,
enteral nutrition should be preferred in AKI patients on KRT, but because of
the gastrointestinal intolerance, in many patients a supplement of total
parenteral nutrition may be required.

Nutritional Requirements in Patients With Stage
2 and 3 AKI (Without/With KRT)

Energy intake 20-25a max. 30 kcal/kg/d
Glucose 2-3 g/kg/d
Lipidsb 0.8-1.2 g/kg/d

Protein/amino acids
Without KRT 0.8–1.2 g/kg/d
+ KRT 1.2-1.5 g/kg/d
+ Hypercatabolism max. 1.7 g/kg/d

Vitamins combination products according to RDA
Water-soluble vitamins 2 × RDA/d
Lipid-soluble vitamins 1-2 × RDA/d
Higher for vitamins D, E

Trace elements combination products according to RDA
1 × RDA/d
Selenium 200-600 µg/d



Electrolytes intake must be individualized

These can be guiding values only, nutrition must be individualized; requirements can vary
between patients and in the same patient often during the dynamic course of disease.
AKI, acute kidney injury; KRT, kidney replacement therapy; RDA, recommended dietary
allowance.
aConsider energy intake during citrate anticoagulation.
bWhen using propofol, consider therapy-associated lipid intake.

Protein intake: Nutritional protein intake for patients on KRT must
consider the therapy-associated losses of amino acids/protein. Depending
on the type and intensity of KRT, loss of amino acids is highly variable. A
loss of about 2 g of amino acids per hour during intermittent HD and about
0.2 g/L effluent during CKRT or sustained low-efficiency dialysis (SLED)
should be accounted for.41-43 Depending on the type of membranes used and
the transmembrane pressure, additional protein losses may account for up to
20 g/d. To compensate these losses, an increase in protein intake of 0.2
g/kg/d is generally recommended.25

For optimal protein intake, considerable variations exist between
recommendations from international societies. The American Society of
Parenteral and Enteral Nutrition (ASPEN) recommends a protein/amino
acid intake of 2.0 to 2.5 g/kg/d (or even higher) in AKI patients on KRT.8

This statement is more or less based on a single study.12 It is not clear why
the protein intake should be so much higher than that in other critically ill
patients. An exaggerated protein intake can induce serious complications
such as hyperammonemia and associated coma.

In contrast, European nutrition societies recommend an intake of 1.2 to
1.5 g/kg/d or a maximum of 1.7 g/kg/d in hypercatabolic patients with a
high severity of disease, a dosage which includes 0.2 g/kg/d for
compensation of KRT-associated losses25 (Table 15.4).

Energy intake: Energy expenditure in patients with AKI on KRT is not
fundamentally different from other disease states. As in other intensive care
patients, the goal of energy intake should be 25 kcal/kg/d (20 kcal/kg/d in
patients >60 years).8,33 Indirect calorimetry, which is often recommended to
measure energy expenditure, is rarely available in the clinical setting.



Currently available formulas for calculations of energy expenditure in
critically ill patients tend to overestimate the energy needs.

Concerning the calculation of energy supply in patients on KRT, it should
be noted that during anticoagulation with citrate—which is increasingly
used as a standard for CKRT—energy is provided by citrate infusion.44 This
extra energy intake can be very variable depending on the type and dose of
therapy and may account for roughly 200 kcal/d.

Despite the presence of an impairment of lipolysis in AKI, lipids can be
given by enteral or parenteral nutrition. However, plasma levels have to be
monitored during nutrition therapy. If a patient develops severe
hypertriglyceridemia (>800 mg/dL), this can interfere with KRT and cause
the filter to clot.45

Micronutrients: There is a profound depletion of the antioxidative
potential in patients on KRT.46 KRT contributes to this deficiency by
removing water-soluble vitamins, trace elements, and other nutrients, with
this being exacerbated in those with CKRT.47,48

In the absence of systematic investigation, recommendations for intake
are based on expert opinion only. Standard multivitamin and multitrace
element preparations should be used. For water-soluble vitamins, an intake
of double the standard daily allowances is proposed.25 During the early
phase of nutrition, even higher amounts of thiamine may be required.14 The
optimal dose of vitamin C in AKI patients remains undefined.

As in chronic kidney disease (CKD), vitamin D activation is also
impaired in patients with AKI.49 Vitamin D deficiency aggravates tubular
injury, and supplementation may exert a protective potential.50 In patients
with decreased plasma concentrations of 25-OH-vitamin D3,
supplementation is recommended. The optimal formulation and dose
remain unknown. Other fat-soluble vitamins should be provided according
to standard recommended dietary allowances.

Concerning trace elements, some replacement fluids and dialysates may
contain various elements, such as zinc, nickel, copper, or manganese.
Selenium is eliminated during CKRT and potentially should be provided in
higher amounts (i.e., 600 µg/d).48

Nutrition solutions: Because energy intake should be increased
gradually and the presence of non-nutritional energy intake (i.e., citrate,



propofol, and glucose) should be counted, using protein-rich diets may be
advantageous during the first days of nutrition to ensure an adequate protein
and amino acid intake.51 In selected patients, enteral protein supplement or a
separate infusion of amino acids may be required to achieve this goal.32

International societies recommend the use of standard solutions for
enteral and parenteral nutrition. Nevertheless, specific enteral diets
designed as oral nutritional supplements (ONS) for enteral nutrition of
chronic HD patients can be used especially in a noninflammatory stable
patient with AKI on KRT. These ONS are energy-rich (2 kcal/mL), protein-
rich, and electrolyte-reduced sources of nutrition and can facilitate nutrition
in stable patients with prolonged AKI.

As stated earlier, there are specific “nephro” amino acid solutions
available in some countries, which are adapted to the uremic metabolism
and have a high concentration in essential anabolic amino acids and a low
content of “cheap” glucoplastic amino acids and may exert several
metabolic advantages. However, these kidney-specific formulations have
not been proven to have an impact on outcomes.37

MONITORING OF NUTRITION SUPPORT
Because of the multiple metabolic alterations, disturbances in electrolyte
and acid base balance, volume intolerance and the gastrointestinal side
effects of kidney dysfunction the metabolic management and nutrition
support in patients with AKI requires especially tight clinical and metabolic
monitoring.

Because AKI is associated with insulin resistance, patients often develop
hyperglycemia, and insulin infusions become necessary. The impairment of
lipolysis in patients with AKI increases plasma concentrations of
triglycerides—especially if additional factors such as infections,
pancreatitis, hyperglycemia, a high-energy intake, or supplemental lipid
infusions (e.g., propofol) are present.

Many of the side effects and complications associated with nutrition can
be prevented by starting nutrition support at a low rate and by gradually
increasing the infusion rate according to the individual metabolic and
gastrointestinal tolerance. By this approach, an adaptation of nutritional
intake for individual needs and clinical monitoring is facilitated.
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Biomarkers of Acute Kidney Injury
Ravi Kodali and Dennis G. Moledina

INTRODUCTION
Acute kidney injury (AKI) encompasses various triggers, insults, and types
of kidney injuries that result in an acute reduction in glomerular filtration
rate (GFR). AKI affects one in five hospitalized patients and half of the
patients admitted to intensive care unit (ICU) and is associated with
increased morbidity, mortality, and health care cost.1,2 The current standard
of care to detect and monitor AKI is by measuring serum creatinine (SCr)
and/or urine output (UO), which has remained unchanged for nearly a
century.3 Defining AKI using changes in SCr has several limitations,
including the entities termed “hemodynamic” or “prerenal” AKI, where a
rise in SCr is not associated with tubular injury, and “subclinical” AKI,
where tubular injury occurs without SCr rise4 (Figure 16.1).



FIGURE 16.1: Limitations of serum creatinine (SCr)–based acute kidney injury (AKI)
definition. A. No AKI. B. Patients with subclinical AKI wherein SCr does not rise despite
tubular injury. C. “Hemodynamic AKI” wherein rise in SCr is not associated with tubular injury.
D. Clinical AKI wherein there is true tubular injury and rise in SCr. AIN, acute interstitial
nephritis; ATN, acute tubular necrosis; RAAS, renin-angiotensin-aldosterone system; SGLT2,
sodium-glucose cotransporter 2.
Adapted from Moledina DG, Parikh CR. Phenotyping of acute kidney injury: beyond serum
creatinine. Semin Nephrol. 2018;38(1):3-11.

NOVEL BIOMARKERS FOR ACUTE KIDNEY INJURY
Given the limitations of SCr-based AKI definition, kidney disease
researchers have focused on discovering and validating novel biomarkers of
AKI. These biomarkers can be classified based on their primary role in AKI
into markers of reduced glomerular or tubular function, markers of tubular
injury, or markers of inflammation.
a. Markers of reduced glomerular filtration: An ideal marker of GFR should

be either endogenously produced at a constant rate or injected
exogenously, freely filtered by the glomeruli, and neither absorbed nor
secreted by the renal tubules. In addition to SCr, serum cystatin C is a



marker of GFR that has been extensively evaluated as it is produced by
most nucleated cells in the body and is unaffected by muscle mass, freely
filtered across glomeruli, and is completely reabsorbed by tubular cells
and catabolized.5 A meta-analysis showed that serum cystatin C showed
good discrimination for AKI diagnosis, with an area under the curve
(AUC) of 0.89.6 However, cystatin C is limited in clinical availability, not
standardized across laboratories (unlike SCr), and expensive. Where
available, the most accurate estimate of GFR is obtained by averaging the
GFR estimates obtained using SCr and cystatin C.7 Several newer
methods of “real-time” GFR assessment are currently being tested. Inulin
clearance is considered the gold standard for measuring GFR; however, it
is only used in research given the need for continuous injection of
exogenous substance. Recently, visible fluorescent injectate (VFI) has also
shown reliable results in measuring GFR when given as single-dose
intravenous injection.8

b. Markers of tubular function: Injured tubules lose their normal capacity to
reabsorb various electrolytes, including sodium, whereas intact tubules
can reabsorb sodium, particularly in states of volume depletion. This
forms the basis of fractional excretion of sodium (FENa) to distinguish
prerenal azotemia (PRA) AKI from acute tubular necrosis (ATN).
However, FENa has only been validated in oliguric AKI patients and may
lose accuracy in the setting of diuretic use. A newer test of tubular
function and integrity is the furosemide stress test, which evaluates UO 2
hours after administration of high-dose loop diuretic furosemide (1-1.5
mg/kg) in patients with stage 1 or 2 AKI. Low UO (defined in this study
as ≤100 mL/hr for 2 hours) was associated with progression to stage 3
AKI and need for kidney replacement therapy and outperformed most
other biomarkers of AKI (Visual Abstract 16.1).9

c. Markers of tubular injury and inflammation: Several proteins are
upregulated in response to kidney injury and have been evaluated as
biomarkers of tubular injury, including neutrophil gelatinase–associated
lipocalin (NGAL), kidney injury molecule 1 (KIM-1), tissue inhibitor of
metalloproteinases (TIMP-2), and insulin-like growth factor binding
protein 7 (IGFBP-7). Interleukin-18 (IL-18) and YKL-40 are
inflammatory markers that are also upregulated in patients with AKI.



APPLICATION OF BIOMARKERS TO SPECIFIC CLINICAL
QUESTIONS IN ACUTE KIDNEY INJURY
Can Biomarkers Identify Acute Kidney Injury Earlier Than
Serum Creatinine?
SCr tends to rise slowly after kidney injury, and SCr-based AKI is detected
on average 2 to 3 days after initial kidney insult. This could lead to
administration of potential nephrotoxins before AKI is diagnosed by SCr.
Moreover, if a specific therapy for AKI were to be tested in clinical trials,
this delay would prevent enrollment of patients immediately after the injury
before irreversible damage occurs. As such, many AKI biomarker studies
have focused on diagnosing this disease before SCr. Translational Research
Investigating Biomarker Endpoints in AKI (TRIBE-AKI) consortium is one
of the largest prospective cohort populations used to study various utilities of
biomarkers in AKI. In the TRIBE-AKI study, biomarkers such as NGAL,
KIM-1, and IL-18 detected AKI within 6 hours of the kidney insult (i.e.,
cardiac surgery).10 Nephrocheck (Astute Medical/BioMerieux), the product
of urine TIMP-2 and IGFBP-7, is a Food and Drug Administration (FDA)–
approved biomarker to detect risk of AKI in patients at the time of admission
to the ICU.11 The positive predictive value of the test for occurrence of AKI
at a cutoff of 0.3 is 0.25, which increases to 0.50 at cutoff of 2.0 (Visual
Abstract 16.2).

Can Biomarkers Distinguish Hemodynamic Acute Kidney
Injury From Acute Tubular Necrosis?
The two forms of AKI commonly encountered in clinical practice are PRA
and ATN. Molecular pathways activated in these two conditions have
minimal overlap, indicating that therapeutic targets may be different in these
two common forms of AKI.12 Studies have found IL-18 and NGAL to be
elevated in clinician-adjudicated and histologic ATN as compared to PRA.12-

14

Can Biomarkers Differentiate Various Causes of Acute
Kidney Injury in Cirrhosis?
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Differentiating between various causes of AKI in cirrhosis is a common
clinical challenge. In a study by Belcher et al,15 urinary biomarkers including
NGAL, KIM-1, IL-18, and L-FABP were able to distinguish ATN from PRA
and hepatorenal syndrome (HRS) in patients with cirrhosis (Visual Abstract
16.3). The levels of all these biomarkers were significantly higher in ATN
patients as compared with those without ATN. In addition, very low FENa
(≤0.1%) also distinguished HRS from PRA and ATN, whereas a high urine
albumin distinguished ATN from PRA/HRS (Table 16.1).

Distinguishing Between PRA, HRS, and ATN
Using Traditional and Novel Biomarkers

Can Biomarkers Detect “Subclinical” Acute Kidney
Injury?
“Subclinical” AKI refers to the phenomenon in which structural kidney
injury occurs in the absence of detectable SCr rise/UO decrease. Patients
with elevated urine NGAL levels but with normal SCr were found to have
higher rates of kidney replacement therapy and mortality.16-19 In a study of
581 deceased donor kidneys who were biopsied at the time of organ
procurement,14 about half of the donors with biopsy-proven acute tubular
injury (ATI) did not have SCr-based AKI, whereas urinary NGAL levels
were higher with increasing severity of histologic ATI.

Can Biomarkers Provide Prognostic Information?
Biomarkers also provide information regarding short- and long-term
prognosis in terms of kidney replacement therapy, mortality, and duration of



AKI.
a. Short-term prognosis: In TRIBE-AKI study, plasma NGAL had an AUC

of 0.80 for AKI progression and highest tertile of plasma NGAL had an
odds ratio of 7.7 (95% confidence interval [CI] 2.6-22.5) for AKI
progression.20 Perazella et al21 noted that patients with granular casts and
renal tubular epithelial cells on urine sediment microscopy had a 7.3-fold
higher risk of AKI progression. The test “Nephrocheck” discussed above
predicted development of stage 2 or 3 AKI in the next 12 hours, when the
test is performed at admission to ICU.

b. Long-term prognosis: Biomarkers can also augment clinician judgment in
determining chronic kidney disease (CKD) development and long-term
mortality. Higher levels of plasma NGAL, urine NGAL, IL-18, and KIM-
1 at the time of AKI were associated with higher 3-year mortality.18,22

Can Biomarkers Distinguish Acute Interstitial Nephritis
From Acute Tubular Necrosis?
Distinguishing acute interstitial nephritis (AIN) from other causes of AKI is
challenging; however, it is important to clinicians as management strategies
are quite different. Moledina et al23 analyzed cytokines in the T helper cell
pathway in patients with AKI who underwent a kidney biopsy, of whom
15% had AIN upon adjudication by pathologists. Higher urine IL-9 and
tumor necrosis factor α (TNF-α) levels were independently associated with
AIN and improved diagnosis of AIN over currently available clinical tests as
well as clinician’s prebiopsy diagnosis with an AUC of 0.84. In a subsequent
analysis comparing AIN to ATN, urine IL-9 value less than 0.41 reduced
post-test probability of AIN to 0.07 if pretest probability was 0.25 ruling out
AIN, whereas a value above 2.53 would increase post-test probability to 0.84
and avoid the need for a kidney biopsy.24

PHENOTYPING ACUTE KIDNEY INJURY IN THE SETTING
OF THERAPEUTIC INTERVENTIONS
Biomarkers also helped demonstrate that AKI that occurs in the setting of
therapeutic interventions, such as diuresis in acute decompensated heart
failure (ADHF) and intensive blood pressure control, may not be associated
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with structural kidney damage. First, biomarkers NGAL and KIM-1 were
not elevated in patients who developed AKI in response to diuresis in ADHF
as compared to those who did not develop AKI, indicating that AKI in
response to diuresis lacked tubular injury and may not be of concern.25

Second, biomarkers were used to demonstrate that the higher incidence of
AKI and CKD that occurred in patients randomized to intensive blood
pressure control arm in the SPRINT trial was because of hemodynamic
increases in SCr rather than tubular injury. For example, YKL-40 and KIM-1
levels were lower in those who developed CKD in intensive blood pressure
control group than in those in the standard group. This likely explains the
apparent discrepancy in the SPRINT trial where patients randomized to
intensive blood pressure control arm had lower cardiovascular events and
mortality despite higher CKD and AKI.26

FUTURE DIRECTIONS
Future studies should attempt to better phenotype AKI into its subtypes
using biomarkers. Studies should test the accuracy of biomarkers against
histology or patient-focused outcomes rather than the flawed “gold standard”
of SCr.27 Finally, studies need to demonstrate improved patient outcomes
with biomarker use. This approach may bring us closer to finding AKI
biomarkers with meaningful application to clinical care.
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Biomarkers of Critical Illness
Rajit K. Basu

INTRODUCTION
Optimal management of critically ill patients is dependent on accurate and
timely diagnostics. Despite tremendous research efforts dedicated to the
identification and validation of newer diagnostic tests, integration into real
practice has been slow.1 A number of biomarkers capable of providing a
diagnostic and prognostic advance for earlier recognition of critical illness
have been studied. The varied ability of these novel biomarkers to
demonstrate high levels of reproducibility across the heterogeneity of illness
for some of the major syndromes affecting intensive care unit (ICU) patients
(e.g., sepsis, acute respiratory distress syndrome [ARDS], acute kidney
injury [AKI]) has precluded widespread acceptance and incorporation into
care pathways.2-7 In addition, problematically, although most of the novel
biomarkers demonstrate robust sensitivity for injury, few consistently are
highly specific. Finally, although a majority of the reported literature has
focused on the change in outcome of care for patients via inclusion of
biomarkers (for prediction, diagnostics, or management), less effort has been
expended to report on how biomarkers can result in improvements in the
process of care. In this chapter, the existing inertia opposing incorporation of
biomarkers into practice is explained. The potential value of biomarker
integration into the process of managing critically ill patients (ICU) is also
highlighted. Finally, this chapter illustrates the next step of precision
medicine, facilitated by biomarker-directed prognostic and predictive
population enrichment.



THE HETEROGENEITY CONUNDRUM
Critically ill patients demonstrate marked heterogeneity. Patients admitted to
the medical ICU are by nature complex and diverse. Unlike the general
hospital wards where patients are often admitted for single-organ injury, or
in focused surgical ICUs–medical ICU, patients vary considerably by age,
demographics, background conditions, comorbid conditions, and ongoing
concurrent diagnosis. Many critical illnesses are actually syndromes—
residing under umbrella catch-all diagnoses, such as sepsis, ARDS,
traumatic brain injury (TBI), AKI, or delirium. For a myriad of reasons, each
critically ill patient is unique. Patient age and size can significantly influence
the host response to complex illness. For instance, data indicate patients at
the extremes of age (i.e., very young or very old) and the extremes of size
(i.e., low body mass index or high body mass index) differ considerably
from each other and also from the middle in terms of critical illness
demographics (mainly outcome) and also response to illness.4,8,9 Background
conditions can modulate critical illness. In adult and geriatric populations,
chronic immunosuppression and cardiopulmonary, kidney, or hepatic
dysfunction are not uncommon and can potentiate acute sickness. Although
the abovementioned conditions are less common, children have unique
comorbidities related to oncologic and immunodysregulatory conditions,
birth and developmental issues, and, most importantly, less physiologic
reserve to counter acute decompensation. Problematically, a majority of
diagnostic markers currently used in management (e.g., pH, lactate, C-
reactive protein [CRP], partial pressure of oxygen [Pao2], erythrocyte
sedimentation rate [ESR], white blood cell count, platelet count) do not
adjudicate for comorbid conditions (Table 17.1). For instance, the
importance in a change in CRP in an adult patient with sepsis may be
different if the patient is otherwise healthy or has rheumatoid arthritis as a
baseline condition. As mentioned previously, physiologic reserve and the
ability to compensate for loss of homeostasis vary across age, yet existing
diagnostics are relatively crude in sophistication with regard to patient age.
Finally, the relationship between time and illness progression and/or severity
changes dramatically in the first few days of ICU course, regardless of
patient demographic. For most ICU patients, the predictability of how illness
will change is unclear—particularly in those patients with complex medical
background.10,11 Unfortunately, diagnostics as they are currently used offer



TA B L E  1 7 . 1

very little data specificity in relation to patient, background, and time as they
are markers oriented toward overall patient homeostasis (best example is
pH). Thus, in addition to the heterogeneity of comorbidity and patient age,
time adds a very real “third dimension” to critical illness, complicating the
adjudication of injury in the current diagnostic landscape. The next
generation of diagnostic tests, novel biomarkers, is generally initially
identified, derived, and validated in isolation of the patient—using in vitro or
ex vivo modeling—and then tested in specific patient populations at very
fixed time intervals. The complexities of patient age, myriad comorbid
conditions, and time of illness are not initially examined in the clinical
adjudication of these biomarkers. For the major ICU disease processes, a
number of biomarkers have been identified and studied at least in limited
populations (Table 17.1).

Current and Novel Biomarkers for Intensive Care
Unit Syndromes



Critical illness itself is heterogeneous. Appreciation of the diversity and
spectrum of illnesses has led to injury complexes now being classified as
“syndromes.” For instance, sepsis, AKI, and ARDS are not manifest
similarly in patients, even when present in patients with relatively same
demographic and comorbid background. The pathophysiologic drivers of
each syndrome can be quite diverse—molecular underpinnings are wide
ranging, clinical manifestations of these perturbations varied, and
relationship of injury process to the patient inconsistent.12 For instance,
although sepsis recognition has advanced considerably, the criteria have
traditionally been fixed and do not account for patient-level variability. The
manifestation of sepsis between patients can be wide ranging—evidenced by
the constellation of symptoms that vary by time of ascertainment, evolution
of injury, and interventions performed. In addition, the syndromes do not
consistently affect one organ system versus multiple other systems. Many



ICU syndromes—ARDS and AKI, for example, in which injury processes
are theoretically confined to a “single-organ system”—are often present in
the context of other critical illnesses and, on a molecular level, demonstrate
endocrine effects on distal organ systems. Unfortunately, current diagnostic
tests do not adjudicate systematic illness from single-organ injury.

Critical illness varies by time. As opposed to complex surgery or trauma,
when the onset of an insult is known, many critically ill patients have poorly
defined “onset” times and, as a result, present to medical attention and,
ultimately, the ICU at various points in their course. Both biologic models of
critical illness and the clinical course of patients demonstrate evolution of
disease over time.12,13 The progression of disease can lead to significant
variability in the values obtained in the marker(s) used for diagnosis. For
instance, in matching patients with urosepsis and shock, the value of a serum
lactate level can be dramatically different based on the time of presentation,
the onset of the infection, and the time of the measurement.

Taken together, critical illness is highly complex—heterogeneous by
patient background, disease, time, and evolution. By comparison, the
existing paradigm for diagnostic testing is overly simplistic. Testing is
focused primarily on diagnosis by comparing a singular point in time using
fixed cutoff values, without the context of other organ dysfunction, for the
prediction of a singular end point (most commonly, mortality). The
biomarkers that are actually used currently are sensitive for critical illness,
but not specific for the injury syndrome. For instance, lactate, utilized to
connote the balance between anaerobic and aerobic metabolism, is a
biomarker for sepsis, ARDS, cardiac dysfunction, and TBI—almost all ICU
syndromes. Similarly, the other markers for sepsis and ARDS generally
provide a reference for host homeostasis and are not necessarily reflective of
the injuries themselves (i.e., how the syndrome is evolving or being
controlled). The lack of reliable, consistently successful therapeutics in
nearly all ICU syndromes is likely in part driven by these unsophisticated
and imprecise diagnostics. It is possible that the use of biomarkers with
greater specificity for the unique illness itself may help manage the
heterogeneity synonymous with ICU disease (Figure 17.1).



FIGURE 17.1: Comparison of biomarker strategies. Top: Demonstration of how current
biomarkers are utilized—single value, single time point, single cutoff, for a remote singular
end point. Bottom: Depiction of how incorporation of biomarkers can serve to guide
management more directly—multiple markers, multiple time points, for more proximal end
points.

INTENSIVE CARE UNIT SYNDROMES AND NOVEL
BIOMARKERS
The desire to improve the care of critically ill patients based on earlier
detection, improve the specificity of diagnosis, and target efficacious
therapies has driven the push to identify new biomarkers (Table 17.1).
Although current diagnostic tests are used to drive supportive management,
the benefit of novel biomarkers is theoretically to identify injury in its early
stages, allowing providers to expedite mitigative therapies.

For the major ICU syndromes, advances in diagnostics could change how
patients are managed. Sepsis is an apt example for how diagnostic change
could improve patient care and outcome. Early recognition in sepsis is now
the cornerstone of care. Early recognition relies on a combination of
provider education, awareness of sepsis risk, and clinical markers of illness
(qSOFA or quick Sequential Organ Function Assessment)—a combination
of which leads a provider to initiate antimicrobial therapy and supportive
care measures.14 Existing markers such as lactate, in the right patient context,



can help adjudicate the decision to initiate antibiotics. Unfortunately,
markers such as lactate do not generally offer significant insight into the
disease process itself. For instance, in a patient with septic shock, the level
of elevation of a lactate has never been proven to be associated with the
severity or mechanism of the sepsis. Newer biomarkers in the field of sepsis,
such as soluble triggering receptor on myeloid cells-1 (sTREM-1) derived
from both molecular (genetic microarray and proteomic study) and animal
models, have demonstrated high degrees of specificity for sepsis disease
progression; the degree of elevation in sTREM-1 has been found to be
correlated with the severity of the sepsis.15 Microarray and genomics have
identified groups of markers that can also separate populations of patients by
sepsis severity. In these studies, the balance of inflammatory and anti-
inflammatory markers can be adjudicated, the expression of steroid receptors
elucidated, and the progression of cellular apoptosis (vs necrosis)
detailed.8,16,17 All of these have obvious downstream ramifications to guide
therapy. Compared to sepsis, unfortunately, other ICU syndromes have far
fewer existing clinical markers and novel biomarkers. ARDS diagnosis and
prognosis has relied extensively on clinical indices of patient stability,
specific to respiratory disease. Identification of TBI markers has lagged
behind, but markers are now emerging, describing direct injury to glial cells
(S100β and glial fibrillary acidic protein [GFAP]).18 Novel biomarkers for
AKI, discussed elsewhere in this text, may elucidate the location,
mechanism, and progression of injury within the kidney.

The inertia preventing incorporation of novel biomarkers into practice
results from a combination of factors. Across the ICU literature, a plethora
of literature discusses risk versus benefit or pro versus con assessment of
biomarkers into practice, if these markers are ready for use and integration
into practice. Despite the available evidence, few, if any, have made it in
“prime time.”1 How these tests are studied is problematic. The current
practice is to assess efficacy by testing a biomarker at a single time point
against a single cutoff value. This standard does not match how ICU patients
change over time. A dynamic approach, similar to how blood gas
measurements track respiratory variation, would match the dynamic nature
of patients more appropriately (Figure 17.2). The second is the reliance on
evaluating performance of a biomarker via analyzing the prediction of
outcomes heavily confounded by factors both related and unrelated to the



patient (e.g., 28-day mortality, length of stay). Biomarkers are rarely studied
using methods akin to quality improvement methodology, determining the
effect on process metrics rather than on outcome metrics. Critical care
management is a real-time process, adjudicated multiple times daily, making
identification of consistently functional and beneficial short-term
interventions or tests possible. Instead of attempting to pair a point-of-care
biomarker at the time of admission to the outcome of death at 28 days,
matching the biomarker to the evolution of the disease or effect of therapies
may be more practical. Third, randomized clinical trial (RCT) remains the
gold-standard level of evidence to drive practice change. Unfortunately, very
few RCTs in critical care have ever demonstrated compelling, practice-
changing evidence in the management of most ICU syndromes. In addition,
most RCTs have historically failed to account for disease heterogeneity and,
therefore, have been designed in an imprecise manner. The goal of
demonstrating outcome improvement in a complex patient via incorporation
of a single diagnostic test for a heavily confounded final metric (mortality) is
likely unrealistic. Finally, the financial aspect of incorporating a new
diagnostic into management cannot be understated. Value-based care, to
optimize quality and minimize curtailable costs, has become the focus,
particularly in the United States. Absent data demonstrating a financial
benefit to patient care, an additional cost incursion of a new diagnostic test is
a fiscal liability for many institutions.



FIGURE 17.2: Practical implementation of current and novel biomarkers. Use of novel
diagnostics may refine a population through prognostic and predictive enrichment. Targeted
therapies can be focused on defined, refined populations and biomarkers functional for
assessing patient homeostasis and injury progression used to help guide the process of
management. The example depicted is for septic shock.

INTEGRATION THROUGH ENRICHMENT
The integration of biomarkers in critical care management will require a
contemporary and pragmatic application. The purpose of novel biomarkers
should be specific to the nature of the test itself and the context of the
patient. If prognosis, diagnosis, and theragnosis are distinct characteristics of
a given biomarker test, it is unlikely that a single test could be used for all
three purposes, especially if that given test is measured once and compared
to a specific cutoff value. Although troponin-I is often used as a gold-
standard reference for biomarker research, troponin isoenzyme measurement
is not used for all aspects of tracking care of the patient with acute coronary
syndrome. In addition, troponin testing in the patient without risk factors for
heart disease or other clinical symptoms of disease demonstrates a high
false-positive rate and poor utilization practice. Patient context drives
biomarker testing. In sepsis recognition, the utilization of patient care
technician for the purpose of diagnosis can be improved when tested in the
patient with higher pretest probability for sepsis complications.3,19 The
parallel has been demonstrated for AKI biomarkers and the renal angina
prodrome of AKI risk.20 In TBI, for example, S100β and GFAP levels are
indicative of unique aspects of glial injury.18 Prognostic and predictive
enrichment using novel biomarkers is possible in sepsis, AKI, and
ARDS.2,8,21 If biomarkers are used in this way, populations could be refined
from a diverse, heterogeneous mix of patients via multiple sequential
categorical classifications to a more precise illness severity, targeting for
potential therapies and, in general, populations of interest (in whom
therapeutic intervention would be of the most “significant” consequence)
(Figure 17.2).

The novel biomarkers for ICU syndromes can be used to guide
management. For instance, in the management of sepsis and multiorgan
failure, the markers of platelet count and ADAMTS-13 (a disintegrin and
metalloproteinase with a thrombospondin type 1 motif, member 13) can be
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used to drive the use of plasmapheresis—a practice that has resulted in
improvement in recovery from sepsis and reduction in duration and severity
of organ failure.22 Management of fluid balance in the context of AKI is
possible using a sequential assessment of novel AKI biomarkers.23 The focus
of critical care diagnostic markers could, therefore, be on process. The
commonsense plausibility of a clinical index or biomarker measured at the
time of ICU admission or early in ICU course carrying a one-to-one
association with ICU outcome is low, regardless of statistical association. A
combination of the existing diagnostics that render an adjudication of host
stability and changes in homeostasis with the incorporation of novel
biomarkers specific for injury may be practical, pragmatic, and lead to
advances in management (Figure 17.2).

CONCLUSION
In this brief narrative, the heterogeneity of critical illness has been described
amid the context of recent advances in biomarker development. The field of
intensive care medicine will require coordinated and forward-thinking
movement to improve patient care—inclusion of novel diagnostics is central
to this work. Only through a reframed vision for how these diagnostics can
be studied will the integration into practice be made possible.
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Ultrasound Imaging in the Intensive Care
Unit
Sharad Patel, Gurkeerat Singh, and Nathaniel C. Reisinger

INTRODUCTION
Point-of-care ultrasound (POCUS) is an important tool for the intensivist.
The proverbial “fifth pillar” of the physical exam, POCUS is used by the
treating physician at the bedside to augment diagnosis, particularly in the
rapid assessment of shock and hypoxemia.1 In contradistinction to traditional
referral radiology, POCUS is limited in scope to focused questions with
binary, yes-or-no answers intended to drive immediate decision-making in
time-sensitive situations.2 The emergence of ultraportable devices at reduced
cost has made POCUS ubiquitous.3 The noninvasive nature of ultrasound
with no ionizing radiation makes it benign and repeatable.4 This draws the
physician back to the bedside, decreasing fragmentation of care and
enhancing the patient experience.2,3 The majority of medical schools have
implemented POCUS curricula.5 Indeed, the American College of Chest
Physicians has recognized POCUS as a core competency since 2009.6 We
aim to describe selected uses of POCUS in critical care and how they may be
adapted to add value to the nephrologist practicing in this setting.

PHYSICS
Knowledge of the principles underpinning image generation is important to
interpret ultrasound imaging. Ultrasound is a form of tomography, imaging
by sections using a penetrating wave.7 Ultrasound devices use crystals



termed “piezoelectrics” that emit a vibration when a current is applied and
vice versa.8 Piezoelectrics, chiefly lead zirconate titanate, are arrayed across
the ultrasound transducer generating ultrasound waves in response to pulses
of alternating current.9 Ultrasound waves have frequencies of 1 to 20 MHz.8

These waves propagate through media such as tissues and about 1% are
reflected to return to the transducer and stimulate the piezoelectric,
generating an image.9 The velocity of ultrasound waves is determined by the
physical properties of the media they are examining. In human tissues, it
averages 1,540 m/s.8 The strength of the returning signal corresponds to the
brightness of the pixel on the screen, termed “echogenicity.”9 Objects that
appear bright are hyperechoic, objects that appear dark are “hypoechoic” or
anechoic if they are black.7

Understanding the inverse relationship between frequency and wavelength
is important for understanding the limitations of ultrasound imaging. Higher
frequency ultrasound waves (6-20 MHz) have shorter wavelengths giving
poorer penetration, but better spatial resolution, ideal for superficial
structures and vascular imaging.7 Lower frequency ultrasound waves (1-6
MHz) have longer wavelengths achieving better penetration depth at the cost
of decreased spatial resolution, permitting visualization of deeper structures,
ideal for abdominal imaging and echocardiography.7 Ultrasound transducers
are customized in terms of both frequency and the actual footprint of the
transducer.7 Linear transducers are typically of higher frequency, whereas
abdominal and cardiac transducers are of lower frequency, the latter having a
foreshortened footprint to fit between ribs.7

The most commonly used modes are B-mode, M-mode, and Doppler
ultrasonography.9 B-mode (brightness mode) generates a two-dimensional
cross section with brightness determined by the intensity of the returning
signal and depth determined based on time to return of the signal.9 M-mode
(motion mode) generates images from a single transducer tracked over time
charting the motion over time.9 Doppler mode is used to detect and evaluate
movement.9 Echoes returning from a moving structure have a different
frequency as compared to the original frequency of the echo signal.9 This
difference is called the Doppler shift, which can be used to calculate flow
velocities that are useful for cardiac and vascular applications.9 Interaction of
sound waves with anatomic structures gives rise to a variety of ultrasound
artifacts, which are seen in daily practice. Some give clues to the underlying



pathology, whereas others can lead to mismanagement if not correctly
interpreted. Clinically relevant artifacts are discussed in the lung section.

KIDNEYS AND BLADDER
Focused ultrasound of the kidneys and bladder is useful in the workup of
acute kidney injury (AKI) to identify structural abnormalities and exclude
ureteral or bladder outlet obstruction.10 The kidney is scanned with an
abdominal probe just subcostally in the coronal plane (oriented
superoinferiorly) with the patient supine taking care to fan through the entire
organ in two planes using the liver as an acoustic window (permitting ready
transmission of sound waves) on the right and the spleen on the left.11

Hydronephrosis is visualized as confluent, arborizing anechoic spaces within
the medullary sinus fat and can be graded as mild, moderate, or severe.10,12

False positives include parapelvic cysts that appear as discrete anechoic
structures with posterior acoustic enhancement and prominent kidney
vasculature, which can be identified with Doppler.11,13 Mild hydronephrosis
can be observed under states of high urinary flow such as with diuresis or
diabetes insipidus, in pregnancy, or in the transplanted kidney because of
denervation.10 False negatives can arise in early obstruction, malignancy, or
with retroperitoneal fibrosis10 (Figures 18.1 and 18.2) (Visual Abstract
18.1).



FIGURE 18.1: A: Normal kidney with parenchyma hypoechoic to the liver. B: Normal kidney
with parenchyma isoechoic to the liver. C: Diseased kidney with parenchyma hyperechoic to
the liver. D: Diseased kidney with parenchyma markedly hyperechoic to the liver.
From Khati NJ, Hill MC, Kimmel PL. The role of ultrasound in kidney insufficiency: the
essentials. Ultrasound Q. 2005;21(4):227-244. Figure 2.

FIGURE 18.2: A: Mild hydronephrosis, note dilatation of minor calyces appearing as an
anechoic space within the hyperechoic kidney sinus fat. Reproduced with permission. B:
Moderate hydronephrosis, note dilatation of major and minor calyces appearing as anechoic
space displacing hyperechoic kidney sinus fat. White arrow indicates ureteral stent. Yellow



arrow indicates dilated proximal ureter. From Koratala A, Bhattacharya D, Kazory A. Point of
care renal ultrasonography for the busy nephrologist: a pictorial review. World J Nephrol.
2019;8(3):44-58.

The bladder is best visualized with an abdominal transducer just above the
pubic symphysis appearing as a rounded anechoic structure.11 Ultrasound
can be used to estimate the bladder volume scanning in two planes (Visual
Abstract 18.2).12 Size can be ascertained approximating as an ellipse using
the following formula: volume = 0.52 × length × width × height.12

Inappropriate distention can suggest obstruction because of prostatic
hypertrophy, medications, or a malfunctioning urethral catheter.14 Presence
of bilateral ureteral jets on Doppler ultrasonography argues against but does
not exclude ureteral obstruction.14

LUNG
Originally thought to be valueless because of the presence of ultrasound
artifacts, in the past 30 years lung ultrasound has become integral to the
practice of critical care medicine. Lung ultrasound can detect and diagnose
pneumothorax, pleural effusion, consolidation, acute cardiogenic pulmonary
edema (ACPE), and acute respiratory distress syndrome (ARDS).15-18

Normal lung can be scanned using most ultrasound transducers, with
cardiac transducers fitting between two rib spaces and linear transducers
giving higher resolution of the pleural line.19 Deep to the skin, the visceral
and parietal pleura are visible as a single hyperechoic line with to-and-fro
motion visible with respiration termed “lung sliding.”18 Deep to the pleural
line, no anatomic detail is visible under normal circumstances because of
reverberation artifacts arising from the high-impedance mismatch between
the pleural surface and air in the alveoli.18 These reverberation artifacts are
visualized as hyperechoic horizontal lines at integer multiples of the pleural
depth and termed A-lines.18 A-lines represent a well-aerated lung but can be
present in patients with dyspnea because of pneumothorax or airways
disease.18,20

Numerous scanning patterns have been developed with varying utility
based on indication. The bedside lung ultrasound in emergency (BLUE)
protocol scans three points in each hemithorax and has been demonstrated to
be a useful algorithm for rapidly differentiating causes of acute dyspnea.17 In



addition to A-lines, the BLUE protocol relies on observation of other lung
ultrasound artifacts to parse the differential diagnosis.17 The presence of lung
sliding rules out pneumothorax at that point.20 The absence of lung sliding is
suggestive of pneumothorax and when paired with a “lung point” (the
junction between lung sliding and absent sliding) is 100% specific for
pneumothorax, outperforming CXR20-22 (Figure 18.3).

FIGURE 18.3: Normal lung ultrasound appearance. Note the hyperechoic pleural line with A-
lines arising as horizontal lines at integer intervals of the pleural depth. This is a normal, well-
aerated lung, though this pattern can arise in airways disease such as chronic obstructive
pulmonary disease and asthma. Reproduced with permission from nephropocus.com.
Accessed November 5, 2020.

B-lines are hyperechoic vertically oriented reverberation artifacts arising
from impedance mismatch at the pleural surface and radiating to the edge of
the ultrasound field, abolishing A-lines.17 One B-line per field is normal,
whereas more than two are pathologic, with number of B-lines rising
quantitatively with increased fluid in the lung.23-25 When present focally, B-
lines are suggestive of pneumonia or atelectasis and when present diffusely
suggest ACPE when homogeneous or ARDS when nonhomogeneous and



are associated with thickened pleural lines and subpleural consolidations.26-28

One potential confounder is the presence of diffuse interstitial lung disease,
which presents as a diffuse homogeneous B-line pattern associated with
thickened pleural line.29

B-lines are correlated with the extent of extravascular lung water. In
hemodialysis patients, B-lines outperform the physical exam in the detection
of fluid overload, decrease dynamically with ultrafiltration, and correlate in a
dose-dependent fashion with adverse cardiovascular outcomes.30-32 More
broadly, lung ultrasound outperforms CXR for the identification of acute
heart failure, and in combination with lower extremity venous compression
study, the BLUE protocol correctly diagnosed 90.5% of intensive care unit
(ICU) patients with acute dyspnea.16,17,33

A pleural effusion is visualized as an anechoic space displacing the lung
artifact pattern described earlier.23 A pleural effusions transmit sound waves
well and often the vertebral spine can be visualized posteriorly though it is
not normally obscured, termed “spine sign.”34 Lung ultrasound can easily
detect even small pleural effusions and outperforms physical exam and chest
x-ray.29 Ultrasound often distinguishes transudative from exudative pleural
effusions, the latter more likely to have echogenic material and contain
loculations and septations.23 Finally, ultrasound is useful to quantify pleural
effusions and guide thoracentesis with lowered rate of complications.35

Most lung consolidations reach the pleura and are visible on lung
ultrasound. Depending on position and size, they can appear as small
pleural-based densities to tissue-like consolidations.36 Consolidations appear
with an irregular border with normal well-aerated lung termed the “shred
sign” or C-profile often associated with B-lines deep to the consolidation.36

Again, lung ultrasound outperforms CXR, with meta-analyses studying lung
ultrasound for pneumonia consistently demonstrating sensitivities and
specificities in the 80% to 90% range37-41 (Figure 18.4) (Visual Abstract
18.3).



FIGURE 18.4: Lung ultrasound with B-lines. This image is taken from a patient with
cardiogenic pulmonary edema. Note the hyperechoic B-lines running vertically and
emanating from the pleural line. Reproduced with permission from nephropocus.com.
Accessed November 5, 2020.

CARDIAC
Distinct from traditional referral transthoracic echocardiography (TTE),
focused cardiac ultrasound (FOCUS) is limited cardiac ultrasound performed
at the bedside by the treating intensivist as the case unfolds, guiding therapy
in real time especially for patients with undifferentiated shock. FOCUS is
not meant to replace referral TTE for comprehensive valvular assessment,
assessment for wall motion abnormalities, or other primary cardiac
indications. The four basic FOCUS views are the parasternal long axis
(PSLA), parasternal short axis (PSSA), apical 4-chamber (A4C), and
subcostal (SC) views. Each view is obtained systematically with a dedicated
cardiac transducer.42-44

The first view is the PSLA view obtained with the transducer in the
second to fourth intercostal space precordially on the patient’s left with
indicator to the right shoulder. This view includes images of the mitral valve
(MV) and aortic valve (AV) as well as permitting the assessment of left
ventricle (LV) size and function. LV ejection fraction (EF) is estimated
visually based on fractional shortening of the LV and excursion of the MV
toward the ventricular septum termed E-point septal separation (EPSS). The



right ventricle (RV), left ventricular outflow tract (LVOT), and left atrium
(LA) are also visible to the right, allowing for gross comparisons of chamber
sizes. Pericardial effusion can be seen as anechoic fluid anterior or posterior
to the heart, though fluid posterior to the descending aorta is a left-sided
pleural effusion (Figure 18.5).

FIGURE 18.5: Parasternal long-axis view. LA, left atrium; LV, left ventricle; LVOT, left
ventricular outflow tract; MV, mitral valve; P, pericardium; RA, right atrium. Original by SP.
Altered by NR.

From the PSLA, the transducer is rotated so that the indicator is facing the
patient’s left shoulder to obtain the PSSA view. In the PSSA, the LV appears
as a circle with the RV up and to the left. Here EF is visually estimated at the
level of the papillary muscles. Bowing of the interventricular wall in the LV
can give an indication of severely elevated right-sided pressures (D-sign).
Additional information can be obtained by angling the transducer up toward
the AV or down to the cardiac apex44,45 (Figure 18.6).



FIGURE 18.6: Parasternal short-axis view at the level of the papillary muscles. LV, left
ventricle; RV, right ventricle. S, septum; PM, papillary muscle. Original by SP. Altered by NR.

Next is the A4C obtained with transducer lateral to the midclavicular line
at the fourth and fifth intercostal space ideally at the patient’s point of
maximal impulse, indicator toward the patient’s left axilla. Left lateral
decubitus positioning is preferred. Here the atria and ventricles are seen side
by side, allowing for chamber size comparisons across the interventricular
septum. A normal RV to LV ratio is 0.6 to 1. The MV and tricuspid valve
(TV) are seen separating the atria and ventricles. Tricuspid annular plane
systolic excursion (TAPSE) is the extent of up-and-down motion of the TV
between systole and diastole and can be used to estimate RV systolic
function, most often using M-mode. By angling the transducer toward the
bed, the LVOT can be visualized permitting measurements of cardiac output
using the velocity-time integral (VTI)44,45 (Figure 18.7).



FIGURE 18.7: Apical four-chamber view. LA, left atrium; LV, left ventricle; RA, right atrium;
RV, right ventricle. Original by SP. Altered by NR.

The final FOCUS view is the SC view with transducer just inferior to the
xiphoid process with horizontal orientation, indicator toward the patient’s
left using the liver as an acoustic window. With all four chambers again
visualized, the SC view can be a good view for overall cardiac function and
may be the only feasible view in patients with hyperinflated lungs because of
airways disease or positive pressure ventilation as well as patients
undergoing cardiopulmonary resuscitation (Figure 18.8). From here the
transducer is rotated to view the inferior vena cava (IVC) in long axis. To
confirm the IVC, continuity with hepatic veins is noted, and the aorta is
visualized immediately to the patient’s left. The IVC is gauged 2 cm below
the diaphragm. Though IVC assessment is confounded by multiple factors, a
flat and collapsible IVC can suggest a volume responsive state, whereas a
distended and noncollapsing IVC can be seen with intravascular volume
expansion, cardiac tamponade, or pulmonary embolism44,45 (Figure 18.9).



FIGURE 18.8: Subcostal view. LA, left atrium; LV, left ventricle; RA, right atrium; RV, right
ventricle. Original by SP.

FIGURE 18.9: Inferior vena cava (IVC) in long axis. Original by SP.

INTEGRATIVE ULTRASOUND
In the ICU, FOCUS can be combined with lung ultrasound, abdominal
ultrasound for free fluid, and vascular assessment in the Rapid Ultrasound in



1.

2.

3.

Shock (RUSH) protocol. Systematic multiorgan assessments such as the
RUSH protocol are complementary to the history and physical exam in
patients with shock. As the physician gathers information, patterns emerge.

For instance, a large pericardial effusion with dilated IVC and B-line
pattern on lung ultrasound suggests obstructive shock because of cardiac
tamponade. In another scenario, a dilated and hypocontractile RV is seen on
FOCUS with dilated IVC and A-line pattern, which together push the
observer toward considering pulmonary embolism. Finally, consider a
patient with a hyperdynamic LV with a flat and collapsing IVC and lung
consolidation with subjacent pleural effusion, which speaks toward septic
shock because of pneumonia. Although these cases are illustrative, outcomes
data are limited to date. However, available data demonstrate that such
protocols add or confirm clinical information and guide decision-making in
patients with shock.43,46-48

CONCLUSION
POCUS is a crucial skill to master in the critical care setting. Significant
information can be obtained on cardiac function and volume status, allowing
for rapid narrowing of differential diagnosis in hypoxemia, shock states, and
AKI. The falling cost of high-quality ultraportable ultrasound devices will
mean that they are regularly available. Medical students and residents are
integrating POCUS into their daily practice and medical decision-making.
Critical care nephrologists must develop the skill set needed for both image
acquisition and interpretation just to keep up with evolving practice patterns.
The current pace of innovation and adoption makes outcomes research in
POCUS of crucial importance. The time is now to establish the evidence
base for future applications.
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Sodium Homeostasis and Hyponatremia
in the Intensive Care Unit
Mohammad Y. Alsawah, Awais Zaka, and Joel M. Topf

SODIUM PHYSIOLOGY
Dysnatremia refers to abnormal sodium concentration. Edelman defined the
determinants of serum sodium concentration in 1958 in a landmark study1

(see Equation 19.1).

[Na] = [1.03 (Nae + Ke)/TBW] − 23.8

where Nae is the exchangeable sodium, Ke is the exchangeable potassium
(essentially the sodium and potassium that are in solution rather than locked
in bones), and TBW is total body water. Simplified, Edelman showed that
the sodium concentration is proportional to the total exchangeable sodium
plus exchangeable potassium divided by total body water. Total body water
normally represents 60% of body mass in a lean male, less in women, more
in children and infants. Total body water also is decreased in the elderly and
the obese. In response to changes in tonicity, the homeostatic mechanisms
adjust total body water. Increases in tonicity stimulate the release of both
antidiuretic hormone (ADH) and thirst. In response to decreases in tonicity,
ADH is suppressed, increasing renal water excretion. Sodium concentration
is regulated by changing the denominator (total body water), not by
changing the numerator (total body exchangeable sodium and potassium).



Not all solutes are osmotically active. Urea, ethanol, and glucose (in the
presence of adequate insulin) are all ineffective osmoles and can accumulate
without influencing the movement of water across body compartments.
Effective osmoles are particles that are functionally impermeable to the
membrane and can osmotically move water.

Osmolality is the concentration of all particles in solution regardless of
whether or not they can osmotically move water. The important osmoles
in plasma are sodium, chloride, albumin, urea, and glucose.
Tonicity is the concentration of osmotically active particles in solution.
The principal tonic particles in plasma are sodium and chloride.

Changes in sodium concentration cause symptoms by causing a change in
tissue size. Increases in plasma sodium cause water to flow out of the
intracellular compartment into the extracellular compartment. Decreases in
the extracellular sodium concentration cause water to move into the
relatively hypertonic intracellular compartment, increasing tissue size. This
has particular relevance in the brain where the calvaria limits brain swelling,
resulting in increased intracellular pressure and causing the most prominent
and dangerous symptoms of hyponatremia. The symptoms of dysnatremia
are largely due to the consequences of redistributing total body water
between the intracellular and extracellular compartments.

Electrolyte Free Water Clearance
Evaluating dysnatremia requires sophisticated assessment of water balance.
Urinary excretion of hypotonic urine raises the serum sodium as total body
water falls, whereas excretion of hypertonic urine actually represents the
generation of free water and can lower plasma sodium. However, in addition
to effective osmoles, urine can contain significant urea, an ineffective
osmole, so urine osmolality may not be a good clue as to how urine
production affects serum sodium. For example, in heart failure, the kidneys
produce concentrated urine with only modest amounts of sodium and
potassium, but this urine will raise the serum sodium despite being
concentrated. The opposite situation occurs with syndrome of inappropriate
antidiuretic hormone secretion (SIADH) where the concentrated urine is



composed of a high concentration of urine sodium, so the production of this
urine lowers serum sodium (see Figure 19.1).

FIGURE 19.1: Comparison of the electrolyte free water clearance in a typical case of heart
failure–induced hyponatremia and a case of syndrome of inappropriate antidiuretic hormone
secretion (SIADH). In heart failure, the kidney is appropriately getting rid of electrolyte free
water, but the patient develops hyponatremia because there is insufficient production of this
appropriate urine. In SIADH, the kidney is producing urine with a negative electrolyte free
water clearance, so at least in this example, for every 800 mL of urine the patient makes,
they are actually adding 250 mL of water to the body, further diluting the sodium.

What is important is tracking the tonicity of the urine (urine Na + urine K)
that will affect serum tonicity. The best way to differentiate these cases is the
use of electrolyte free water clearance (see Equation 19.2). The idea is to
divide the urine output into an electrolyte component and an electrolyte free
water component. The electrolyte component contains all of the urinary
cations at the same concentration as the plasma sodium concentration. Loss
of this isotonic component does not change serum tonicity and, in regard to
its effect on serum sodium, it can be ignored. The balance of the urine output
is the electrolyte free water component and this does affect serum sodium
and is the key number when looking at regulating serum sodium.



(Eq 19.2)
Electrolyte free water clearance = urine output × [1 − ([urine Na + urine

K]/serum Na)]

When the urine sodium plus urine potassium is greater than the serum
sodium, the electrolyte free water clearance will be negative, meaning that
despite making urine the patient is generating electrolyte free water (not
clearing it) and producing this urine will dilute the serum sodium further.
This effect is usually only seen in SIADH, where the elevated urine sodium
pushes the electrolyte free water clearance negative; in both heart failure and
volume depletion, the urine sodium is low enough that the electrolyte free
water clearance does not become negative. This is clinically relevant
because patients with a negative free water clearance will not correct their
sodium with fluid restriction alone.

HYPONATREMIA
Hyponatremia is the most common electrolyte abnormality, affecting
roughly 15% to 20% of emergency hospital admissions.2 Hyponatremia is
associated with increased length of stay, as well as increased hospital
morbidity and worse outcomes in heart failure and cirrhosis.3 So
hyponatremia is both common and dangerous. What makes hyponatremia
particularly frightening is that inadequate therapy in acute hyponatremia can
be dangerous and life threatening but being too aggressive in chronic
hyponatremia can be just as dangerous and devastating.4

Clinical Signs and Symptoms
In hyponatremia, the drop in serum sodium causes water to move into the
intracellular compartment. This is most problematic in the brain where
hyponatremia results in increased intracranial pressure, driving most of the
symptoms of the hyponatremia. In addition to increases in intracranial
pressure, other findings include gait disturbances, increased fall risk,
cognitive deficits, osteoporosis, and increased risk for fractures.5,6

Management of Symptomatic Hyponatremia
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Management of hyponatremia depends on the severity of symptoms.
Therefore, it is crucial to understand the symptoms of hyponatremia and be
able to classify them as severe or moderate (Table 19.1). Also, because
many of the symptoms of hyponatremia are nonspecific, it is important to try
to establish causality between hyponatremia and symptoms. For example, if
hyponatremia is mild and symptoms are severe, there may be an additional
underlying etiology. Likewise, if the symptoms persist despite an increase in
the serum sodium, an alternative etiology should be sought.2

Classification of Symptoms of Hyponatremia

Moderately Severe Hyponatremia Severe

Nausea without vomiting Vomiting

Confusion Cardiorespiratory distress

Headache Abnormal and deep somnolence

Seizures

Coma (Glasgow coma scale ≤8)

Because many of these symptoms are nonspecific, clinicians must adjudicate whether any
symptom is due to the hyponatremia. Attention should be spent on the temporal relationship
between the symptoms and the hyponatremia to ensure that symptoms attributed to
hyponatremia do not precede the hyponatremia.
From Spasovski G, Vanholder R, Allolio B, et al. Clinical practice guideline on diagnosis and
treatment of hyponatraemia. Eur J Endocrinol. 2014;170(3):G1-G47.

Management of Hyponatremia With Severe Symptoms
Severe symptomatic hyponatremia can lead to permanent brain damage and
death. Severe symptoms result from cerebral edema because of an acute drop
in effective osmolality.7 Observational studies and clinical experience
indicate that a 5 mmol/L increase in serum sodium concentration is
sufficient to improve symptoms and can reduce intracranial pressure by 50%
within an hour.8,9 This can be achieved by using small infusions of 3%
saline. For example, the European Clinical Practice Guidelines on
Hyponatremia recommend repeatedly giving 150 mL of 3% NaCl for severe
symptomatic hyponatremia every 20 minutes until the sodium has gone up
by 5 mmol/L or the symptoms improve.2



(Eq 19.3)

If the symptoms improve, then further correction of hyponatremia
depends on determining the specific etiology of the hyponatremia and
treating appropriately with care not to increase sodium more than 8 mmol/L
over any 24-hour period to minimize the risk of osmotic demyelination
syndrome (ODS).

If the symptoms do not improve after the sodium has gone up by 5
mmol/L, the sodium should be increased at 1 mmol/L/hr until the sodium
has gone up by a total of 10 mmol/L. If the symptoms still have not
improved, it is unlikely that the symptoms are due to the hyponatremia and
alternative explanations should be sought. Adrogué and Madias’ change in
sodium formula (Equation 19.3) can be used to estimate the amount the
serum sodium would rise with an infusion of 1 L of 3% saline.10 From this
information, a rate can be estimated. In typical adults, this should be around
1 mmol/L increase for every 100 mL of 3% saline. In multiple retrospective
reviews, this widely used equation was shown to profoundly underestimate
the change in sodium; thus, frequent reassessment of the serum sodium and
adjustment of the infusion rate are necessary to prevent inadvertent
overcorrection of hyponatremia.11,12

Change in serum sodium = [(infusate Na + infusate K) − serum Na/total
body water]

This calculates how much the sodium will rise following an infusion of 1
L.

Management of Hyponatremia With Moderately Severe
Symptoms
In patients with less severe, non–life-threatening symptoms, the focus should
be on determining the specific etiology followed by cause-specific therapy.
The European Guidelines point out that any further drop could worsen the
symptoms and recommend an initial bolus of 150 mL of 3% saline over 20
minutes. Care should be taken to prevent the sodium from going up by more
than 8 mmol/L in 24 hours to prevent ODS.2 In patients at high risk of ODS
(see Table 19.2), consideration should be given to correcting the sodium
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even slower.13 Cases of ODS despite guideline-based correction speeds have
been reported.2,14

Risk Factors for Osmotic Demyelination
Syndrome

Serum sodium <120 mmol/L

Rapid correction of hyponatremia (>8 mmol/L/d)

Hypokalemia

Alcohol abuse

Malnutrition

Liver disease (and especially liver transplant)

If a patient is at risk of ODS and the sodium has increased too fast,
consideration should be given to relowering the sodium. This reduces
mortality from ODS in rats and has been done successfully in humans.15-17

Steroids, specifically dexamethasone, have been suggested as an alternate or
additional therapy for rapid increases in sodium, though human and animal
data are thin.13

Management of Asymptomatic Hyponatremia
Chronic hyponatremia is common and is associated with an increased risk of
death, both in and out of the hospital.3 It remains unclear, however, whether
it is the hyponatremia itself or the underlying disease that is the cause of the
poor outcomes. There are no data pointing to improved patient outcomes
following the treatment of hyponatremia, whereas mistreatment is associated
with devastating patient outcomes.

The absence of hyponatremic symptoms in the face of significant
hyponatremia indicates that the patient has adapted to the decreased serum
tonicity by ejecting osmotically active solutes from the intracellular
compartment, allowing the cells to return to its normal size. However, this
puts these cells at risk of becoming relatively hypotonic if the serum sodium
is rapidly corrected. Water then leaves the cells, causing them to shrink,



resulting in a neurologic syndrome called ODS (see Figure 19.2).
Preventing this complication becomes the overriding concern in the
management of asymptomatic hyponatremia. Instead of intervening to raise
the serum sodium, the focus is on determining the etiology and reversing it
while preventing the sodium from rising too quickly. It is often difficult to be
certain if the hyponatremia is acute or chronic, but in asymptomatic patients,
the conservative approach is to assume it is chronic and to limit the increase
in sodium to no more than 8 mmol/L/d.

FIGURE 19.2: In acute hyponatremia, cells are hypotonic to plasma so water flows into
them, causing cerebral edema. Cells compensate by ejecting intracellular solutes, resulting
in restoration of cell volume at a lower intracellular tonicity. If the sodium is rapidly corrected,
the cells are now relatively hypotonic to the extracellular compartment and water leaves the
cell, causing the cell to shrink leading to osmotic demyelination syndrome (ODS).

The speed of correction of chronic hyponatremia is not the only risk factor
for ODS. Malnutrition, hypokalemia, and liver disease all increase the risk of
ODS (see Table 19.2).

In some situations, specific treatments of hyponatremia are so effective
that patients will autocorrect their hyponatremia faster than 8 mmol/L/d.
Diagnosis where this is common include: psychogenic polydipsia, tea and
toast syndrome, volume depletion, thiazide-induced hyponatremia, and
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adrenal insufficiency. In these situations, preventing rapid increases in serum
sodium is the primary concern. The traditional method of handling this is to
monitor urine output and serum sodium and to add D5W and desmopressin
(DDAVP) if the sodium starts to rise too fast or the urine output starts to
increase.18 DDAVP is a synthetic form of ADH that is a selective V2 agonist.
DDAVP increases collecting duct water permeability, resulting in a small
volume of concentrated urine but does not trigger the V1-induced
vasoconstriction. A more proactive approach is to start DDAVP at the outset
of the treatment of hyponatremia; this is called a DDAVP clamp (Table
19.3).19 In addition to the DDAVP, the patients require a 3% saline infusion
to correct the hyponatremia.

DDAVP Clamp Protocol

Stop any maintenance fluids.

Start DDAVP 2 μg IV q8h.

Start 3% NaCl (1-1.5 mL/kg over 6 hr).

Fluid restrict patient to 1.2 L/d.

Monitor sodium q2h initially. Once the sodium is rising predictably, decrease frequency to
q4-6h.

Adjust 3% NaCl infusion rate to achieve correction of <8 mmol/L/d. Try to avoid adjusting
the rate more than q6h. Look at the sodium trend rather than the latest value.

Continue 3% and DDAVP until the sodium is 125-130.

DDAVP, desmopressin; IV, intravenous.
Not to be used in patients with volume overload or symptomatic hyponatremia.

Cause-Specific Treatment
General Management
After the immediate treatment of symptomatic hyponatremia, physicians
should determine the cause of the hyponatremia and provide specific
therapies directed at the etiology.

The cause of hyponatremia can be quickly sketched out in flowcharts (see
Figure 19.3), but none of the tests have sufficient sensitivity or specificity to



make an accurate diagnosis straightforward. A thorough history, a careful
assessment of the patient, and judicious use of the laboratory can allow
cagey physicians to come up with a preliminary diagnosis.

FIGURE 19.3: Hyponatremia diagnostic algorithm. Hypothyroidism is grayed out because
though it has traditionally been included as a cause of euvolemic hyponatremia, lately this
has been questioned and best evidence suggests this is rarely a cause of clinically
significant hyponatremia and when it does cause hyponatremia it is through associated heart
failure so these patients will be hypervolemic, not euvolemic.20 Kidney failure is in orange to
point out that though it is ADH independent, these patients will not have the dilute urine seen
in the other causes of ADH-independent hyponatremia. The urine in kidney failure is close to
isosmotic with plasma. ADH, antidiuretic hormone; BUN, blood urea nitrogen; GI,
gastrointestinal; SIADH, syndrome of inappropriate antidiuretic hormone secretion.

After finding low serum sodium, a serum osmolality should be checked. A
normal or elevated osmolality is unexpected and has a narrow differential
that should be explored.21 One explanation is systematic lab error that occurs
with elevated lipids or proteins in the blood sample. This is a case of
pseudohyponatremia and should be addressed by looking at serum glucose,
lipids, and total protein. The increased glucose will osmotically draw water
from the intracellular compartment and dilute the serum sodium. This is
reversible and the sodium will go back up when the glucose is corrected.
What the sodium will be with a normal glucose can be calculated from the
current sodium and the serum glucose (see Equation 19.4).



(Eq 19.4)Adjusted sodium = Na + 1.6 × (glucose/100)

After low serum osmolality is confirmed, urine osmolality should be
assessed. A urine osmolality less than 100 indicates suppressed ADH,
leaving a limited differential for hyponatremia including insufficient solute
intake (beer drinker’s potomania, tea and toast syndrome) or primary
polydipsia. Kidney failure is on this list, as these patients develop
hyponatremia from oliguria because of decreased glomerular filtration rate
(GFR), rather than increased ADH.

A urine osmolality greater than 100 indicates increased ADH as the
driving factor in hyponatremia. There are a number of diagnoses here and
they are best categorized by volume status. However, caution is urged before
overindexing on perceived volume status as even experienced clinicians
make mistakes with this assessment.22 Hypervolemic and hypovolemic
causes of hyponatremia will typically have low urine sodium and elevated
serum uric acid. Euvolemic hyponatremia will be associated with high urine
sodium and low serum uric acid.

Expanded Extracellular Fluid Volume
Patients with expanded extracellular fluid volume have a primary condition
that causes intense renal sodium conservation. Giving these patients 3%
saline risks worsening the fluid overload. Interventions should focus on
restoring normal volume status and correcting the primary condition.

Heart Failure
In hyponatremia associated with acute decompensated heart failure, the
primary therapy is fluid restriction along with loop diuretics, in addition to
other treatments to improve the underlying heart failure (i.e., vasodilators,
inotropes). If serum sodium does not improve, consideration should be given
to tolerating mild to moderate asymptomatic hyponatremia without further
intervention. Hyponatremia in heart failure is a poor prognostic sign, but no
data show improved outcomes with correcting hyponatremia. ADH receptor
antagonists, either intravenous (IV) conivaptan or oral tolvaptan, would be
appropriate agents to increase serum sodium although they have not been
shown to improve heart failure outcomes.23



Cirrhosis
Fluid restriction is the primary therapy for hyponatremia in cirrhosis.
Hypertonic saline should be used with caution in cirrhosis as it will increase
ascites. The use of vaptans in cirrhosis should be done only with caution
because of the risk of hepatotoxicity. Additionally, conivaptan, a combined
V1a/V2 receptor antagonist, can increase portal blood flow by blocking V1
in the splanchnic circulation, which may precipitate variceal bleeding.

Contracted Extracellular Volume
Significant hypovolemia stimulates the release of ADH that reduces the
electrolyte free water clearance, which is the source of the hyponatremia.
Correcting the volume depletion suppresses ADH releases, resulting in a
water diuresis and rapid correction of hyponatremia. In hemodynamically
unstable patients, the direct risk of decreased organ perfusion outweighs the
potential risk of rapid increases in the serum sodium level so volume
resuscitation with isotonic crystalloids should continue until blood pressure
is restored and the patient has clinical euvolemia. This is an ideal clinical
scenario to consider a DDAVP clamp, to prevent resuscitation fluids from
rapidly raising the serum sodium.

In patients with an equivocal volume estimate, it is not always easy to
differentiate between volume depletion and euvolemic causes of
hyponatremia like SIADH. A fluid challenge in these situations can be both
diagnostic and therapeutic. With volume depletion, administering isotonic
saline leads to an increase in both the serum sodium and urine sodium. In
SIADH, administering saline also results in an increase in urine sodium;
however, serum sodium may fall as the administered sodium is excreted in a
small volume of concentrated urine and the water is retained. In cases where
there is a possibility that the primary diagnosis is SIADH and the plan is to
give a fluid challenge as a diagnostic maneuver, consideration should be
given to using 3% saline in cases where the sodium is already critically low
(<120 mmol/L) to avoid dropping the sodium even further.

Gastrointestinal and Diuretic-Induced Hyponatremia
After urgent fluid resuscitation to stabilize blood pressure, tailor the
repletion fluid to correct additional electrolyte abnormalities. Because



potassium has the same effect on serum sodium as sodium does (see the
Edelman formula, Eq 19.1), correcting hypokalemia puts patients at risk for
inadvertent, rapid correction of hyponatremia. This may contribute to
hypokalemia being an independent risk factor for ODS.

Patients with thiazide-induced hyponatremia are at high risk for
recurrence of sodium abnormality and should not be rechallenged with a
thiazide agent.24

Cerebral Salt-Wasting Syndrome
Patients who develop hemodynamic instability and frank volume depletion
in response to fluid restriction have cerebral salt wasting (CSW), and
patients whose urine volume decreases and sodium improves with fluid
restriction have SIADH. The overwhelming majority of patients in the
neurosurgical setting with hyponatremia after subarachnoid hemorrhage,
trauma, or surgery have SIADH, not CSW. A high urine output and urinary
sodium content during sodium infusion are insufficient evidence to
differentiate between CSW and SIADH because patients with SIADH will
excrete any administered sodium and fluid to maintain balance. Similarly,
reduced uric acid and blood urea nitrogen (BUN) in serum occur in both
CSW and SIADH, offering no help in diagnosis. Diagnosis of CSW requires
demonstration of a period of inappropriate renal sodium and fluid loss
preceding the development of volume depletion and hyponatremia.

Mineralocorticoid Deficiency
Mineralocorticoid deficiency is typically a chronic hyponatremia. Volume
repletion with isotonic saline is the mainstay of therapy. A spontaneous
aquaresis with rapid correction of hyponatremia may occur once the volume
deficit is replete; frequent monitoring of serum sodium is essential. Acquired
mineralocorticoid deficiency severe enough to lead to volume depletion and
hyponatremia occurs only with bilateral adrenal failure from adrenal
destruction or adrenalectomy. As such, patients presenting with
mineralocorticoid deficiency should be suspected to have glucocorticoid
deficiency as well. Presumptive glucocorticoid deficiency should be treated
with stress-dose hydrocortisone (e.g., 50-100 mg of hydrocortisone given
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parenterally every 8 hours). Once the diagnosis is confirmed, treatment can
be started with fludrocortisone.

Management of Euvolemic Hyponatremia
Syndrome of Inappropriate Antidiuretic Hormone Secretion
In SIADH, patients have unregulated release of ADH, which results in
continuous renal water retention. These patients are roughly in sodium
balance, so that sodium intake is equivalent to sodium excretion; however,
the sodium is excreted in a small volume of urine because of excess,
unregulated ADH. The sodium excretion in a small volume of concentrated
urine creates the high urine sodium, differentiating it from the hypo- and
hypervolemic etiologies of hyponatremia. SIADH occurs in a variety of
circumstances including malignancy, central nervous system (CNS) disease,
pulmonary disease, and as medication induced (see Table 19.4).25

Causes of SIADH



Restricting water intake below urine volume should get patient’s sodium
to rise. However, this often means highly restrictive and uncomfortable fluid
restrictions. Because urine osmolality is fixed in SIADH, the only way to
increase urine volume is by increasing the solute load. This can be done with
salt tablets, high-protein diet, or urea tablets. Alternatelively, one could look
to vaptans to block ADH and allow patients to lower urine osmolality.

Urea has been used to treat hyponatremia for a variety of conditions. Urea
is freely filtered by the glomerulus and quickly cleared in patients with
normal kidney function. The molecular weight of urea is 60 g/mol so a 15 g



dose has 250 mOsm of solute. If the patient has a urine osmolarity of 500,
this will increase urine output by half a liter.26 To get a similar osmolar load
from sodium chloride tablets would require seven 1-g tablets (there are 17
mmol of NaCl per 1 g NaCl, which dissociates to 17 mmol of sodium and 17
mmol of chloride). In a retrospective study of urea used for hyponatremia
among inpatients, Rondon-Berrios et al showed it to be safe and effective for
a variety of diagnoses including SIADH, heart failure, and cirrhosis.27

Antidiuretic Hormone–Independent Hyponatremia
In most cases of hyponatremia, the kidneys cannot clear excess water
because of the activity of excess ADH, either physiologic (hypovolemic and
heart failure) or nonphysiologic (SIADH). There are a few causes of ADH-
independent hyponatremia. In these cases, ADH is fully suppressed, the
urine is dilute but the patient is unable to make enough urine to compensate
for water intake. There are two clinical scenarios where this is seen,
compulsive water drinkers and low-solute hyponatremia.

Primary Polydipsia
A healthy adult kidney is able to make 18 L of urine a day. Some patients
drink more than this, exceeding the maximum water clearance. This is often
seen in schizophrenia. Treatment can be accomplished with simple water
restriction. As soon as water intake is curtailed, the body will rapidly clear
the excess water and the sodium will rise.

Low-solute hyponatremia results from low-solute intake such that urine
output is limited by the lack of solute. The lowest urine osmolality in most
patients is between 50 and 100 mOsm/L. In a patient where this number is
50, a low-osmolar diet with only 100 mOsm/d, the patient would only be
able to make 2 L of urine, far short of the 14 L possible with a normal
osmolar load of 700 mOsm/d. Diets low in osmoles include those based on
carbohydrate as seen in alcoholics, or in patients with minimal intake.
Because the insufficient urine output is due to decreased solute, increasing
the solute load will result in an immediate and brisk diuresis. In patients with
a urine osmolality of 50 mOsm/kg H2O, a liter of normal saline will result in
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Hypernatremia in the Intensive Care Unit
Joel M. Topf

Compared to hyponatremia, hypernatremia is easy. There is minimal
concern about acute versus chronic hypernatremia, mistreatment is not
associated with devastating clinical outcomes, and the diagnosis is usually
pretty straightforward.

The body protects itself from increases in tonicity by increasing water
intake by stimulating thirst and decreasing renal excretion of water
mediated through the action of antidiuretic hormone (ADH) binding to V2
receptors primarily in the medullary collecting duct. Thirst and water
drinking are so effective that even with a total absence of ADH activity, as
in complete diabetes insipidus (DI), people are able to maintain normal
tonicity through increased water intake. However, in the intensive care unit
(ICU), patients are often unable to respond to normal thirst because of
altered mentation, sedation, or intubation, so that primary defense is lost.
Although hypernatremia is incredibly uncommon in general laboratory
findings, it is seen in 6% to 25% of ICU patients, making this a common
electrolyte abnormality in the ICU.1-3

CLINICAL SIGNS AND SYMPTOMS
Increases in extracellular swelling cause water to move out of the cells,
causing cells to shrink, altering their function. The primary symptoms are
neurologic, including lethargy, weakness, irritability, seizures, and coma.4 It
also decreases insulin sensitivity.5 It can cause cramps, rhabdomyolysis, and
has been associated with decreased left ventricular function.6 The most



(Eq 20.1)

prominent symptom is thirst. Most worrisome finding is that really acute
rises in serum sodium can result in osmotic demyelination syndrome, as
seen with mismanagement of chronic hyponatremia.7

One of the most worrisome manifestations of hypernatremia is increased
morbidity and mortality. In study after study, hypernatremia comes up as a
risk factor for death.3,8,9 Although most believe this is a marker of
underlying severity of illness, this association persists despite being
controlled for all known confounders. Some have advocated using
hypernatremia as a marker of poor quality of care in the ICU.10

MANAGEMENT
The treatment for hypernatremia, like the treatment for most electrolytes, is
not grounded in solid randomized controlled trials or interventional trials.
Recommendations come from retrospective observational trials, combined
with basic physiology and expert opinion. The standard therapy for
hypernatremia is to provide enough electrolyte-free water to bring the
sodium concentration down to normal. In addition to providing water to
correct the deficit, water also needs to be provided to cover ongoing water
losses from renal or extrarenal sources. In cases of DI, this may be
substantial.

Calculating the Fluid Deficit
The calculation of the fluid deficit gives the percentage the sodium has
risen over normal (140 mmol/L) and then multiplies that percentage by the
estimated total body water. Total body water is estimated from the weight,
gender, and age of the patient. Gender and age are used to help estimate
percent body fat as adipose is largely anhydrous, so as percent body fat goes
up, the percent total body water goes down. Elderly and women tend to
have a higher percentage of body fat, though individuals vary. The standard
formula is shown in Equation 20.1.

Water deficit = Wt (kg) × (0.6 in children and men, 0.5 in women and
elderly men, 0.45 for elderly women) × (Serum Na/140 − 1)



(Eq 20.2)

When treating obese patients, use lower constants than listed in Equation
20.2.

Calculating Ongoing Losses
If patients have modest urine output, it is not so important to consider the
correction of hypernatremia, but as the urine output rises, it becomes more
and more important to include it in the treatment plan. A quick method to
estimate how to correct for ongoing losses is to ignore the first liter of urine
output. For urine output from 1 to 3 L, replace half the volume with
electrolyte-free water and then replace all the urine output greater than 3 L.
For example, for a patient making 6 L of urine a day,

0-1 L: ignore
1-3 L: replace half: 1 L
3-6 L: replace 3 L
Total replacement: 4 L of free water

A more precise calculation for replacing ongoing losses is to use the
electrolyte-free water clearance, see Equation 20.2.

Electrolyte-free water clearance = urine output × [1 − ([urine Na + urine
K]/serum Na)]

Administer the Fluid
The ideal fluid is enteral water. Often patients in the ICU have various
contraindications to enteral intake and in that case D5W can be used.
However, care should be used. Hypernatremia can increase insulin
resistance resulting in hyperglycemia, which can raise the osmolality and
stimulate osmotic diuresis, further increasing the serum sodium.11 Expert
consensus is to correct hypernatremia no faster than 0.5 mmol/L/hr or 12
mmol/d.12 However, a 2019 publication did not find any excess mortality or
morbidity in patients who were corrected faster than 0.5 mmol/L/hr.13 There
are some data showing increased risk of seizure with rapid correction in
infants, but there are no case series or even anecdotal data to suggest worse



outcomes with rapid correction in adults.14 There are, however, some data
showing worse outcomes with slow correction.15 Another difference
between the treatment of hypernatremia and hyponatremia is that
hyponatremia often spontaneously resolves during treatment and the
kidneys regain the ability to clear excess free water, so overcorrection is
common. This spontaneous resolution is rare in hypernatremia and
undertreatment is far more common than overtreatment.

Look for and Correct Causes of Increased Water Losses
Although a failure to drink water and respond to the normal thirst response
is the ultimate cause of hypernatremia, in most cases there is an additional
factor, that is, increasing water loss, either essentially electrolyte-free water
as with DI (central or nephrogenic) or hypotonic fluid as with diuretics or
osmotic diuresis. Steps should be taken to identify and correct this ongoing
water loss.

Correct osmotic diuresis (treat hyperglycemia, stop sodium-glucose
cotransporter 2 inhibitors [SGLT2i], stop mannitol)
Correct hypokalemia and hypercalcemia
Stop loop diuretics
Stop lithium

If the patient has nephrogenic diabetes insipidus (NDI), decrease urine
output with:

Thiazide diuretics and a low sodium diet
Nonsteroidal anti-inflammatory drugs (NSAIDs)
Acetazolamide. This newer therapy is particularly effective in lithium-
induced NDI.16

DIAGNOSIS
The cause of hypernatremia is always a failure to drink and the etiology is
then typically obvious from the clinical scenario: altered mental status,
unconsciousness, intubated on a ventilator, increased insensible losses from



burns, surgical wounds, or other losses. But often there is an additional
factor that drives the hypernatremia. It fits in one of three categories:

1. Extrarenal water loss because of diarrhea, sweating, large open (usually
abdominal) wounds, fever, burns.

2. Renal water losses because of an inability to adequately concentrate
urine, resulting in loss of hypotonic fluid. This happens with loop
diuretics, osmotic diuresis, and the polyuric phase of recovery from acute
tubular necrosis (ATN). This also occurs with DI discussed more later.

3. Excess sodium intake. A number of intravenous (IV) infusions can
increase the sodium load predisposing to hypernatremia. A 50 mL
ampule of sodium bicarbonate has a sodium concentration of 1,000
mmol/L. Resuscitation efforts that use multiple doses of sodium
bicarbonate can leave a patient with hypernatremia. Sodium ingestions,
intension or accidental, can also cause hypernatremia.17,18 Some drugs
also contain a significant sodium load—ticarcillin has 5 mmol/g,
resulting in almost 70 mmol of sodium a day at 3.375 g q6h.
Ciprofloxacin has 78 mmol of sodium per gram.

DIABETES INSIPIDUS
DI is an inability of the kidney to conserve water. These patients make large
amounts of dilute urine, up to a liter an hour. If patients are able to drink,
they will keep their sodium in the normal range at the expense of profound
polyuria and polydipsia. If these patients are made NPO (nil per os), lose
consciousness, or for some other reason cease to have access to water, they
will rapidly dehydrate as they produce high volumes of hypotonic urine and
become hypernatremic. The diagnosis can be made by finding hypotonic
urine in the presence of hypernatremia. To differentiate central from NDI, a
dose of desmopressin (dDAVP) can be given and patients will have one of
two responses: either the urine volume will fall and the urine concentration
will rise (look for the urine osmolality to rise 200 mOsm/kg H2O or above
600 mOsm/kg H2O), indicating central DI (CDI), or nothing will happen to
the urine concentration or flow rate, indicating NDI. (See Table 20.1).19
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Condition Urine Osmolality Before
dDAVP

Response to dDAVP

Normal 1,200 mOsm/kg H2O, but
may be lower in patients
with CKD

No increase in urine
osmolality or volume as
patients are already at
maximal ADH activity

Complete
central diabetes insipidus

Below 290 mOsm/kg H2O Urine osmolality rises by
200 mOsm/kg H2O and
usually above 500 mOsm/kg
H2O

Complete
nephrogenic diabetes
insipidus

No change in urine
osmolality

Partial
central diabetes insipidus

400-500 mOsm/kg H2O Urine osmolality rises by
200 mOsm/kg H2O

Partial
nephrogenic diabetes
insipidus

No change in urine
osmolality

ADH, antidiuretic hormone; CKD, chronic kidney disease; dDAVP, desmopressin.

Central Diabetes Insipidus
CDI is due to damage or alteration in function of either the posterior
pituitary or hypothalamus. Causes include: mass lesions, trauma, infiltrative
disease, infections, ischemic diseases, and postsurgical damage.20

Postsurgical CDI may follow a triphasic response:

1. Initially patients have diabetes insipidus with high urine output and a
rising sodium because of the acute insult to the pituitary, preventing any
release of ADH.

2. Following this, the pituitary breaks down, releasing stored ADH causing
the second phase resembling syndrome of inappropriate antidiuretic
hormone secretion (SIADH) with decreased urine output and falling
serum sodium.



TA B L E  2 0 . 2

3. After that comes the final stage of permanent CDI when the patient can
no longer produce or release ADH.

Patients with CDI following neurosurgery should get careful follow-up as
many times this is only temporary and water balance improves in the
perioperative period.

CDI is managed by pharmaceutical vasopressin 2 agonist, dDAVP. (See
Table 20.2).

Use of dDAVP

Oral dDAVP IV Nasal Spray

Start with 100 μg HS, titrate up to 200 μg to
prevent nocturia
Patients may need to increase the
frequency to BID or TID to control polyuria

1-2 μg IV bid 10 μg per spray
1-4 sprays divided over
three doses

dDAVP, desmopressin; IV, intravenous.

Nephrogenic Diabetes Insipidus
NDI is end-organ resistance to ADH. There are some rare congenital causes
of NDI because of mutations in the V2 receptor or the aquaporin-2 channel.
Additionally, the congenital salt wasting nephropathy, Bartter syndrome,
will cause NDI. More common in the ICU will be acquired forms of DI.
These can be drug induced, electrolyte induced, or during the recovery from
acute kidney injury.

Drug-Induced Nephrogenic Diabetes Insipidus
The prototypical cause of NDI is lithium. Lithium causes NDI in 55% of
long-term users.19 Initially this NDI is reversible but eventually it becomes
permanent. Loop diuretics prevent the generation of a concentrated
medullary interstitium, essential for making urine hypertonic to plasma.
Tolvaptan, an ADH antagonist used to slow the progression of polycystic
kidney disease, causes NDI. Demeclocycline, foscarnet, and amphotericin
B are also reported to cause NDI. See the systematic review by Garofeanu
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et al for a more thorough list of drugs that cause NDI.21 Drug-induced NDI
is generally reversible with stopping the offending agent.

Electrolyte-Induced Nephrogenic Diabetes Insipidus
Hypercalcemia and hypokalemia both cause NDI. Additionally, osmotic
diuresis can resemble NDI, so correcting hyperglycemia and stopping
mannitol can help. Additionally, SGLT2i cause glucosuria and have caused
hypernatremia in at least one case.22

Recovery from AKI can cause NDI
As patients recover from AKI, they often go through a polyuric phase,

during which time they are unable to concentrate their urine and are
predisposed to hypernatremia, as well as hypokalemia and other electrolyte
losses. This is especially common with postobstructive diuresis.23
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Dyskalemias in the Intensive Care Unit
Benjamin Ko

Hypokalemia and hyperkalemia are among the most common electrolyte
disorders encountered in the intensive care unit (ICU). Nearly 50% of ICU
patients have hyperkalemia alone and hypokalemia, hyperkalemia, and
potassium variability are independently associated with increased
mortality.1,2 Furthermore, potassium concentrations are a strong predictor of
all-cause mortality 30 days following admission to the ICU.3 Although
potassium is the most abundant cation in the human body, only a small
fraction resides within the serum. The remaining 98% is intracellular; this
difference (60 mEq intracellularly vs 3,000 mEq extracellularly) is the
primary determinant of cellular resting membrane potential. As such, serum
potassium must be tightly regulated, and both hypokalemia and
hyperkalemia require immediate attention in the ICU.

NORMAL POTASSIUM HOMEOSTASIS
The vast difference between intracellular and extracellular potassium
concentrations is maintained by the action of Na+/K+-ATPase, the activity of
which is regulated by insulin, catecholamines, osmolality, and acid-base
status. Insulin and β-adrenergic stimulation promote K+ influx in cells,
whereas α-adrenergic stimulation and increased tonicity stimulate K+

efflux.4-6 The relationship between acid-base and K+ is more complex, with a
mineral acidosis (nongap acidosis) causing K+ efflux to a far greater extent
than an organic acidosis (lactic acidosis) or a respiratory acidosis.



In the kidney, potassium is freely filtered and reabsorbed in the proximal
tubule and thick ascending limb.7,8 Under conditions of hypokalemia, further
potassium reabsorption can occur in the intercalated cells of the collecting
duct.7,8 Potassium is secreted in the collecting duct via the renal outer
medulla potassium (ROMK) channel in principal cells and big potassium
(BK) channels in the principal and intercalated cells, stimulated by
aldosterone and high tubular flow rates.7,8 These generally opposing stimuli
for potassium secretion allow for adequate potassium secretion, independent
of volume status.8

HYPOKALEMIA
Clinical Sequelae
Hypokalemia is defined as a serum K+ concentration less than 3.5 mEq/L.
The clinical manifestations of hypokalemia correlate well with the severity
of hypokalemia. Muscle weakness and rhabdomyolysis typically occur with
serum K levels of 2.5 mEq/L, whereas the feared ICU complication of
respiratory muscle weakness is rare until serum K reaches 2.0 mEq/L or
less.9,10 Impaired renal electrolyte handling and glucose intolerance are also
the known complications of hypokalemia, but these effects are more chronic
in nature.

By contrast, cardiac conduction abnormalities do not correlate with the
degree of hypokalemia.11 Thus, premature atrial and ventricular beats, sinus
bradycardia, junctional rhythms, atrioventricular (AV) block, and ventricular
tachycardia occur variably with hypokalemia.12 The presence of digoxin,
magnesium depletion, or cardiac ischemia has been shown to potentiate
hypokalemic arrhythmias.13 Electrocardiogram (ECG) findings are classic:
ST-segment depression, decreased T-wave amplitude, and increased U-wave
amplitude (Figure 21.1).12,14



FIGURE 21.1: Electrocardiogram changes in hypokalemia/hyperkalemia. AV, atrioventricular.

Etiologies/Diagnosis
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Hypokalemia is typically caused by a disruption in normal potassium
handling at any or all sites, decreased intake, increased excretion, or
increased intracellular shift. The most common etiologies are listed in Table
21.1.

Common Causes of Hypokalemia in the Intensive
Care Unit

The diagnosis of the cause of hypokalemia is based on history, physical
examination, and laboratory evaluation. An assessment of renal response is
useful in determining the etiology of hypokalemia. A 24-hour urinary
potassium measurement of less than 25 mEq/d is a normal renal response to
hypokalemia, but spot determinations of renal potassium handling are more
useful in an ICU setting. These, however, are limited by urinary
concentration and so they need to be indexed.

A spot K+-to-creatinine (Cr) ratio can be used. A urinary K+/Cr less than
13 mEq/mg Cr (2.5 mEq/mmol Cr) is an appropriate renal response to
hypokalemia.15 Values greater than this suggest renal potassium wasting.15

Alternatively, the transtubular K+ gradient (TTKG) of less than 3 in the
setting of hypokalemia is a normal response to hypokalemia.16 The TTKG,
however, requires that the urine osmolality be greater than the serum
osmolality and the urinary sodium be greater than 25 mEq/L. In addition, the
TTKG assumes that there is no appreciable solute reabsorption in the



medullary collecting duct so that any increase in osmolality is due purely to
water reabsorption. Because there is urea reabsorption in this segment, the
validity of the TTKG has been called into question.17

TTKG = ((urine [K+]/serum [K+]) / (urine osmolality/serum osmolality))18

Treatment
Not surprisingly, except in the cases of hypokalemia caused by cellular shift
(Table 21.1), treatment of hypokalemia consists primarily of potassium
repletion. Of the various available formulations, potassium chloride is the
preferred agent. Oral KCl administration is preferred and gives a peak
increase of 1 to 1.5 mEq/L with a 40 to 60 mEq dose.19 Intravenous KCl can
also be used but should be given with saline rather than dextrose because the
dextrose will stimulate insulin secretion and increased intracellular shift of
potassium. Rates of infusion can be as high as 20 to 40 mEq/hr, although
great caution needs to be used during administration at these rates.20

In addition to potassium repletion, attention should be given to the serum
magnesium level. Magnesium normally acts to inhibit potassium secretion,
and so in hypomagnesemia, there is obligate renal potassium wasting.21

Although rare, hypokalemia because of intracellular redistribution of
potassium as in the case of thyrotoxic periodic paralysis or hypokalemic
periodic paralysis can often result in severe rebound hyperkalemia;
therefore, all hypokalemic patients need careful monitoring of serum
potassium levels following treatment.

HYPERKALEMIA
Clinical Sequelae
Hyperkalemia is defined as a serum K+ concentration greater than 5.3
mEq/L. Elevated serum potassium can cause muscle weakness and
metabolic acidosis, but most concerningly, hyperkalemia is associated with
conduction abnormalities and arrhythmias, most notably sinus bradycardia,
sinus arrest, slow idioventricular rhythms, ventricular tachycardia,
ventricular fibrillation, and asystole.
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A number of ECG abnormalities are seen with hyperkalemia (peaked T
waves, shortened QT interval, lengthened PR and QRS), but interestingly,
ECG changes do not correlate well with the degree of hyperkalemia (Figure
21.1).14,22 The chronicity of the hyperkalemia seems to provide a protective
effect of hyperkalemia, but how this occurs is not well understood. The
unpredictability and severity of hyperkalemia’s effects on the heart make
hyperkalemia a true medical emergency.

Etiologies and Diagnosis
Hyperkalemia is typically caused by a decreased potassium excretion or
increased intracellular shift of potassium. The most common causes are
listed in Table 21.2. Unlike with hypokalemia, dietary intake rarely causes
hyperkalemia alone in the absence of advanced chronic kidney disease
(CKD) or end-stage kidney disease (ESKD).

Common Causes of Hyperkalemia in the
Intensive Care Unit

Increased Intake Decreased Renal
Excretion

Cellular Shift

Diet AKI Inorganic acidemia

Potassium supplementation Advanced CKD Cell ischemia/necrosis

Tube feeds Volume depletion Rhabdomyolysis

TPN Effective decreased
circulating volume

Tumor lysis

Blood transfusions ACE inhibitors/ARBs Hemolysis

Hypoaldosteronism Insulin deficiency

Heparin Digoxin

Triamterene Succinylcholine

Spironolactone

Calcineurin inhibitors

Amiloride



ACE, angiotensin-converting enzyme; AKI, acute kidney injury; ARBs, angiotensin receptor
blockers; CKD, chronic kidney disease; TPN, total parenteral nutrition.

Prior to the diagnosis of the etiology of hyperkalemia,
pseudohyperkalemia must be ruled out. This is commonly due to cellular
hemolysis during the blood draw, but also occurs with thrombocytosis or
marked leukocytosis.23

As in the case of hyperkalemia, the renal contribution to hyperkalemia can
be assessed using the TTKG (with its associated caveats). Here, a TTKG less
than 6 is consistent with impaired renal secretion and, ultimately, excretion
of potassium.16,24 It is, however, important to note that potassium balance is
the net effect of intake, cellular distribution, and renal secretion, and so
except in cases of extreme reductions of renal potassium secretion (e.g.,
anuric acute kidney injury [AKI] and ESRD), hyperkalemia is generally
multifactorial in nature. In mild-to-moderate CKD, there is K+ adaptation
that enhances renal tubular K+ secretion such that hyperkalemia is unusual
by itself until glomerular filtration rate (GFR) falls below 10 mL/min.25 As
such, in most cases of hyperkalemia, examination of the TTKG (and more
specifically the urine potassium) should not be relied on for clinical decision
making.

Treatment
Hyperkalemia is a true medical emergency, and prompt attention is required.
Acutely, the treatment is the same, regardless of the etiology, and so
treatment should be initiated as soon as it is recognized (Figure 21.2; Table
21.3).
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FIGURE 21.2: Approach to the treatment of hyperkalemia. ECG, electrocardiogram; GI,
gastrointestinal; IV, intravenous.

Agents for Acute Treatment of Hyperkalemia

Calcium acts to stabilize the cardiac membrane and acts as a buffer
against the cardiac conduction abnormalities seen with hyperkalemia and
normalize the ECG. Theoretically, calcium chloride is more effective than
gluconate because of a higher availability of free calcium, but calcium
gluconate is the agent of choice because of a higher rate of vein sclerosis



with calcium chloride. Calcium should be re-dosed if ECG changes persist
and every hour thereafter until hyperkalemia is resolved.

Insulin, albuterol, and sodium bicarbonate all act by inducing a
transcellular shift of potassium. Insulin acts within 15 minutes, with a peak
effect by 1 hour.26 It should be administered with dextrose to prevent
hypoglycemia, typically 10 units of insulin along with 25 g of dextrose.
Albuterol acts by stimulating β2 receptors.27 Its use is often limited by its
major side effect of tachycardia. Bicarbonate is classically thought of as
inducing a transcellular shift of potassium, but at the doses commonly given
(50 to 100 mEq), this has not been shown to be effective.26,28 These agents
can work together, but owing to their similar mechanisms of action, the
effects are additive and not synergistic.29

Oral agents such as sodium polystyrene (SPS), patiromer, and zirconium
cyclosilicate bind intestinal potassium and can be helpful in removing
potassium from the body.30-32 Although commonly used in clinical practice,
there remains controversy in their onset of action and best use. SPS has been
shown in historic studies to be effective in lowering serum K chronically,
whereas more recent studies have shown little impact of SPS on serum K.33,34

Patiromer may have a role in the acute treatment of hyperkalemia, but the
data have yet to establish this. Zirconium cyclosilicate is effective in both
CKD and ESKD and has been shown to lower potassium as early as 1 hour
in studies, but this has not been established in a hyperkalemic ICU
population.31,35 While published data around their use in the setting of AKI
or ICU is lacking, anectdotally they are tolerated in hospitalized patients and
we anticipate future studies evaluating their efficacy in this patient
population.

As potassium secretion is dependent on both aldosterone and distal
sodium delivery, agents that cause a mismatch of high aldosterone and high
distal sodium delivery, such as loop diuretics, are an attractive therapy for
hyperkalemic patients without severe kidney impairment. Despite this, no
published data show clear acute increase in kaliuresis with diuretic therapy.

In the case of continued life-threatening hyperkalemia, despite the
abovementioned treatments or in the case of severe kidney impairment,
dialysis should be utilized to lower serum potassium. Studies have shown
that dialysis is the quickest method to remove potassium, lowering K by 1.34
mEq/L at 1 hour and 60 to 140 mEq total over a 4-hour session.26,36 The use



of a 1K dialysate bath is controversial owing to concerns of precipitating
arrhythmias. However, the association between sudden cardiac death and 1K
dialysate was not seen in the ICU population but seen in the chronic ESRD
population.37,38 Furthermore, a randomized crossover study showed that
premature ventricular contractions (PVCs) decreased during dialysis using a
1K bath.37,39,40 For patients who cannot tolerate intermittent hemodialysis
(IHD), continuous kidney replacement therapy (CKRT) has been shown to
be an effective treatment.41

With dialysis and, to some degree, gastrointestinal (GI)-binding agents
and diuretics, serum potassium levels rebound some 6 hours after treatment
because of a lowered serum K and a favorable electrochemical gradient for
extracellular shifts of potassium.42 This effect is often magnified by agents
that cause intracellular shifts of potassium, such as insulin and albuterol,
resulting in clinically significant rebound hyperkalemia. In the case of
ongoing hemolysis, cell death, or rhabdomyolysis, these effects may require
frequent repeated IHD or perhaps transition to CKRT to maintain
normokalemia.

Once hyperkalemia has been treated acutely, chronic management of
hyperkalemia is largely aimed at identifying underlying causes and
removing exacerbating conditions whenever possible. In addition, oral
potassium-binding agents, as previously discussed, under acute treatment
can indeed be used chronically. SPS sulfate is still commonly used for this
purpose, often given 1 to 2 times/day, although there are recent concerns
regarding its safety.43,44 Zirconium cyclosilicate (Lokelma) performs well in
the chronic setting.31 Patiromer (Veltassa), which has limited use acutely,
also represents a well-tolerated chronic option.30,32

SUMMARY
Disorders of potassium handling are common in the ICU and associated
with significant mortality.
Dyskalemias are due to disturbances in potassium intake, cellular shifts,
and renal potassium handling.
Spot urinary potassium-to-Cr ratios or TTKG can be used to determine the
contribution of renal handling to the dyskalemia.
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Prompt treatment of hypokalemia and hyperkalemia is essential.
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Calcium Management in the Intensive
Care Unit
Anna L. Zisman

Calcium is a divalent cation critical for homeostasis. In addition to being a
core component of the bony skeleton, calcium modulates the activation
threshold of Na+ channels, including those responsible for cardiac action
potentials, neurologic activity, muscle function, and bowel motility. In its
role as a second messenger, it regulates countless intracellular proteins,
while also playing a central role in cell injury and death.1 Serum calcium
levels are tightly regulated by parathyroid hormone (PTH), vitamin D
(calcitriol), and, to a lesser degree, calcitonin. These endocrine factors
modify calcium movement across the gastrointestinal (GI) mucosa, kidney
tubules, and bone.2

More than 99% of the body’s calcium stores are in the skeleton, whereas
less than 1% is found intracellularly. Only 0.1% of total calcium is found in
the extracellular fluid (ECF), which is the compartment accessed via
laboratory testing. Within the ECF, approximately 50% of calcium is in the
form of ionized calcium, the biologically active form. Approximately 45%
of calcium is protein bound, with the remainder complexed to anions, such
as citrate, phosphate, sulfate, and bicarbonate.2 The ionized calcium fraction
is thus dependent on the serum pH and protein concentrations, with
hypoalbuminemia and acidosis increasing the ionized calcium.3,4 In the
setting of a low serum albumin, adjusted serum calcium can be estimated4:

Corrected calcium = Serum calcium + 0.8 × (4.0 − serum albumin [g/dL])



However, poor correlation between estimated calcium and measured
ionized calcium values is not uncommon in the critical care setting.
Disturbances in acid-base status or changes in total serum protein, common
in the critically ill, will not lead to changes in the total serum calcium
concentration, so potentially significant changes in the biologically active
ionized calcium concentration may be missed with routine serum testing in
the intensive care unit (ICU).5 Owing to these concerns, critical care teams
often rely on measurement of ionized calcium.6

EPIDEMIOLOGY AND SIGNIFICANCE OF
ABNORMALITIES IN SERUM CALCIUM IN CRITICAL
CARE
Perturbations in ionized calcium levels are common in the critical care
setting and are present in more than 50% of patients at some juncture during
their ICU stay.7-9 Most often, however, these abnormalities are not due to
significant underlying disorders of calcium homeostasis, but rather reflect
the critically ill state.8,10,11 Mostly, the abnormality is hypocalcemia, which
has been repeatedly identified as a risk factor for ICU mortality.7,8,11,12 More
recent studies have noted an attenuated mortality effect once adjusted for
the significant correlation of ionized hypocalcemia with illness severity
scores.7,8

HYPOCALCEMIA IN THE INTENSIVE CARE UNIT
Clinical Manifestations
The clinical symptoms of hypocalcemia are dependent on the severity and
chronicity of the abnormality. The classic complication of tetany reflects
neuromuscular irritability.7 Early symptoms include perioral numbness,
paresthesias of the distal extremities, and muscle cramps. More severe
symptoms can include focal or generalized seizures, bronchospasm, and
arrhythmia resulting from prolongation of the QT interval.13 Patients who
have had a chronic course with gradual decline in serum values may note
fatigue, irritability, anxiety, and depression or may be asymptomatic.
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Differential Diagnosis
The differential diagnosis of hypocalcemia is broad (Table 22.1), though, as
noted earlier, the vast majority of patients who are critically ill do not have
an underlying abnormality of calcium homeostasis. Although the etiology
of hypocalcemia is sometimes obvious, such as in the patient post
parathyroidectomy or a radical neck dissection, the general approach to
evaluation of hypocalcemia is to ascertain whether the PTH values are low
or high (Table 22.1). Further evaluation can proceed as appropriate based
on the results and clinical picture.

Differential Diagnosis of Hypocalcemia in Adults

Associated with low PTH
Loss of active parathyroid tissue

Postsurgical (thyroid, parathyroid, neck dissection)
Autoimmune
Infiltrative
Genetic disorders

X-linked or autosomal recessive hypoparathyroidism
DiGeorge syndrome

Abnormal PTH regulation
Hypomagnesemia
X-linked or autosomal recessive hypoparathyroidism
Mutations in calcium-sensing receptor (CaSR)

Associated with high PTH
Chronic kidney disease
Vitamin D deficiency
PTH resistance (pseudohypoparathyroidism)
Critical illness or sepsis
Extravascular deposition

Acute pancreatitis
Rhabdomyolysis
Hyperphosphatemia
Metastatic osteoblastic disease

Medications or therapies
Parenteral phosphate supplementation
Bisphosphonates
Denosumab
Calcimimetics
Foscarnet
Pentamidine
Cisplatin
Doxorubicin



Aminoglycosides
Citrate (massive blood transfusion, pheresis, dialysis)

PTH, parathyroid hormone.

In critically ill patients with hypocalcemia, the etiology of hypocalcemia
may remain indeterminate in more than 50%.11 Sepsis has been strongly
associated with the presence of hypocalcemia,14-16 with vitamin D
deficiency and resistance,16,17 acquired hypoparathyroidism,18,19 and 1-alpha-
hydroxylase deficiency all implicated as potential mechanisms in the
inflammatory state.16

Treatment
The approach to therapy of hypocalcemia in the ICU is contingent on the
degree of hypocalcemia, severity of symptoms, and etiology.

For patients with severe hypocalcemia who are acutely symptomatic with
tetany, arrhythmia, or seizure, administration of 100 to 200 mg of elemental
calcium over 10 to 20 minutes is warranted, followed by a calcium infusion
of 0.5 to 1.5 mg elemental calcium/kg/hr to prevent rebound
hypocalcemia.11,20 The two commonly used calcium solutions are 10%
calcium chloride (272 mg elemental calcium per 10 mL vial) and 10%
calcium gluconate (90 mg elemental calcium per 10 mL vial).11,20 Both
solutions are hyperosmolar and should be administered via a central vein, if
possible. If injecting peripherally, calcium gluconate is the preferred
agent.11,20 Patients receiving intravenous calcium administration need to be
closely monitored because infusions of calcium may precipitate bradycardia
and cardiac arrhythmias.11,20 As magnesium depletion contributes to
hypocalcemia and is common in the critical care setting, it must be
corrected concurrently.11,21 Serum levels of 25-hydroxyvitamin D should
also be checked and repleted, and treatment with activated vitamin D
(calcitriol) can be considered to increase intestinal absorption of calcium to
facilitate earlier liberation from continuous calcium infusion.11,20

Treatment of critically ill hypocalcemic patients who are asymptomatic is
controversial. Hypocalcemia has been associated with cardiac dysfunction
and hypotension,16,22 and calcium administration has been noted to improve
blood pressure and ventricular function in ICU patients with ionized



calcium less than 1.05 mmol/L.23 However, a 2008 Cochrane review that
included five randomized controlled trials with 159 subjects found no clear
evidence that calcium supplementation impacted outcomes in critically ill
patients,24 as none of the studies evaluated mortality, organ dysfunction, or
length of hospital stay. Furthermore, data suggest that the hypocalcemia of
the critically ill is not amenable to treatment.25 In one study, during a single
month at one hospital, there were approximately 4,700 ionized calcium tests
performed, of which about half were abnormal. During the same time
frame, approximately 20,000 of 10-mL vials of calcium gluconate were
dispensed. The authors noted only a minimal effect of the intravenous
administration of calcium on the subsequent ionized calcium levels.25,26

Some data indicate that repletion of calcium may, in fact, be harmful,
because several animal models of sepsis have demonstrated increased
mortality with calcium supplementation.27-29 Mortality was also significantly
higher with calcium supplementation in a retrospective cohort study of
critically ill patients in Pittsburgh with ionized hypocalcemia.27 Of the 526
patients with sepsis and an ionized calcium measurement, 377 (72%) were
hypocalcemic. Ninety-three patients received intravenous calcium
supplementation during their ICU stay. After adjusting for severity of
illness and other comorbidities, those who had received calcium
supplementation had an increased risk of death, an increased risk of kidney
dysfunction, and a significant decrease in ventilator-free days.27

Special circumstances of hypocalcemia that may warrant a targeted
treatment approach where supplementation is reasonable include
hypocalcemia secondary to hemodialysis or due to chelation with citrate
during a massive transfusion protocol (MTP).25 In secondary analysis of a
large trial of patients with acute kidney injury (AKI) requiring kidney
replacement therapy, severe hypocalcemia predicted mortality even with
adjustment for disease severity, though it is unknown whether calcium
repletion would modify this relationship.30 In the setting of trauma-
associated MTP, lower ionized calcium values are also associated with
higher mortality (and higher transfusion volumes).31 The optimal calcium
replacement strategy during MTP remains uncertain; however, it is likely
that at least 2 g of calcium chloride (~6 g of calcium gluconate) is needed
for every 2 to 4 units of blood products transfused, especially if a
transfusion requirement of greater than 15 units is anticipated. This is



particularly relevant if hepatic function is impaired, further compromising
citrate metabolism, though it is unknown whether repletion impacts
morbidity and mortality.31

HYPERCALCEMIA
Clinical Manifestations
Clinical manifestations of hypercalcemia are diverse and involve multiple
organ systems, with higher serum concentrations increasing the likelihood
of symptoms. Generally, patients are asymptomatic below serum calcium
levels of 11.5 mg/dL, with levels above that necessitating more urgent
correction owing to the risks of complications. With higher levels, altered
mental status with somnolence, confusion, and psychosis may be present
from the neurologic perspective, whereas the cardiovascular signs may
include hypertension and arrhythmias with shortening of the QT interval,
heart block, and cardiac arrest. Notably, hypercalcemia may increase the
risk of digitalis toxicity (see Chapter 27). The GI symptoms may include
constipation, nausea and vomiting, loss of appetite, abdominal pain,
pancreatitis, and peptic ulcer disease. Acute and chronic kidney disease
may be present, along with kidney stones and nephrocalcinosis. Polyuria
and polydipsia may be noted because of an inability to maximally
concentrate the urine. This stems from a calcium-mediated downregulation
of aquaporin-2 channels32 and inhibition of the Na+K+:2Cl− cotransporter,33

leading to perturbation of the countercurrent concentrating mechanism.
Bone pain, fractures, and loss of bone mineralization leading to
osteoporosis may complicate the clinical course.

Differential Diagnosis
Although there is a broad differential of hypercalcemia (Table 22.2), by far,
the most common etiologies in a hospitalized patient are primary
hyperparathyroidism and malignancy-associated hypercalcemia. In the ICU
setting, prolonged immobility and parenteral nutrition may also contribute.
Diagnostically, it is important to determine whether the disease process is
PTH dependent versus independent, with additional testing proceeding
depending on the results.
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PTH-Dependent Hypercalcemia
Primary hyperparathyroidism

Sporadic
Adenoma or hyperplasia

Familial
Isolated primary hyperparathyroidism
Associated with multiple endocrine neoplasia I or II

Tertiary hyperparathyroidism
Lithium
Familial hypocalciuric hypercalcemia

PTH-Independent Hypercalcemia
Malignancy

Endocrine hypercalcemia
PTH-related protein
1,25-hydroxyvitamin D excess

Malignant osteolysis
Diffuse marrow infiltration
Bony metastases with cytokine release

Prolonged immobilization
Parenteral nutrition
Granulomatous disease

Sarcoidosis
Tuberculosis
Coccidioidomycosis

Endocrine disorders
Hyperthyroidism
Adrenal insufficiency
Acromegaly
Pheochromocytoma

Medications
Vitamin D and vitamin D analogs
Calcium (milk-alkali syndrome)
Vitamin A
Thiazide diuretics

PTH, parathyroid hormone.

Management
General
Treatment of hypercalcemia in the ICU is dependent on the etiology and
severity of hypercalcemia, degree of symptoms, and underlying
comorbidities, including hypoalbuminemia and congestive heart failure.



Initial management should generally include removal of any offending
agents, such as calcium supplements, and volume resuscitation that will
ultimately result in a saline (and calcium) diuresis, as long as no signs of
volume overload are present. Although patients in the ICU with mild
hypercalcemia (albumin-adjusted serum calcium <12 mg/dL [3 mmol/L])
may be asymptomatic and do not require urgent therapy, clinicians should
be cognizant of the values when choosing fluid strategies or addition of
potential offending agents. Those with moderate hypercalcemia (albumin-
adjusted serum calcium <14 mg/dL [3.5 mmol/L]) and severe
hypercalcemia (albumin-adjusted serum calcium >14 mg/dL [3.5 mmol/L])
typically require fluids and additional medical therapy. Consideration of
likely underlying diagnosis and overall clinical course should guide clinical
judgment on treatment selection.

Intravenous Fluids and Diuretics
Targets of 4 to 6 L of intravenous isotonic fluid administration during the
first 24 hours have historically been advised, though limited data support
these recommendations.34-37 More recently, recommendations target infusion
rates of 200 to 300 mL/hr initially until volume replete, then decreasing to
rates targeting urine outputs of 100 to 150 mL/hr.38,39 In those with
hypoalbuminemia, particularly those with advanced malignancy, it may be
prudent to limit the rate of infusion to 75 to 150 mL/hr to limit further
complications.40 Traditionally, concomitant use of high-dose loop diuretics41

has been advised to promote further calciuresis once volume replete, but
little evidence-based data exist on the efficacy of this approach with lower
doses, which has generally been adopted.42

Medications
Calcitonin: Calcitonin has a rapid onset of action and can decrease serum
calcium by 1 to 2 mg/dL beginning within 6 hours by blocking osteoclastic
resorption of bone and increasing calcium excretion by the kidneys.43,44

Typical calcitonin dosing is 4 IU/kg either intramuscularly or
subcutaneously every 12 hours, but can be increased to 8 IU/kg every 6 to
12 hours if insufficient effect is noted after 24 hours.38 The use of calcitonin
is limited to 24 to 48 hours because of rapid tachyphylaxis.44



Bisphosphonates: Bisphosphonates lower serum calcium by blocking
various osteoclastic functions, including bone resorption,45 and have
become the standard therapy for severe hypercalcemia. Onset of action is
approximately 48 to 72 hours, so alternate agents may be required in the
hyperacute setting. Various bisphosphonates have been studied for
hypercalcemia of malignancy,46,47 with all showing greater efficacy in
calcium lowering than intravenous hydration or calcitonin. In addition,
bisphosphonates have been used successfully in the treatment of a variety of
other etiologies of hypercalcemia, including vitamin D intoxication,48,49

vitamin A intoxication,50,51 immobility,52,53 hyperparathyroidism,54,55 and
granulomatous disease.56,57 In patients with kidney dysfunction,
bisphosphonates must be used cautiously owing to the risk of AKI and
potentially prolonged duration of action.58

Glucocorticoids: Glucocorticoids lower serum calcium by decreasing
synthesis of 1,25-hydroxyvitamin D, ultimately limiting intestinal calcium
absorption. Given the efficacy of bisphosphonates in lowering serum
calcium, these agents have been less utilized, but remain a key therapeutic
tool for hypercalcemia related to granulomatous disease or vitamin D
intoxication.59

Denosumab: Denosumab, a human monoclonal antibody against the
receptor activator of nuclear factor-κB (RANK) ligand (a stimulator of
osteoclast activity), has been shown to reduce serum calcium levels acutely
in multiple case reports.60,61 It is not cleared by the kidney and thus can be
used in patients with kidney impairment.

Calcimimetics: Cinacalcet and etelcalcetide mimic the role of calcium by
activating the calcium-sensing receptor and suppressing PTH. Although
typically not utilized in the acute setting, there have been reports of
successful use in severe hypercalcemia in parathyroid carcinoma62 and in
primary hyperparathyroidism.63

Kidney Replacement Therapy
If the abovementioned measures are unsuccessful or if severe
hypercalcemia with coma is present, dialysis against a low or zero calcium
dialysate is efficacious to acutely lower serum calcium.64-66 Identification
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and treatment of the underlying etiology of hypercalcemia will be critical
because dialysis will serve only as a temporizing measure.

SUMMARY AND CONCLUSIONS
Perturbations in serum calcium levels are common in the critical care
setting. The majority of patients with hypocalcemia in the ICU do not have
an underlying disorder of calcium regulation, and correction of
asymptomatic hypocalcemia is not warranted in the acute care setting. For
patients with hypercalcemia in the ICU, evaluation hinges on whether PTH
is appropriately suppressed. Treatment may include judicious volume
replacement, calcitonin, and bisphosphonates.
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Phosphorus Management in the Intensive
Care Unit
Mina El Kateb and Joel M. Topf

INTRODUCTION
Phosphorus is an essential element required for almost every reaction in the
human body. In the form of adenosine triphosphate (ATP), it is the body’s
major form of energy transfer. Phosphate is also important for the structural
integrity of the cell and its genetic content, in the form of phospholipid
bilayer and ribonucleic and deoxyribonucleic acid (RNA and DNA),
respectively. Most of the body’s phosphorus is stored in bones and teeth,
with only about 0.1% of it free in the extracellular space reflecting, under
normal circumstance, a serum level of 2.5 to 4.5 mg/dL (0.8-1.45 mmol/L or
1.45-2.61 mEq/L).

Clinically, phosphorus levels are an indicator of nutritional status, with
hypophosphatemia seen in the critically ill.1 Low levels in the intensive care
unit (ICU) are associated with poor cardiac function, difficult extubation,
and rhabdomyolysis.2-4 Replacing phosphorus has caveats and limitations,
with the major complication being hyperphosphatemia. Hyperphosphatemia
has an equally negative impact on patient outcomes in the ICU.5 It is closely
linked to kidney dysfunction and dialysis, which at times, may be the only
cure for severe, symptomatic hyperphosphatemia.6,7 This chapter reviews
hypo- and hyperphosphatemia, its impact, treatment, causes, workup, and
signs and symptoms, while placing emphasis on prompt ICU management.
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HYPOPHOSPHATEMIA
Low phosphorus levels (<2.5 mg/dL, 0.32 mmol/L or 1.45 mEq/L) can be
seen in 20% of ICU patients, with certain populations having more
pronounced and more frequent hypophosphatemia including patients with
diabetic ketoacidosis, cardiac surgery, sepsis, continuous kidney replacement
therapy, refeeding syndrome, and an especially high rate in patients with
major hepatic surgery.1,8-10 Even though it may be a general marker of illness,
replacement has improved clinical outcomes, including cardiac morbidity
and mortality.3

Refeeding Syndrome
Commonly encountered in the ICU, refeeding has been specifically
addressed by the guidelines put forth by the National institute for Health and
Care Excellence (NICE).11 In these guidelines, NICE identifies the risk
factors shown in Table 23.1 for the development of refeeding syndrome. For
these patients, the recommendation is to reduce their maximum nutritional
support to 10 kcal/kg/d while slowly increasing that goal over 1 week, so as
to minimize the potential for hypophosphatemia. They also recommend
empirically adding 0.3 to 0.6 mmol/kg/d of phosphorus in patients whose
phosphorus is not elevated.

Risk Factors for Refeeding Syndrome

Any patient with at least one of the following:

Body mass index (BMI) < 16 kg/m2

Unintentional weight loss >15% over the last 3-6 mo
Little intake >10 d
Low K, P, or Mg prior to feeding

Any patient with at least two of the following:

BMI < 18.5 kg/m2

Unintentional weight loss >10% over the last 3-6 mo
Little intake >5 d
History of alcohol abuse or drugs such as insulin, chemotherapy, antacids, or diuretics
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Kidney Replacement Therapy
Patients receiving continuous kidney replacement theray (CKRT) are at
increased risk of developing hypophosphatemia, as phosphorus is directly
removed with dialysis. This risk can exceed 50% and can be as high as 65%
in those receiving dialysis with a high effluent rate.12 The hypophosphatemia
of CKRT is associated with nearly twice the rates of prolonged respiratory
failure (defined by the requirement of tracheostomy).13 Although standard
dialysate does not contain phosphorus, clinicians should consider using
dialysate with a phosphorus concentration of 1 mmol/L in patients without
hyperphosphatemia.

Factitious Hypophosphatemia
High doses of mannitol, used in the treatment of increased intracranial or
intraocular pressure, can lead to a false drop in the serum phosphorus level,
and so hypophosphatemia should be interpreted cautiously in this setting.14

Causes
The causes of hypophosphatemia can be categorized into three broad
categories: decreased intestinal absorption, urinary wasting, and cellular shift
(see Tables 23.2 and 23.3).

Common Causes of Hypophosphatemia in the
Intensive Care Unit

Sepsis Respiratory alkalosis

Aggressive intravenous fluids (IVF) Metabolic acidosis

Trauma Glucose/insulin therapy

Refeeding Catecholamines

Postoperative Diuretics

Kidney replacement therapy

Causes of Hypophosphatemia



Intestinal Absorption Internal Redistribution Urinary Wasting

Malabsorption syndromes Refeeding Hyperparathyroidism

Steatorrhea Glucose/insulin therapy Volume expansion

Vitamin D deficiency Hungry bone syndrome Vitamin D deficiency

Antacids Respiratory alkalosis Metabolic acidosis

Malnutrition Diuretics

Gastric suction Fanconi syndrome

Decreased Intestinal Absorption
Phosphorus is found in a wide variety of foods and so dietary deficiency is
rare; additionally, in these circumstances, tunbular reabsorption is
upregulated and urinary phosphate loss approaches zero.15 More commonly,
gastrointestinal loss or lack of intestinal absorption can result in
hypophosphatemia. Malabsorption syndromes also result in hypovitaminosis
D and a secondary hyperparathyroidism; parathyroid hormone (PTH) is
phosphaturic, leading to tubular phosphate wasting. Thus, in chronic
diarrhea or steatorrhea, intestinal loss is combined with urinary wasting,
leading to significant hypophosphatemia.16 Calcium, magnesium, and
aluminum-based antacids also act as phosphate binders, leading to
hypophosphatemia through decreased intestinal absorption.

Cellular Shift
Internal redistribution of phosphorus occurs in several situations such as
refeeding syndrome, treatment of diabetic ketoacidosis, respiratory alkalosis,
and hungry bone syndrome. Insulin shifts phosphorus intracellularly.
Refeeding syndrome is often encountered in malnourished, anorexic, and
alcoholic patients whose phosphorus stores are low. With the reintroduction
of carbohydrates after a period of starvation, the endogenous insulin release
shifts phosphorus intracellularly, resulting in significant
hypophosphatemia.17 Similarly, in diabetic ketoacidosis, the insulin infusion
shifts phosphorus intracellularly, which can induce hypophosphatemia. In
hungry bone syndrome, calcium and phosphorus redeposit back into bone
once the PTH falls following a parathyroidectomy. The administration of



denosumab, a monoclonal antibody that antagonizes the activity of receptor
activator nuclear factor kappa B ligand (RANKL), prevents maturation of
osteoclasts.18 This prevents bone breakdown in states of bony metastases and
allows reconstitution of bone, resulting in hypocalcemia and
hypophosphatemia, similar to hungry bone syndrome.19

Urinary Phosphate Wasting
Urinary phosphate reabsorption occurs predominantly in the proximal tubule
via sodium phosphate cotransporters.15,20 Hypophosphatemia results in
increased activity and number of these transporters. On the other hand, PTH
and phosphatonins (such as fibroblast growth factor 23, FGF23) result in
decreased activity of these same Na/P cotransporters.21,22 Hence,
hyperparathyroidism, primary or secondary, leads to urinary phosphate
wasting. Tumor-induced (oncogenic) osteomalacia is a rare paraneoplastic
syndrome wherein the mesenchymal tumor releases FGF23, leading to
urinary phosphate wasting.23 Dialysis patients with long-standing secondary
hyperparathyroidism often continue to have hyperparathyroidism even after
transplantation. Referred to as tertiary hyperparathyroidism, autonomous
hyperactive parathyroid glands continue secreting PTH after transplantation,
leading to marked hypophosphatemia. Low vitamin D leads to increased
PTH release (secondary hyperparathyroidism) but additionally decreases the
intestinal absorption of phosphorus, leading to both increased urinary
wasting and decreased intestinal absorption.

There are several primary urinary phosphate wasting syndromes. They are
rare and tend to have normal calcium balance. For a detailed discussion,
refer to the review article by Tenenhouse and Murer.24 A more common form
of urinary phosphate wasting occurs in Fanconi syndrome, which is a
generalized proximal tubular dysfunction leading to normoglycemic
glucosuria, amino aciduria, renal tubular acidosis, and hypokalemia.25

Fanconi syndrome can be seen in multiple myeloma, heavy metal exposure,
and certain drugs, such as tenofovir.

Workup
Oftentimes, the history and presentation reveal the cause. However, if the
source of the hypophosphatemia is not readily apparent, one can determine



the degree of urinary wasting with a 24-hour urine phosphate collection or
the fractional excretion of phosphorus (FePO4). In the setting of
hypophosphatemia, the 24-hour urine phosphate should be less than 100 mg,
and the FePO4 should be less than 5%; values greater than these suggest a
kidney origin of phosphorus deficiency.26

Signs and Symptoms
Hypophosphatemia can lead to a wide variety of symptoms, most of them
subtle and difficult to isolate entirely. In the ICU, poor diaphragmatic
contractility, ventilator dependence, and failure to wean have been
associated with hypophosphatemia.27,28 One study, looking at intubated
patients with acute exacerbation of chronic obstructive pulmonary disease,
found a significantly higher rate of failure-to-extubate of the mechanical
ventilator in patients with hypophosphatemia versus those with normal
serum phosphorus levels (34% vs 10%, p < 0.05).2 Furthermore, the
investigator linked this failure-to-extubate to weakness of the respiratory
muscles, evidenced by a decreased tidal volume of spontaneous respiration,
reduced static lung compliance, and impaired pulmonary function. Other
muscles affected by hypophosphatemia include the heart. One study
conducted in the ICU showed improved cardiac index (by an average of
18%) after normalizing serum phosphorus.3 Peripheral muscles can be so
disturbed by hypophosphatemia that they break down, leading to
rhabdomyolysis, typically within 72 hours of the onset of
hypophosphatemia. Red blood cells can also lyse in the setting of
hypophosphatemia, leading to hemolysis. Central nervous system
manifestations are uncommon but have included confusion, lethargy,
encephalopathy, seizures, as well as central pontine myelinolysis.4

Treatment
Prospective studies, conducted in the ICU setting, suggest that weight-based
intravenous (IV) replacement with a single infusion over a 6-hour period is a
safe (with fewer cases of hyperphosphatemia) and effective (with >75%
efficacy) way to correct severe hypophosphatemia29 (see Table 23.4). If
quicker correction is required, for example, in the setting of active hemolysis
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or rhabdomyolysis, a one-time 15 mmol infusion over a 2-hour period is a
safe method of correcting hypophosphatemia. Quicker rates of correction
can result in periodic hyperphosphatemia that can lead to hypocalcemia,
ECG changes, and acute kidney injury.

Suggested Replacement Rates for Phosphorus

HYPERPHOSPHATEMIA
Hyperphosphatemia is defined by a serum phosphate level greater than 4.5
mg/dL (1.45 mmol/L). The incidence of hyperphosphatemia is quite variable
based on the setting, but correlates closely with kidney function. In a study
of 2,390 hospitalized patients, 9% had hyperphosphatemia.30 Those with
hyperphosphatemia had a significantly lower estimated glomerular filtration
rate (eGFR), averaging 22 mL/min/1.73 m2, as compared to the
normophosphatemic patients whose average eGFR was 93 mL/min/1.73 m2.
Those with hyperphosphatemia also had a significantly higher mortality rate
(11% vs 2%). In a study of patients with underlying coronary artery disease,
with normal kidney function, the incidence of hyperphosphatemia was 0.9%
and was associated with a graded risk of death and cardiovascular events.5

Among dialysis patients, hyperphosphatemia is much more common, with
incidence rates as high as 47%.6 In these patients, chronic exposure to high
phosphorus level results in a variety of complications ranging from
hypocalcemia, hyperparathyroidism, bone demineralization as well as bone
deposits (calcification) in blood vessels and soft tissue, leading to premature
heart disease and death.

Lab Errors



Hyperglobulinemia has been associated with falsely elevated phosphorus
levels.31 Cases of Waldenström macroglobulinemia and multiple myeloma
cause pseudohyperphosphatemia as high as 32 mg/dL.32,33 Spurious
hyperphosphatemia can also be seen with high-dose liposomal amphotericin
B.34 Hyperlipidemia also causes spurious elevations in serum phosphorus.35

Treating hyperphosphatemia in these settings without evidence of
hyperphosphatemia (concomitant hypocalcemia or acute kidney injury) is
discouraged.36

Causes
Similar to hypophosphatemia, the causes of hyperphosphatemia can be
traced to the gastrointestinal tract, the kidneys, and transcellular shifts or
redistribution.

Increased Intestinal Intake
Sodium phosphate–based cathartics, such as fleet enema, contain high
amounts of phosphorus, with a standard dose of 250 mL having as much as
32 g of phosphorus.37 Despite its magnitude, this load is generally well
tolerated and the hyperphosphatemia is only transient with most of the
phosphorus not being absorbed, acting only as an osmotic cathartic, and any
absorbed phosphorus is promptly cleared by the kidneys. However, in
patients with impaired kidney function, the elderly, and those with impaired
gut motility, the consequences of using sodium phosphate bowel preps can
be catastrophic, with hypocalcemia, shock, and even death.38,39 In one case
series of 11 elderly patients who received fleet enema for constipation,
serum phosphorus levels rose as high as 45 mg/dL and calcium fell as low as
2 mg/dL. Of the 11 patients, 5 died as a direct consequence of the
hyperphosphatemia.40

In patients with advanced kidney failure and those on dialysis, the
kidney’s ability to excrete phosphorus dwindles and the daily phosphorus
load starts to accumulate. The recommended dietary intake should be
reduced to 800 mg in dialysis patients (the typical American diet contains
1,300-1,700 mg phosphorus daily).41 Intravenous fosphenytoin, an
antiepileptic, is metabolized into phenytoin and phosphorus and, in the
setting of kidney impairment, can lead to significant hyperphosphatemia.42
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Cellular Shift
Three commonly encountered causes of hyperphosphatemia in the ICU are a
result of cell lysis and the release of intracellular phosphorus: tumor lysis
syndrome, hemolytic anemia, and rhabdomyolysis. These also can cause
kidney failure because of the nephrotoxic nature of uric acid, hemoglobin,
and myoglobin, respectively. Treatment often requires dialysis, especially in
the setting of concomitant hyperkalemia and oliguria. Other causes of
hyperphosphatemic shift include lactic and diabetic acidosis.43,44 This is in
part explained by organ ischemia seen in lactic acidosis, resulting in reduced
glycolysis and cell death, leading to intracellular phosphorus release.44 In
diabetic ketoacidosis, the relative insulin deficiency prevents the entry of
phosphorus into the cell from the extracellular space.

Kidney Retention
Kidney failure, acute or chronic, is ubiquitous in the development of
hyperphosphatemia. In the setting of preserved kidney function,
hypoparathyroidism is a leading cause of hyperphosphatemia. The PTH
induces urinary phosphate wasting, and so deficiency or resistance to PTH
(as seen in pseudohypoparathyroidism) leads to increased tubular
reabsorption of phosphorus. Hypoparathyroidism can be congenital, as in the
setting of DiGeorge syndrome, manifesting in infancy and childhood.45

Hypoparathyroidism can also be the result of autoimmune disease (very rare)
or acquired, postsurgically (more common), following partial
parathyroidectomy, thyroidectomy, or other neck surgery.45,46 Likewise,
hypervitaminosis D directly inhibits the production of PTH while increasing
intestinal and tubular absorption of phosphorus. Acromegaly, by way of
excess of growth hormone and insulin-like growth factor production, results
in increased tubular reabsorption of phosphorus.47 Hyperphosphatemic
familial tumoral calcinosis is a disease characterized by hyperphosphatemia,
normal calcium level, and multiple calcified, painful nodules. Several
mutations have been characterized, ultimately leading to decreased number
or effect of FGF23 and its phosphaturic effects48 (see Table 23.5).

Causes of Hyperphosphatemia

Intestinal Intake Internal Redistribution Kidney Retention



Sodium phosphate
cathartics

Rhabdomyolysis Acute or chronic kidney
failure

>800 mg in dialysis patients Tumor lysis syndrome Hypoparathyroidism

Vitamin D toxicity Hemolysis Pseudohyperparathyroidism

Lactic acidosis Vitamin D toxicity

Diabetic ketoacidosis Acromegaly

Tumoral calcinosis

Workup
In the setting of normal kidney function, it is important to rule out
intracellular release by checking uric acid (for tumor lysis syndrome);
creatinine kinase (for rhabdomyolysis); and lactate dehydrogenase,
haptoglobin levels (for hemolysis), and, when appropriate, a serum lactate.
Additional testing should include PTH, vitamin D, and insulin-like growth
factor levels (a normal level, rules out acromegaly).

Signs and Symptoms
Acute hyperphosphatemia has little to no symptoms, and the symptoms that
may manifest are largely due to hypocalcemia. The central nervous system
signs and symptoms of hypocalcemia include: irritability, numbness,
tingling, laryngospasms, seizures, and coma. Cardiovascular signs include:
prolonged QTc, bradycardia, decreased contractility, hypotension, and shock.

Severe hyperphosphatemia has also been linked to development of acute
and chronic kidney disease, with pathology showing tubular calcium
phosphate deposits on a background of diffuse chronic tubulointerstitial
injury.49

Chronic hyperphosphatemia occurring in advanced chronic kidney disease
and those undergoing dialysis is a much more intricate disease, resulting in
bone demineralization, ectopic calcification, chronic inflammation,
cardiovascular disease, and premature death. Renal osteodystrophy
manifests as weaker bones, which are more susceptible to fracture as well as
to bone pain and generalized fatigue. Calciphylaxis, formally known as
calcific uremic arteriolopathy, is a complex disease where smooth muscles
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1.

2.

3.

4.

are replaced by bone-forming cells, resulting in painful deep tissue nodules
and necrotic tissue. The tissue necrosis can be extensive, affecting areas as
large as the entire abdomen and often becoming infected. It frequently is
fatal.

Treatment
Prevention is key and maintaining kidney function is fundamental.
Aggressive intravenous fluid is often used to preserve kidney function and
augment urinary clearance of phosphorus. However, in cases with severe,
symptomatic hyperphosphatemia, when kidney function is compromised,
dialysis is used to remove phosphorus. Continuous kidney replacement has
better efficacy than conventional or intermittent hemodialysis with fewer
instances of rebound hyperphosphatemia.7 Because insulin therapy can
temporarily shift phosphorus intracellularly, it has been used in conjunction
with dextrose to mitigate hyperphosphatemia50 (see Table 23.6).

Treatment of Severe Hyperphosphatemia

Modality When to Use It

Intravenous (IV) fluid hydration Whenever possible

Kidney replacement therapy (continuous >
intermittent)

With significant kidney failure

Insulin + dextrose Only as an adjunct

References
Suzuki S, Egi M, Schneider AG, Bellomo R, Hart GK, Hegarty C. Hypophosphatemia in critically
ill patients. J Crit Care. 2013;28(4):536.e9-536.e19.
Zhao Y, Li Z, Shi Y, et al. Effect of hypophosphatemia on the withdrawal of mechanical
ventilation in patients with acute exacerbations of chronic obstructive pulmonary disease. Biomed
Rep. 2016;4(4):413-416.
Zazzo JF, Troché G, Ruel P, Maintenant J. High incidence of hypophosphatemia in surgical
intensive care patients: efficacy of phosphorus therapy on myocardial function. Intensive Care
Med. 1995;21(10):826-831.
Michell AW. Central pontine myelinolysis temporally related to hypophosphataemia. J Neurol
Neurosurg Psychiatry. 2003;74(6):820. doi:10.1136/jnnp.74.6.820



5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Tonelli M, Sacks F, Pfeffer M, Gao Z, Curhan G. Relation between serum phosphate level and
cardiovascular event rate in people with coronary disease. Circulation. 2005;112(17):2627-2633.
doi:10.1161/circulationaha.105.553198
Port FK, Pisoni RL, Bommer J, et al. Improving outcomes for dialysis patients in the international
Dialysis Outcomes and Practice Patterns Study. Clin J Am Soc Nephrol. 2006;1(2):246-255.
Tan HK, Bellomo R, M’Pis DA, Ronco C. Phosphatemic control during acute renal failure:
intermittent hemodialysis versus continuous hemodiafiltration. Int J Artif Organs.
2001;24(4):186-191.
Cohen J, Kogan A, Sahar G, Lev S, Vidne B, Singer P. Hypophosphatemia following open heart
surgery: incidence and consequences. Eur J Cardiothorac Surg. 2004;26(2):306-310.
Yang Y, Zhang P, Cui Y, et al. Hypophosphatemia during continuous veno-venous hemofiltration
is associated with mortality in critically ill patients with acute kidney injury. Crit Care.
2013;17(5):R205.
Salem RR, Tray K. Hepatic resection-related hypophosphatemia is of renal origin as manifested
by isolated hyperphosphaturia. Ann Surg. 2005;241(2):343-348.
doi:10.1097/01.sla.0000152093.43468.c0
National Institute for Health and Care Excellence. Nutrition support for adults: oral nutrition
support, enteral tube feeding and parenteral nutrition. Published February 22, 2006. Last updated
August 4, 2017. Accessed February 6, 2020. https://www.nice.org.uk/guidance/cg32
RENAL Replacement Therapy Study Investigators; Bellomo R, Cass A, Cole L, et al. Intensity of
continuous renal-replacement therapy in critically ill patients. N Engl J Med. 2009;361(17):1627-
1638.
Demirjian S, Teo BW, Guzman JA, et al. Hypophosphatemia during continuous hemodialysis is
associated with prolonged respiratory failure in patients with acute kidney injury. Nephrol Dial
Transplant. 2011;26(11):3508-3514. doi:10.1093/ndt/gfr075
Donhowe JM, Freier EF, Wong ET, Steffes MW. Factitious hypophosphatemia related to mannitol
therapy. Clin Chem. 1981;27(10):1765-1769.
Murer H. Homer Smith Award. Cellular mechanisms in proximal tubular Pi reabsorption: some
answers and more questions. J Am Soc Nephrol. 1992;2(12):1649-1665.
Geerse DA, Bindels AJ, Kuiper MA, Roos AN, Spronk PE, Schultz MJ. Treatment of
hypophosphatemia in the intensive care unit: a review. Crit Care. 2010;14(4):R147.
Marinella MA. Refeeding syndrome and hypophosphatemia. J Intensive Care Med.
2005;20(3):155-159.
Hsu H, Lacey DL, Dunstan CR, et al. Tumor necrosis factor receptor family member RANK
mediates osteoclast differentiation and activation induced by osteoprotegerin ligand. Proc Natl
Acad Sci. 1999;96(7):3540-3545. doi:10.1073/pnas.96.7.3540
Aude T, Thierry R, Bernard C, Aglaia K. Severe hypocalcemia after a single denosumab injection
and tumor-induced persistent hypophosphatemia in a patient with metastatic prostate cancer.
Endocrine Abstracts. 2019;64:39. doi:10.1530/endoabs.64.039
Murer H, Lötscher M, Kaissling B, Levi M, Kempson SA, Biber J. Renal brush border membrane
Na/Pi-cotransport: molecular aspects in PTH-dependent and dietary regulation. Kidney Int.
1996;49(6):1769-1773.
Antoniucci DM, Yamashita T, Portale AA. Dietary phosphorus regulates serum fibroblast growth
factor-23 concentrations in healthy men. J Clin Endocrinol Metab. 2006;91(8):3144-3149.
Habra M, Jimenez C, Huang S-C, et al. Expression analysis of fibroblast growth factor-23, matrix
extracellular phosphoglycoprotein, secreted frizzled-related protein-4, and fibroblast growth

https://www.nice.org.uk/guidance/cg32


23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

factor-7: identification of fibroblast growth factor-23 and matrix extracellular
phosphoglycoprotein as major factors involved in tumor-induced osteomalacia. Endocrine
Practice. 2008;14(9):1108-1114. doi:10.4158/ep.14.9.1108
Jonsson KB, Zahradnik R, Larsson T, et al. Fibroblast growth factor 23 in oncogenic osteomalacia
and X-linked hypophosphatemia. N Engl J Med. 2003;348(17):1656-1663.
doi:10.1056/nejmoa020881
Tenenhouse HS, Murer H. Disorders of renal tubular phosphate transport. J Am Soc Nephrol.
2003;14(1):240-248.
Clarke BL, Wynne AG, Wilson DM, Fitzpatrick LA. Osteomalacia associated with adult
Fanconi’s syndrome: clinical and diagnostic features. Clin Endocrinol. 1995;43(4):479-490.
doi:10.1111/j.1365-2265.1995.tb02621.x
Walton RJ, Bijvoet OLM. Nomogram for derivation of renal threshold phosphate concentration.
Lancet. 1975;306(7929):309-310. doi:10.1016/s0140-6736(75)92736-1
Aubier M, Murciano D, Lecocguic Y, et al. Effect of hypophosphatemia on diaphragmatic
contractility in patients with acute respiratory failure. N Engl J Med. 1985;313(7):420-424.
doi:10.1056/nejm198508153130705
Agusti AG, Torres A, Estopa R, Agustividal A. Hypophosphatemia as a cause of failed weaning:
the importance of metabolic factors. Crit Care Med. 1984;12(2):142-143.
Taylor BE, Huey WY, Buchman TG, Boyle WA, Coopersmith CM. Treatment of
hypophosphatemia using a protocol based on patient weight and serum phosphorus level in a
surgical intensive care unit. J Am Coll Surg. 2004;198(2):198-204.
Haider DG, Lindner G, Wolzt M, et al. Hyperphosphatemia is an independent risk factor for
mortality in critically ill patients: results from a cross-sectional study. PLoS One.
2015;10(8):e0133426.
Adler SG, Laidlaw SA, Lubran MM, Kopple JD. Hyperglobulinemia may spuriously elevate
measured serum inorganic phosphate levels. Am J Kidney Dis. 1988;11(3):260-263.
Jamil MG, Abdel-Raheem MM, Potti A, Levitt R. Pseudohyperphosphatemia associated with
Waldenström’s macroglobulinemia. Am J Hematol. 2000;65(4):329.
Izzedine H, Camous L, Bourry E, Azar N, Leblond V, Deray G. The case | The case presentation.
Kidney Int. 2007;72(8):1035-1036. doi:10.1038/sj.ki.5002485
Lane JW, Rehak NN, Hortin GL, Zaoutis T, Krause PR, Walsh TJ. Pseudohyperphosphatemia
associated with high-dose liposomal amphotericin B therapy. Clin Chim Acta. 2008;387(1-2):145-
149.
Leehey DJ. Spurious hyperphosphatemia due to hyperlipidemia. Arch Intern Med. 1985;145(4):
743-744. doi:10.1001/archinte.145.4.743
Larner AJ. Pseudohyperphosphatemia. Clin Biochem. 1995;28(4):391-393. doi:10.1016/0009-
9120(95)00013-y
Gumurdulu Y, Serin E, Ozer B, Gokcel A, Boyacioglu S. Age as a predictor of
hyperphosphatemia after oral phosphosoda administration for colon preparation. J Gastroenterol
Hepatol. 2004;19(1):68-72. doi:10.1111/j.1440-1746.2004.03253.x
Mendoza J, Legido J, Rubio S, Gisbert JP. Systematic review: the adverse effects of sodium
phosphate enema. Aliment Pharmacol Ther. 2007;26(1):9-20.
Beloosesky Y, Grinblat J, Weiss A, Grosman B, Gafter U, Chagnac A. Electrolyte disorders
following oral sodium phosphate administration for bowel cleansing in elderly patients. Arch
Intern Med. 2003;163(7):803-808.



40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Ori Y, Rozen-Zvi B, Chagnac A, et al. Fatalities and severe metabolic disorders associated with
the use of sodium phosphate enemas: a single center’s experience. Arch Intern Med.
2012;172(3):263-265.
González-Parra E, Gracia-Iguacel C, Egido J, Ortiz A. Phosphorus and nutrition in chronic kidney
disease. Int J Nephrol. 2012;2012:597605.
McBryde KD, Wilcox J, Kher KK. Hyperphosphatemia due to fosphenytoin in a pediatric ESRD
patient. Pediatr Nephrol. 2005;20(8):1182-1185. doi:10.1007/s00467-005-1947-0
O’Connor LR, Klein KL, Bethune JE. Hyperphosphatemia in lactic acidosis. N Engl J Med.
1977;297(13):707-709. doi:10.1056/nejm197709292971307
Kebler R, McDonald FD, Cadnapaphornchai P. Dynamic changes in serum phosphorus levels in
diabetic ketoacidosis. Am J Med. 1985;79(5):571-576. doi:10.1016/0002-9343(85)90053-1
Shoback D. Hypoparathyroidism. N Engl J Med. 2008;359(4):391-403.
doi:10.1056/nejmcp0803050
Hundahl SA, Cady B, Cunningham MP, et al. Initial results from a prospective cohort study of
5583 cases of thyroid carcinoma treated in the United States during 1996. Cancer. 2000;
89(1):202-217. doi:10.1002/1097-0142(20000701)89:1<202::aid-cncr27>3.0.co;2-a
Feld S, Hirschberg R. Growth hormone, the insulin-like growth factor system, and the kidney.
Endocr Rev. 1996;17(5):423-480.
Sprecher E. Familial tumoral calcinosis: from characterization of a rare phenotype to the
pathogenesis of ectopic calcification. J Invest Dermatol. 2010;130(3):652-660.
doi:10.1038/jid.2009.337
Khurana A. The effect of oral sodium phosphate drug products on renal function in adults
undergoing bowel endoscopy. Arch Intern Med. 2008;168(6):593. doi:10.1001/archinte.168.6.593
Helikson MA, Parham WA, Tobias JD. Hypocalcemia and hyperphosphatemia after phosphate
enema use in a child. J Pediatr Surg. 1997;32(8):1244-1246.



24

Magnesium Management in the Intensive
Care Unit
Mina El Kateb and Joel M. Topf

INTRODUCTION
Magnesium is the fourth most abundant cation in the human body and,
behind potassium, is the second most abundant intracellular cation. In
multiple studies, magnesium levels (either high1 or low2) have been
associated with hospital mortality. Despite these variable associations with
outcomes, there are little consistent data showing improvement in outcomes
with supplementing magnesium in deficient states, suggesting that altered
magnesium is merely an epiphenomenon of critically ill people rather than
the causative factor.

This chapter reviews the treatment of hypo- and hypermagnesemia and
reviews the pathology underlying these conditions.

Normal Magnesium Levels
The average human body contains 25 g of magnesium, which is roughly
equivalent to 2,000 mEq or 1 mole of magnesium. Nearly 99% of this
magnesium is intracellular, with just over half trapped in bone. Only 1% is
extracellular, a third of which (approximately 2.6 mmol) is present in
plasma. Like calcium, only the ionized fraction of magnesium is
metabolically active. Ionized magnesium ranges from 55% to 70% of serum
magnesium. Although normal levels vary from laboratory to laboratory,
typical lab values for various units are given in Table 24.1.
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Normal Magnesium Levels in Various Units

Units Normal Magnesium Concentration

mmol/L 0.7-0.85

mEq/L 1.4-1.7

mg/dL 1.7-2.1

mg/L 17-21

HYPOMAGNESEMIA
Hypomagnesemia is defined as serum magnesium level less than 1.7 mg/dL
(0.7 mmol/L). Hypomagnesemia can be found in up to two-thirds of
intensive care unit (ICU) patients3 and 11% of the general inpatient
population.4 Serum magnesium levels that represent only 0.3% of total body
magnesium may not correspond with total body magnesium and therefore
magnesium deficiency can be present despite a normal serum magnesium.
Some experts suggest giving magnesium despite normal magnesium levels
if the patient has symptoms of hypomagnesemia (e.g., hypocalcemia,
hypokalemia, tachyarrhythmia). This should especially be considered in
patients with risk factors for hypomagnesemia (e.g., alcoholism, diabetes,
diarrhea).5

Causes of Hypomagnesemia
Hypomagnesemia can be due to decreased magnesium absorption or
increased renal loss of magnesium (Table 24.2).

Etiologies of Hypomagnesemia

Extrarenal Causes Renal Causes

1. Gastrointestinal
Diarrhea
Steatorrhea
Congenital malabsorption
Protein calorie malnutrition

1. Drugs
Proton pump inhibitors
Aminoglycoside toxicity
Pentamidine toxicity
Amphotericin B toxicity



Alcoholism
Enteral nutrition
Inflammatory bowel disease
Gastric suction
Vomiting
Short bowel syndrome
Sprue
Intestinal bypass for obesity
Chronic pancreatitis

2. Skin
Burns
Toxic epidermal necrolysis

3. Bone
Hungry bone syndrome

4. Pancreatitis

Thiazide diuretics
Calcineurin inhibitors
Foscarnet
Cisplatin

2. Loop of Henle
Loop diuretics
Hypercalcemia

3. Increased tubular flow
Osmotic diuretics
Diabetes Type I and II
Hyperaldosteronism
Volume expansion
Diabetic ketoacidosis

4. Tubular dysfunction
Recovery from acute tubular necrosis
Recovery from obstruction
Recovery from transplantation

5. Congenital renal magnesium wasting
Bartter syndrome
Gitelman syndrome

Extrarenal Etiologies of Hypomagnesemia
Decreased oral intake, by itself, is a rare cause of hypomagnesemia.
Although, in experimental settings, prolonged ingestion of a magnesium-
depleted diet resulted in symptomatic hypomagnesemia, in clinical practice,
this is rarely seen. However, because both upper and lower gastrointestinal
(GI) secretions contain magnesium, GI losses contribute to magnesium
depletion. Any malabsorption syndrome, diarrhea, enteric fistulas, surgical
drainage tubes as well as steatorrhea all contribute substantially to
hypomagnesemia. Similarly, small bowel resection and inflammatory bowel
disease have both been associated with hypomagnesemia.6

In 2006 hypomagnesemia causing carpopedal spasm was found. The
purported cause was a proton pump inhibitor (PPI). Two patients had been
treated for a year or more prior to developing the hypomagnesemia.
Switching from omeprazole to ranitidine resulted in rapid improvement in
serum magnesium.7 A systematic review and meta-analysis of 110,000



patients found the use of PPI resulted in a 43% increased risk of
hypomagnesemia, though a more recent meta-analysis was unable to
reproduce those findings because of the heterogeneity in the data.8,9 The
mechanism of PPI-induced hypomagnesemia has not been elucidated, but it
is thought to be due to malabsorption as a result of loss of pH-dependent
magnesium resorption via transient receptor potential melastatin-type
magnesium channels (TRPM6) in the small bowel.10

Between GI losses and renal losses is only one disease, hungry bone
syndrome. Following parathyroidectomy, the sudden drop in parathyroid
hormone (PTH) may result in rapid reconstitution of demineralized osteoid.
This can reduce serum calcium, phosphorus, and magnesium.11

Renal Losses
Unlike most electrolytes, where 60% to 70% of the filtered load is
reabsorbed in the proximal tubule, only 10% to 20% of filtered magnesium
is reabsorbed in the proximal tubule. The bulk of the filtered magnesium
(70%) is reabsorbed along with calcium via a paracellular route in the thick
ascending limb of the loop of Henle. The remaining 5% to 10% is
reabsorbed in the distal convoluted tubule.12

Resorption of magnesium is inversely proportional to tubular flow, so
increases in tubular flow decrease renal magnesium retention. Diuretics,
hyperglycemia, nonoliguric acute tubular necrosis (ATN), volume
expansion with intravenous (IV) fluids, hyperaldosteronism, and syndrome
of inappropriate antidiuretic hormone (SIADH) all increase renal
magnesium wasting. Given the importance of the loop of Henle in
magnesium resorption, it should not be surprising to find loop diuretics as a
principal cause of hypomagnesemia. Thiazide-like diuretics similarly
increase renal magnesium wasting and predispose to hypomagnesemia.

Drugs and diseases that damage tubules decrease renal reabsorption of
magnesium. This is seen with aminoglycosides, chronic alcohol abuse,
foscarnet, cisplatin, and ATN. Genetic causes of renal wasting include
Bartter and, more commonly and more severely, Gitelman syndrome.

Epithelial growth factor (EGF) increases magnesium transport through
TRPM6 in the distal convoluted tubule. Anti-EGF drugs like cetuximab and
panitumumab cause renal magnesium wasting and hypomagnesemia.13



Hypomagnesemia in alcoholics is common. De Marchi et al studied 61
patients with chronic alcoholism. A third had hypomagnesemia and urine
magnesium was inappropriately elevated. The renal magnesium “leak”
resolved within 4 weeks of abstinence.14 Patients with alcohol abuse
disorder also frequently experience vomiting, diarrhea, and pancreatitis,
which may contribute to the high rate of hypomagnesemia.

Manifestations of Hypomagnesemia
Hypokalemia and Hypocalcemia
Hypomagnesemia causes both biochemical and clinical manifestations. The
two most prominent biochemical symptoms are hypokalemia and
hypocalcemia. Decreased intracellular magnesium increases renal
potassium wasting. It is difficult to correct hypokalemia until the
magnesium deficiency is corrected.15 Hypocalcemia is due to decreased
release of PTH and end-organ resistance to PTH in the presence of
hypomagnesemia.16

Neuromuscular Symptoms
Neuromuscular hyperexcitability is often the earliest clinical symptoms of
hypomagnesemia. Low magnesium and concomitant hypocalcemia lower
the threshold for excitability. Symptoms can range from twitching, to
cramps, to, in extreme cases, tetany. Chvostek and Trousseau signs may be
present even in the absence of hypocalcemia.17

Cardiovascular Signs and Symptoms
Hypomagnesemia increases excitability of the heart and alters the
electrocardiogram (ECG). Moderate hypomagnesemia causes widened QRS
and peaked T waves. With more severe hypomagnesemia patients develop
prolongation of the PR interval, further widening of the QRS complex, and
diminution of the T wave. Low magnesium is correlated with atrial
fibrillation. Ventricular arrhythmia may also be more common with
hypomagnesemia.

Atrial fibrillation after coronary artery bypass is a common complication.
Hypomagnesemia is also common after bypass. In a meta-analysis of seven



double-blind, placebo-controlled trials, Gu et al were able to show that IV
magnesium reduced postoperative atrial fibrillation by 36%.18

Magnesium has been a staple for the treatment of torsades de pointes;
however, the 2018 focused update on Advanced Cardiovascular Life
Support (ACLS) cited scant evidence to support this and stated, “The
routine use of magnesium for cardiac arrest is not recommended in adult
patients (Class III: No Benefit; Level of Evidence C-LD). Magnesium may
be considered for torsades de pointes (i.e., polymorphic Ventricular
Tachycardia associated with long-QT interval) (Class IIb; Level of
Evidence C-LD).” Class IIb is weak evidence, with the likely benefit to be
greater than or equal to risk.19

Diagnosis
Serum magnesium represents only 0.3% of total body magnesium, so it
shouldn’t be a surprise that serum magnesium levels do not reliably
represent total magnesium stores. In some cases, patients may have
clinically significant magnesium deficiency despite a normal serum
magnesium. Use of ionized magnesium or erythrocyte magnesium is unable
to improve the assessment of total body stores.20,21 A 24-hour urine for
magnesium can be helpful. If patients are hypomagnesemic, magnesium
excretion of more than 1 mmol (24 mg) per day is suggestive of renal
magnesium wasting.22 The other commonly discussed test is the magnesium
tolerance test. Here patients have their 24-hour urine magnesium checked,
then get a loading dose of magnesium followed by a second 24-hour urine
to see what fraction of the loading dose (0.2 mEq/kg [2.4 mg/kg]) is
retained by the subject. Healthy individuals with normal magnesium status
retained 14%, whereas hypomagnesemic individuals retained 85%. Patients
with medical conditions predisposing them to magnesium depletion
retained 51%.23 There are little data to show if the magnesium tolerance test
works in patients with renal magnesium wasting or chronic kidney disease.
Given the fact that there are little data showing the advantage of using
magnesium tolerance for treatment decisions and the fact that it takes at
least 48 hours to complete, use of the magnesium tolerance test remains
limited to research applications.
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Treatment
Patients with symptomatic hypomagnesemia should be treated with IV
magnesium. No trials have been done to determine the optimal regimen for
magnesium replacement, but experts recommend treatment based on the
level and presence of symptoms, severity of deficiency/illness.24-26 Some
recommendations for specific magnesium prescriptions are listed in Table
24.3. IV magnesium can be associated with muscle weakness, areflexia,
hypotension, and decreased inotropy. One gram of IV calcium gluconate
can be used as an antidote to acute toxicity of magnesium infusions.27 Oral
magnesium replacement is limited by diarrhea. As oral magnesium doses
climb, the risk of diarrhea goes up. Because diarrhea is a cause of
hypomagnesemia, oral magnesium can become a snake swallowing its own
tail.

Recommendations for Magnesium Replacement
Based on Severity of Illness

Condition Magnesium Replacement

Torsade de pointes Intravenous (IV) magnesium sulfate 2 g (16 mEq) over 15 min
followed by 1 g (8 mEq) hourly26

Cardiac arrest No longer recommended, Class III, risk > benefit19

Severe, symptomatic
hypomagnesemia—mg
levels <1 mEq/L with
neuromuscular,
neurologic, or cardiac
arrhythmias

2 g (16 mEq) of magnesium sulfate over 5-10 min.
Alternatively, this can be given over an hour if the symptoms
are not life-threatening. This initial treatment should be
followed by 4-6 g (32-48 mEq) a day for 3-5 d.
Use caution in patients with decreased kidney function.24,25

Mild to moderate
hypomagnesemia—mg
levels 1-1.5 mg/dL

Magnesium oxide 400 mg 2-3 times a day
IV replacement is recommended if the patient develops
diarrhea or has gastrointestinal disturbance.

General
recommendations

Continue therapy for magnesium replacement after correction
of the serum level to replace presumed intracellular
magnesium depletion.
Use of amiloride can minimize renal magnesium losses.
Correct hypomagnesemia before correcting hypokalemia and
hypocalcemia.
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HYPERMAGNESEMIA
Hypermagnesemia is defined as serum magnesium over 2.4 mg/dL (1.98
mEq/L or 0.99 mmol/L). In 1,033 consecutive electrolyte determinations
(not all of them with an order for a magnesium level), only 59 were more
than 0.99 mmol/L.28 Hypermagnesemia is rare because the kidney is able to
increase the fractional excretion of magnesium to nearly 100% (normal
2%-4%) in response to increased levels. Hypermagnesemia is largely
asymptomatic, with clinical symptoms being rare below a magnesium of
4.8 mg/dL (2 mmol/L).

Etiology of Hypermagnesemia
Hypermagnesemia can result from either increased exogenous intake or
impaired excretion (see Table 24.4).

Clinical Settings of Hypermagnesemia

Common Acute kidney failure
Chronic kidney disease with exogenous magnesium intake
Preeclampsia and eclampsia therapy

Less common Chronic kidney disease without exogenous magnesium intake
Rectal administration of magnesium-containing solutions

Rare Parasitosis with exogenous magnesium intake
Lithium therapy
Hypothyroidism
Certain neoplasms with skeletal involvement
Viral hepatitis
Hyperparathyroidism with kidney disease
Pituitary dwarfism
Milk-alkali syndrome
Perforated viscus with exogenous magnesium intake
Acute diabetic ketoacidosis
Addison disease

Increased Intake of Magnesium
Magnesium is found in laxatives and antacids. Epsom salt is magnesium
sulfate and is often used as a folk remedy for abdominal pain, constipation,



arthritis, and influenza. One tablespoon of Epsom salt contains
approximately 35 g of magnesium sulfate.

Clark and Brown reported on eight cases of severe hypomagnesemia
because of oral intake of magnesium-containing cathartics or antacids.
Intake was not excessive but concurrent bowel disease allowed excess
absorption. Though seven of the eight did not have preexisting diagnosis of
kidney dysfunction, glomerular filtration rate (GFR) was likely
compromised because of the advanced age of the patients (70 ± 6 years).29

Another typical setting for hypermagnesemia is the treatment of preterm
labor or preeclampsia/eclampsia. Patients are routinely loaded with IV
magnesium without assessing the levels. Typical infusion protocols (4-6 g
load followed by 1-2 g/hr) result in serum magnesium levels of 4 to 8
mg/dL. Thankfully, patients typically have good outcomes even in cases
where accidents result in very high magnesium levels.30

Decreased Magnesium Excretion
In most cases, decreased clearance of magnesium at least plays a role in the
development of hypermagnesemia. Normally, patients with progressive
kidney dysfunction insufficiency are able to maintain magnesium balance
with normal magnesium intake until the GFR falls to 30 mL/min. After that,
patients should be warned to avoid increased oral magnesium.21

Familial hypocalciuric hypercalcemia (FHH) is an autosomal dominant
tubular disorder with a loss-of-function mutation of the calcium-sensing
receptor (CaSR) so that serum calcium is unable to modulate calcium (and
magnesium) resorption in the thick ascending limb of the loop of Henle.
This unregulated calcium and magnesium result in modest hypercalcemia
and hypermagnesemia, respectively.

Manifestations of Hypermagnesemia
Hypermagnesemia prevents the release of presynaptic acetylcholine-
suppressing neuromuscular transmission (see Table 24.5). Clinically, the
first place this shows up is in loss of the deep tendon reflex (usually at
levels above 4.8 mg/dL). This can be followed by somnolence and
ultimately muscle paralysis, including the muscles of respiration at a
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magnesium level around 12 mg/dL. Cardiovascular effects usually begin to
be seen around 4 to 5 mg/dL and begin with hypotension. As the
magnesium level rises above 7, prolonged PR intervals, increased QRS
duration, and prolonged QT intervals are seen. This is followed by
bradycardia. Finally, hypermagnesemia can cause complete heart block and
cardiac arrest.

Effects of Hypermagnesemia

Serum Magnesium
Level

Clinical Manifestations

1.7-2.4 Normal levels

5-8 Nausea, vomiting, headache, flushing, loss of deep tendon
reflexes, somnolence, hypotension

12-15 Atrioventricular block, bradycardia, QRS widening, muscle
weakness, and paralysis

>15 Cardiac arrest, respiratory arrest

Magnesium is tightly linked to calcium metabolism. Hypermagnesemia
inhibits PTH release, leading to mild hypocalcemia, which can worsen QT
prolongation and compound cardiac arrhythmia.

Prevention and Treatment
The first rule of hypermagnesemia is preventing hypermagnesemia. Patients
with compromised GFR should avoid magnesium loads. Magnesium is
often delivered in antacids and cathartics.29

If hypermagnesemia develops in a patient with intact kidney function,
stopping the magnesium should allow quick recovery. Some advocate
adding a forced saline diuresis and loop diuretics with or without thiazides
to increase magnesium clearance. Hypermagnesemia can cause hypotension
and acute kidney injury, compromising the ability to clear magnesium via
the kidney. Calcium blocks the toxic effects of magnesium so patients with
severe intoxication should be given 1 g of IV calcium gluconate as a
temporary antidote.21
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If kidney function is compromised or the patient has severe symptomatic
disease, dialysis should be provided. Intermittent hemodialysis lowers
magnesium faster than continuous therapies.31 Continuous Kidney
replacement therapy (CKRT) has been used successfully and can prevent
rebound hypermagnesemia after a session of intermittent hemodialysis; this
is especially important in patients following large ingestions of magnesium
citrate where retention of the magnesium-based laxative in the gut can serve
as a reservoir for continuous magnesium absorption.32 Peritoneal dialysis
has also been used to successfully treat hypermagnesemia.33
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Acid-Base Management in the Intensive
Care Unit
Roger A. Rodby

INTRODUCTION
Acid-base disorders are loved by nephrologists and often loathed by others,
but there is no more important a place to diagnose and treat these
abnormalities than in an intensive care unit (ICU) setting. Patients in an ICU
frequently have derangements in [HCO3] or [PCO2] (or both) that lead to
markedly abnormal pH values. It is important to recognize, however, that a
normal pH does not exclude an acid-base disorder, which can be hidden and
clinically significant. The clinician managing these patients needs to dissect
the entire blood gas pH, [HCO3], and [PCO2] in conjunction with anion gap
(AG) to best determine all components of an acid-base disorder to make the
correct diagnosis. This is critical in any decision making that may be
indicated based on these values. This chapter reviews the basics of
determining these disorders as well as treatment approaches.

HENDERSON-HASSELBALCH SIMPLIFIED
The body regulates the pH within the narrow range of 7.38 to 7.42 through
changes in the [HCO3] (kidneys) and the [PCO2] (lungs). The relationship of
the pH to these values is most easily understood with a simplified version of
the Henderson-Hasselbalch (H/H) equation, where

[H+] = 24 ([PCO2]/[HCO3])
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with the [PCO2] in mm Hg and the [HCO3] in mmol/L. Using normal
[HCO3] and [PCO2] values of 24 and 40, respectively, this gives a normal
[H+] of 40. The units of [H+] are in nanomoles/liter or 40 × 10−9 (Na and K
values are in 10−3, which speaks to just how low a concentration of [H+]
exists in the blood). As pH is the negative log of the [H+], translating these
nanomole [H+] values to a pH can be a bit daunting even with a calculator.
However, because there are a finite number of plasma [H+] values consistent
with life, these can be presented in an easy-to-use table (Table 25.1). Using
this, you can see that a [H+] of 40 × 10−9 translates to a normal pH of 7.40.
The relationship of [H+] to pH is logarithmic and not linear, but it is useful to
know that a [H+] of 50 × 10−9 corresponds to a pH of 7.30 and 30 × 10−9 to a
pH of 7.50.

pH Values That Accompany a Wide Physiologic
Range of [H+] Values



Three points are worth mentioning. The [HCO3] can be directly measured
using venous blood specimens run by typical laboratory autoanalyzers and
can be calculated (from the measured pH and [PCO2]) when a blood gas
machine is used for these measurements. This has led to a common
misconception that [HCO3] values from a blood gas measurement are not
valid and often lead to using only blood chemistry panel determined [HCO3]



values. The reason it is calculated when determined by a blood gas machine
is because it does not need to be measured. If you have a measured and,
therefore, assumed valid [PCO2] and pH, then H/H allows only one [HCO3]
for that combination of [PCO2] and pH. If you believe the measured [PCO2]
and the measured pH, you really have no choice but to believe this
calculated [HCO3]. Second, venous and arterial [HCO3] values normally
differ, with venous blood values typically being 1 to 2 mmol/L higher than
arterial values, so it does not make sense to interpret an arterial blood gas
using a venous [HCO3]. Finally, although the gold standard for measuring
systemic pH is from arterial blood, venous blood gas determinations are well
correlated with arterial blood specimens, with venous specimens typically
having [HCO3] values approximately 1 mmol/L and [PCO2] values
approximately 4 mm Hg higher and with pH values 0.03 lower than those
obtained using simultaneously determined arterial specimens.1

GENERAL CONSIDERATIONS IN THE EVALUATION OF
THE ACID-BASE STATUS
An abnormal blood pH can exist with any number of combinations of pH,
[HCO3], and [PCO2] values. Simultaneous metabolic and respiratory
acidoses or alkaloses produce the most abnormal pH values, whereas when
opposites occur (an acidosis and a simultaneous alkalosis), you may have a
near-normal or even normal pH as the effect of one may “cancel” out the
effect of the other. A normal pH should thus never be assumed to lack an
acid-base disorder. And although the lungs compensate for metabolic
disorders and the kidneys for respiratory disorders, neither will compensate
to a normal pH, and thus, any abnormal [HCO3] or [PCO2] that is associated
with a normal pH automatically indicates that there are two primary acid-
base disorders. Humans increase or decrease minute ventilation to attenuate
pH changes brought on by alterations in the [HCO3], and the kidney can
excrete or create HCO3 to attenuate changes in the [PCO2]. These
compensations follow certain rules within limits (Table 25.2). Respiratory
compensation for metabolic acid-base disorders can be immediate (minutes)
as the [PCO2] can change very quickly by simply increasing or decreasing
minute ventilation. The only lag in respiratory response to changes in the
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[HCO3] is the lag in time for the cerebrospinal fluid to equilibrate with the
systemic pH. In chronic respiratory alkalosis, the kidney can relatively
rapidly excrete HCO3 by simply not reabsorbing it (hours), whereas
generating new HCO3 for a chronic respiratory acidosis can take much
longer (days). These timings must be considered when evaluating whether or
not an appropriate compensation has or may still occur.

Expected Compensatory Changes for Metabolic
and Respiratory Disorders

Disorder Expected Changea

Metabolic acidosis [PCO2] ↓ = 1.0 − 1.4 × Δ[HCO3]

Metabolic alkalosis [PCO2] ↑ = 0.25 − 1.0 × Δ[HCO3]

Acute respiratory acidosis [HCO3] ↑ = 0.1 × Δ[PCO2] (±0.3 mmol/L)

Chronic respiratory
acidosis

[HCO3] ↑ = 0.4 × Δ[PCO2] (±0.4 mmol/L)

Acute respiratory
alkalosis

[HCO3] ↓ = 0.1 − 0.3 × Δ[PCO2] (minimum [HCO3] 18 mmol/L)

Chronic respiratory
alkalosis

[HCO3] ↓ = 0.2 − 0.5 × Δ[PCO2] (minimum [HCO3] 14 mmol/L)

a[HCO3] is 24 − [HCO3] and Δ[PCO2] is 40 − [PCO2].

RECOGNIZING AND DETERMINING THE CAUSE OF AN
ACID-BASE DISORDER
There are several steps in determining the acid-base status of a patient,
including:

1. Is the blood pH abnormal?
2. Is compensation occurring and is the degree of compensation appropriate?

(Table 25.2)
3. Is there an elevation in the AG?
4. Does the elevation in the AG coincide with the decrease in the [HCO3]?
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5. If the pH is not abnormal, are there two primary disorders present by
cancelling each other out?

There is no consensus of what a normal AG [Na] − ([Cl] + [HCO3]) is,
and it ranges in various publications from 6 to 12.2 The AG will be lower
when there is an increase in unmeasured cations as can be seen in
hypergammaglobulinemia (and severe hypercalcemia or hypermagnesemia)
or when there is a decrease in unmeasured anions, typically seen in
hypoalbuminemia. Correction for the latter is commonly necessary in the
ICU: for every 1 g/dL drop in serum albumin from 4.0, add 2.5 to the AG.
Because a normal AG can vary, the clinician should be careful not to
overinterpret mild increases in the AG as they may not represent a clinically
significant metabolic acidosis.2,3

In an anion gap metabolic acidosis (AGMA), the AG will typically
increase approximately 1 for every 1 mmol decrease in the [HCO3] (the
ΔAG = Δ[HCO3]; Table 25.3). Any change in the AG significantly greater
than this indicates that the [HCO3] was initially higher (or is being driven
higher) and determines that a simultaneous metabolic alkalosis is present. If
the metabolic alkalosis is severe enough, the [HCO3] could be normal or
even elevated above normal and, in doing so, may hide the metabolic
acidosis! Because, in lactic acidosis (LA), there may be significant
intracellular buffering, the degree of acid production may not be reflected in
the [HCO3]. In order to identify a simultaneous metabolic alkalosis with an
LA, the increase in the AG (the ΔAG using a baseline normal AG of 10)
should be 1.5 times greater than the change in [HCO3]. Similarly, if the ΔAG
is significantly less than the Δ[HCO3], a combination of AGMA and
nonanion gap metabolic acidosis (NAGMA) is present. With these principles
in mind, Table 25.3 summarizes the rules for identifying a hidden metabolic
alkalosis or acidosis, or a combination of AGMA and NAGMA.

Rules for Determining Complex Acid-Base
Disorders Using the Anion Gap

In the Presence of an AGMA
For each 1 mmol/L ↓ in [HCO3], the AG should ↑ by ~1
Where:



Δ[HCO3] = 24 − Patient’s [HCO3]

ΔAG = Patient’s AG − 10
If:

Δ[HCO3] > ΔAG = Acidosis is mixed AG and NAGMA
ΔAG > 1.5 × Δ[HCO3] = Hidden metabolic alkalosis in addition to AGMA

Δ[HCO3] is zero or negative ([HCO3] ≥24) = Hidden metabolic acidosis in addition to a
hidden metabolic alkalosis

AG, anion gap; AGMA, anion gap metabolic acidosis; NAGMA, nonanion gap metabolic
acidosis.

WHEN TO CONSIDER TREATING A METABOLIC
ACIDOSIS
Why is it important to differentiate AGMA from NAGMA, to differentiate
respiratory from metabolic acidosis, and to reveal hidden acid-base
disorders? A severe acidemia (acidotic systemic blood pH) adversely affects
many physiologic functions but may have its largest impact on
hemodynamic stability by causing reduced left ventricular contractility,
arterial vasodilation, and impaired responsiveness to catecholamines. A
common pH threshold of concern is less than or equal to 7.20. However, it is
important to realize that not all pH values of 7.2 have similar clinical
implications. To demonstrate this, each of the following four acidemia
examples has a pH of 7.2 (using the simplified H/H equation: [H+] = 24
([PCO2]/[HCO3]), and all produce a [H+] of 63, which from Table 25.1
correlates to a pH of 7.2).

Now let us decrease the [HCO3] in A to D further by only 2 mmol/L more
(keeping the [PCO2] constant) and determine the new pH values that
correspond to these lower [HCO3] values (E-H):



These examples demonstrate that the lower the baseline [HCO3], any
further reduction in the [HCO3] leads to a greater decrease in the pH, with
cases C and D being in a very tenuous acid-base state compared to A and B,
despite all having the same baseline pH.

Similarly, let us increase the [PCO2] by only 5 mm Hg (keeping the
[HCO3] constant) and determine the new pH values for each of these (I-L):

Again, the lower the baseline [PCO2], any subsequent increase in the
[PCO2] has a greater effect on the systemic pH. These examples stress the
importance of how dissecting the components of a blood gas should be
performed to determine whether you need to treat an acidemia and, if so,
should the goal be to increase ventilation or to give a source of base
(NaHCO3, citrate, acetate). For example, although patients C and D still have
a “tolerable” pH of 7.2, you should look past the pH and increase the
[HCO3] so that they have a buffer (no pun intended) to prevent a dangerous
fall in pH in the event the [HCO3] decreases further. Using the simplified
H/H equation and Table 25.1 is an extremely useful and easy bedside tool to
predict changes in pH based on changes in [HCO3] and [PCO2] and can serve
as a guide to the required changes in these parameters necessary to achieve a
desired pH. Change one, solve for the other!



ANION GAP METABOLIC ACIDOSIS VERSUS NONANION
GAP METABOLIC ACIDOSIS IN CONSIDERATION FOR
TREATING A METABOLIC ACIDOSIS
The abovementioned examples stress how little changes in [HCO3] can have
a major effect on pH when the [HCO3] is less than or equal to10 mmol/L.
Another consideration in treating a metabolic acidosis is whether or not a
patient has an AGMA or NAGMA. The NAGMAs generally are slow to
worsen (unless there is massive gastrointestinal HCO3 loss, such as seen in
cholera), and the risk of an acute decrease in [HCO3] and pH as seen in
previous examples is considerably less. Thus, the clinician should be less
concerned about “buffering the buffer” if a major component of the acidemic
pH is an NAGMA. This is much different than, for example, LA where
[HCO3] levels can decline rapidly and precipitously.

METABOLIC ACIDOSIS: TO TREAT OR NOT TO TREAT?
A mathematical argument has been made to acutely treat specific situations
of severe metabolic acidemia. In ICU settings, this is generally achieved by
giving intravenous NaHCO3. There are numerous reasons why the
administration of NaHCO3 is considered harmful, including increasing
intracellular acidosis, decreasing brain pH, increasing CO2 production,
increasing lactic acid production, and Na (extracellular volume) overload.4-6

In the end, however, concern over the untoward effects of severe acidemia
usually wins, and therefore when “push comes to shove,” few clinicians let
those concerns prevent them from treating a severe metabolic acidemia with
NaHCO3, allowing them to “buy time” while simultaneously addressing and
treating the underlying cause.

Many textbooks discuss the calculation of the “bicarb deficit”: (24 −
(patient’s [HCO3]) × 60% to 80% of body weight in kg); however, there is
no reason to do this because there is no need to replace the entire deficit. For
the same reason as shown in the abovementioned examples that a few
mmol/L decrease in [HCO3] can significantly impact the systemic pH,
raising the [HCO3] by only a few mmol/L can have a similarly positive
impact by “buffering the buffer.” Given an average patient weighing 80 kg



has 60% water, the volume of distribution for calculation of HCO3 repletion
is the total body water at 48 L. And since an ampule of NaHCO3 has 50
mmol of HCO3, “guestimate” that for an average sized patient, each ampule
of NaHCO3 will raise the patient’s [HCO3] by about 1 mmol/L and thus two
ampules (100 mmol) may be all that is needed to get a patient “out of the
(acidemia) woods.” Each ampule has 50 mmol in 50 mL with a
concentration of 1 mmol/mL or 1,000 mL/L and a resultant osmolality of
2,000 mOsm/L. This is quite hypertonic and will pull H2O from the
intracellular space to the extracellular space to achieve osmolar equilibrium.
The alternative is to use an isotonic NaHCO3 drip typically prepared by
adding three ampules of NaHCO3 to 1 L of D5W (final [NaHCO3] = 130
mEq/L). The volume of this drip required to give the same 100 mmol of
NaHCO3 is 666 mL, and there is little difference between the expansions of
the extracellular space with either method.

LACTIC ACIDOSIS CONSIDERATIONS
The above calculations are meant for a single desired acute increase in
[HCO3] and pH. LA is both the most common and most severe metabolic
acid-base abnormality encountered in the ICU. Although it may be related to
a finite episode of tissue hypoxia (e.g., a seizure), LA is typically seen in
septic patients with multiorgan failure. Lactic acid production can be
massive, and NaHCO3 requirements to maintain an acceptable pH will be
similarly very high, causing a huge expansion of the extracellular
compartment risking clinically dangerous fluid overload. The treatment
should focus initially around reversing the cause of the LA. But until this
occurs, the patient may require NaHCO3 supplementation to maintain some
“acceptable” pH value. However, it is not unusual in LA to require greater
than or equal to 100 mmol of NaHCO3/hr (close to 1 L/hr of an isotonic
NaHCO3 drip), and this degree of extracellular volume expansion cannot be
tolerated indefinitely. Kidney replacement therapy (KRT), on the other hand,
may be an improved method to supply NaHCO3 isovolemically. Continuous
kidney replacement therapy (CKRT) is ideally designed for the
hemodynamically unstable patient that usually accompanies LA. For



example, using continuous veno venous hemofiltration with a typical
replacement fluid (RF) [NaHCO3] of 35 mmol/L, one can easily see how
large quantities of NaHCO3 can be delivered isosmotically and thus
isovolemically. If the patient has a [HCO3] of 5 mmol/L, each liter of
hemofiltrate (HF) will remove 5 mmol of NaHCO3. But if that liter of
ultrafiltrate is replaced isovolemically using intravenous RF containing 35
mmol/L of NaHCO3, each liter of HF results in a net increase in 35 − 5 = 30
mmol of NaHCO3. With modern CKRT machines, it is not difficult to
achieve an HF rate of 4 to 5 L an hour supplying a net increase (using this
example) of 120 to 150 mmol of NaHCO3 per hour without extracellular
volume expansion.

OTHER METABOLIC ACIDOSIS CONSIDERATIONS IN
THE INTENSIVE CARE UNIT
Propofol infusion syndrome can cause LA as can linezolid.7,8 Metformin can
cause LA when use is accompanied by kidney dysfunction.9 Propylene
glycol is occasionally used as a vehicle in lorazepam, phenobarbital,
diazepam, and phenytoin continuous intravenous drips and can similarly
cause LA.10 The new SGLT2 (sodium-glucose cotransporter 2) inhibitors can
rarely cause euglycemic diabetic ketoacidosis (see chapter 37).11

METABOLIC ALKALOSIS
Severe metabolic alkalosis with a pH greater than or equal to 7.6 is unusual
but is associated with cardiac arrhythmias and may need to be treated.
Depending on the etiology, a small percentage of these patients may respond
to acetazolamide and others to intravenous fluids containing chloride, but
many of these patients have simultaneous kidney failure and thus excretion
of HCO3 by the kidneys cannot be expected. This leaves two treatment
options: a hydrochloric acid drip and KRT. The former is difficult to obtain
and has significant risks of chemical damage to the infusion vein. KRT and
specifically hemodialysis using a low bicarbonate dialysate concentration
may be ideal. Another option would be to use CKRT with a low or
bicarbonate-free dialysate (continuous veno venous hemodialysis or
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CVVHD) or RF (continuous veno venous hemofiltration or CVVH). The
later could be achieved by using normal saline, but if this is done, it is
important to pay special attention to the potassium and serum calcium levels
because they will drop if not adequately replaced. It is also important to
remember that alkalemia already lowers ionized calcium and thus should be
monitored frequently. Finally, it is imperative to dissect the entire blood gas
to ensure that a respiratory component is not contributing to the alkalosis, as
managing that may be a considerably easier maneuver to lowering systemic
pH. Sedation and even respiratory paralysis with controlled minute
ventilation may be considered in extreme situations.

RESPIRATORY ACID-BASE DISORDERS
Respiratory disorders can cause hypercapnia (respiratory acidosis) and
hypocapnia (respiratory alkalosis). Although the [PCO2] is an equally
important component of pH through the H/H equation, these disorders are
best handled by ventilation management by a physician well versed in
pulmonary physiology. Still, it needs to be stressed that all acid-base
disorders need to be broken down into their individual metabolic and
respiratory components because it may be easier to improve any abnormal
pH by simply “fixing” any respiratory acid-base abnormalities.
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Drug Dosing in Acute Kidney Injury
Soo Min Jang and Bruce A. Mueller

DRUGS ASSOCIATED WITH ACUTE KIDNEY INJURY
Acute kidney injury (AKI) frequently occurs in the intensive care unit
(ICU).1 It is associated with up to 60% mortality despite considerable
advances in clinical practice and kidney replacement therapy (KRT) in the
past decades.2-4 Drug-associated AKI (e.g., aminoglycoside, contrast dye,
vancomycin) is common, but nephrotoxins continue to be prescribed
regularly in the ICU. In one university hospital’s adult ICUs, 23% of the
most commonly prescribed drugs were potential nephrotoxins, whereas
40% of commonly prescribed drugs in the pediatric ICUs were potentially
nephrotoxic.5

Drug-associated nephrotoxicity causes are multifactorial (e.g., age,
volume depletion, sepsis, and other comorbidities), yet many cases are
preventable. Goldstein et al showed 38% reduction in nephrotoxic
medication exposures and a 64% reduction in AKI rates in children through
the Nephrotoxic Injury Negated by Just-in-time Action (NINJA) system.6

This was a prospective quality improvement project implementing a
systematic electronic health record screening and decision support process
developed in a pediatric hospital. The NINJA study demonstrates that
systematic surveillance for nephrotoxic medication exposure and assessing
AKI risk can prevent harm. These findings imply that AKI can be
preventable by assessing patient’s risk for AKI and prescribing alternative
medications to limit nephrotoxin exposure. A practical application of this
type of approach could be used to prevent aminoglycoside-associated acute



tubular necrosis (ATN), which occurs in 11% to 60% of adults.7 Clinicians
in the NINJA study intently monitored for aminoglycoside nephrotoxicity,
especially when the patient was receiving prolonged therapy, had elevated
aminoglycoside serum concentrations, or had a high nephrotoxin burden6,
and this is a best practice for others to emulate to reduce nephrotoxicity
rates. Vancomycin is another antibiotic that has classically been associated
with AKI due to ATN, AIN, and even cast nephropathy from vancomycin
casts. Though AKI is associated with higher vancomycin levels, some
controversy exists whether the high levels are the cause of, or result from
the AKI.8-10

Piperacillin/tazobactam is commonly used in the ICU and has been
associated with kidney injury as well. Evidence is growing, suggesting that
concomitant vancomycin and piperacillin/tazobactam increases the risk of
nephrotoxicity.11 Six observational trials involving approximately 1,000
patients were analyzed for this meta-analysis. Nephrotoxicity incidence was
substantially increased (2.26, 95% confidence interval [CI]: 1.4-3.6, p <
0.05) in the concurrent vancomycin and piperacillin/tazobactam group
when compared to the control groups (vancomycin alone or
vancomycin/cefepime or meropenem).11 The combination of vancomycin
and piperacillin/tazobactam use also resulted in the highest release of AKI
biomarkers (urinary tissue inhibitor of metalloproteinase-2 and insulin-like
growth factor binding-protein 7) in approximately 700 ICU patients.12 AKI
developed more frequently in patients who received this drug combination
compared to those who received monotherapy of piperacillin/tazobactam (p
= 0.03) but not vancomycin (p = 0.29). Therapeutic drug monitoring and
close monitoring of kidney function to adjust drug dosing may be critical in
critically ill patients to prevent AKI.13 Clinicians should be judicious when
utilizing known nephrotoxins and choose alternatives when possible in
high-risk patients. Increased nephrotoxic medication exposures result in
higher risk of AKI, leading to increased hospital stay, hospital costs, and
patient morbidity.14

PHARMACOKINETIC CHANGES IN ACUTE KIDNEY
INJURY



The pharmacokinetic impact of AKI goes beyond simply a reduction in the
kidney’s ability to provide drug clearance. All aspects of pharmacokinetics
can be altered in AKI, including drug hepatic metabolism. Non-renal
clearance (CLNR) in AKI patients can be different from that observed in
healthy subjects or patients with end-stage kidney disease (ESKD). In AKI,
antibiotics such as imipenem, meropenem, and vancomycin have decreased
CLNR compared to healthy subjects but higher CLNR than in those with
ESRD.15-17 Given that most drug doses for kidney failure have been
generated in stable patients with ESRD, this higher CLNR in AKI suggests
that higher doses are needed for these antibiotics in AKI compared to what
is recommended for patients with ESRD. This difference in hepatic function
in AKI versus ESRD may affect other drugs as well. Indeed, dialysis itself
has been reported to alter the liver’s metabolic processes.18 A common
drug-metabolizing enzyme, CYP450 3A4, is far more active immediately
after a hemodialysis session than immediately before it. KRTs used in the
ICU, such as continuous kidney replacement therapy (CKRT), have not
been studied in this regard.

Drug absorption and drug distribution are also changed in AKI. Drug
absorption may be impaired owing to decreased gastrointestinal motility.
The use of vasopressors leads to altered oral drug bioavailability from
reduced gut perfusion. Clinicians often do not consider fluid therapy as a
“drug therapy,” but strong evidence links fluid overload with worsened ICU
patient outcome, as discussed in Chapter 10.19,20 Fluid overload also has
substantial influence on pharmacotherapy. For example, fluid resuscitation
significantly influences volume of distribution (Vd) of drugs because of
changes in extracellular volume from blood loss, fluid resuscitation, fluid
shifts, capillary leak, ascites, and so on. Drugs that have small Vd (<0.5
L/kg) and/or water soluble, such as aminoglycosides, are most likely to be
affected. For instance, the Vd of gentamicin was reported to be doubled in
patients with AKI compared to those with normal kidney function
(0.25L/kg versus 0.35L/kg). The clinical application of this is that initial
doses would need to be twice as large in AKI patients to achieve the same
serum concentration. Given that the efficacy of gentamicin is dependent on
achievement of high peak serum concentrations, one could expect that
therapeutic outcomes in fluid-overloaded patients would be worse if doses



were not increased to account for fluid overload.21 Protein binding is also
altered in patients with AKI because critically ill patients are often
hypoalbuminemic. Given that most protein-bound drugs bind to albumin, a
reduction in albumin will increase the free fraction of the drug. More
unbound (free) drug leads to more available drug to give pharmacologic
activity, more drug available to be removed by KRT, and, finally, a greater
Vd. The greater Vd again means that a higher initial (loading) dose is needed
for many drugs (especially antibiotics) to reach critical serum
concentrations in order to fill the larger volume of the patient. Maintenance
doses will need to be adjusted for volume changes as kidney function
recovers or as kidney replacement therapies remove excess fluid.

DOSING CONSIDERATIONS IN KIDNEY REPLACEMENT
THERAPIES
The extent of drug removal can be very different between CKRT,
intermittent hemodialysis (IHD), and hybrid KRT, such as prolonged
intermittent kidney replacement therapy (PIKRT).22 A good rule of thumb
to remember is that there will be more drug clearance by the KRT with the
longer KRT duration, the higher effluent rate, the smaller drug’s Vd (<0.8
L/kg), molecular weight (<1000 Da), and protein binding rate. The US
Food and Drug Administration does not require pharmaceutical companies
to provide drug dosing recommendations for all types of KRT. Preferably,
dosing recommendations should arise from published pharmacokinetic
trials, yet these studies are rarely conducted.23 Consequently, many of the
published drug dosing tables are based on expert opinions rather than large
pharmacokinetic studies conducted in patients who have received each type
of KRT. This is challenging for clinicians because therapeutic antibiotic
dosing in CKRT depends on pharmacokinetics, pharmacodynamics, CKRT
dose, and antibiotic susceptibility. In patients receiving PIKRT or
hemodialysis, appropriate dosing also depends on KRT timing relative to
the drug’s administration time.22 CKRT drug dosing guidance for new drugs
is usually available after the drug has been on the market for a couple of
years. Owing to the variability (blood/dialysate flow rates, duration, and



frequency) of how PIKRT is performed, dosing recommendations that are
broadly applicable are rarely found.24

Standard IHD provides 3- to 4-hour bursts of extracorporeal drug
clearance in an asymmetric, thrice-weekly timing for most stage 5 chronic
kidney disease (CKD5) patients or as often as daily in critically ill patients
with AKI.25 Drug dosing guidelines for IHD are predominantly generated in
patients with CKD5, not critically ill patients with AKI. Consequently, there
are many reasons why package insert–recommended IHD doses are not
appropriate to guide dosing in AKI. Not only is pharmacokinetics different
in AKI versus CKD5 patients owing to physiologic differences, but AKI
patients may also require more frequent IHD for better metabolic and fluid
control. Drug doses that are appropriate for CKD5 patients receiving thrice-
weekly hemodialysis are unlikely to be equivalent with AKI patients
requiring IHD 5 to 7 times per week. In addition, the drug clearances
attained with IHD in the ICU are often less than what can be reached in
hemodynamically stable outpatients with better vascular access and higher
blood flow rates.

Unlike IHD, CKRT is intended to run 24 hours a day. However,
interruptions in CKRT often occur.26 These interruptions affect drug
clearance and should be accounted for when recommending a patient’s drug
dosing strategy. In contrast to IHD, blood flow is much higher than the
effluent (dialysate plus ultrafiltrate) rate in CKRT. Therefore, total delivered
effluent rate is the most important determinant of drug clearance by CKRT
(CLCKRT). Patients’ total drug clearance should equal residual renal
clearance plus CLNR plus CLCKRT. Residual kidney function is often not
accounted for; however, it is crucial to add residual renal clearance to CLNR

to determine total endogenous drug clearance. Changes to any of these will
affect overall drug clearance and half-life.

DOSING STRATEGIES
Pharmacodynamic Targets
Antibiotic dosing is based on the pharmacodynamic relationship between
antibiotic concentration and antibacterial effects. There are two main types
of antibiotic pharmacodynamics: concentration-dependent killing and time-



dependent killing. Concentration-dependent antibiotics, such as
aminoglycosides and fluoroquinolones, maximize their rate and the extent
of bacterial killing at high drug concentrations. The therapeutic goal is to
maximize the peak concentration, and it usually occurs when the drug
concentration is approximately 10 times the organism’s minimum inhibitory
concentration (MIC). Major parameters that are correlated with antibiotic
efficacy are area under the serum concentration versus time curve
(AUC)/MIC and maximum drug concentration (Cmax)/MIC. Time-dependent
antibiotics, such as β-lactams (penicillins, cephalosporins, carbapenems),
exhibit the maximum rate and extent of bacterial killing when serum
concentrations are above minimum bactericidal concentration (MBC) of the
organism. Achieving a higher Cmax does not add additional benefit to drug
activity. Thus, the therapeutic goal would be to maximize the time above
MBC without having to achieve extremely high Cmax that may be associated
with drug toxicity. Typically, percentage of time above MBC or time above
MIC (T ≥ MIC) for the dosing interval correlates with the drug’s efficacy.
For example, meropenem shows very strong bacterial killing effect when its
concentration is above MIC for 40% of the dosing interval.27 This is also the
reason that time-dependent antibiotics are often given as an extended or
continuous infusion.

Drug Administration
In general, there are four different types of intravenous (IV) drug
administration strategies: (1) rapid bolus (push) administration, (2)
intermittent infusion, (3) prolonged infusion, and (4) continuous infusion.
Bolus administration is when the dose is administered within a minute,
intermittent infusion is when the dose is administered within 30 to 60
minutes (as is done for most antibiotics). Prolonged (often called extended)
infusion occurs when the dose is administered slowly, often over
approximately 4 hours or half of the dosing interval. Finally, continuous
infusion is, as its name infers, when the dose is given at a continuous rate
for the entire time of treatment. When using continuous infusions, a loading
dose (LD) should be used to provide initial therapeutic concentrations for
concentration-dependent antibiotic medications. For time-dependent
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antibiotics, it is beneficial to utilize bolus administration or intermittent
infusion to avoid initial suboptimal antibiotic exposure, allowing pathogens
to develop resistance. Even though bolus administration reaches the peak
concentration the fastest, it is avoided in some medications, such as
vancomycin, because of side effects (e.g., red man syndrome). Prolonged
infusion and continuous infusion can extend the T ≥ MIC, but their efficacy
has not been extensively studied in patients receiving CKRT. Despite the
lack of study, prolonging the β-lactam infusion time is a simple intervention
that will increase the T ≥ MIC.28 This intervention should be considered in
patients with severe infections who are receiving CKRT and is likely to be
effective because the continuous drug clearance from CKRT can be
accounted for in the continuous infusion. The best evidence to support
prolonged infusions is for cephalosporins, penicillins, and carbapenems. As
indicated in Table 26.1, these drugs are also good candidates for continuous
infusions. Although not often used at most centers, studies evaluating
continuous-infusion vancomycin are being published as clinicians try to
attain vancomycin pharmacodynamic targets while avoiding large peak
concentrations.29 In IHD or PIKRT, matching a continuous-infusion rate to
changing KRT drug clearances can be problematic. Table 26.1 illustrates
common antimicrobial pharmacodynamics and dosing strategy
considerations.

Common Antimicrobial Pharmacodynamics and
Dosing Considerations

Antimicrobial
Pharmacodynamics

Medications Drug Dosing Strategy
Considerations

Time-dependent killing Acyclovir
Penicillins
Cephalosporins
Clindamycin
Fluconazole
Carbapenems
Vancomycin

1. Continuous or extended
infusion in CKRT

2. More frequent
administration of smaller
doses

3. Supplemental dose
during PIKRT and post-
IHD

4. Weight-based dosing

Concentration-dependent AMG 1. Loading dose to achieve
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killing Colistin
Daptomycin
Fluoroquinolones
Metronidazole

PD target goals early
2. Extended dosing interval

for AMG
3. Predialytic

administration of AMG in
IHD or PIKRT

4. Weight-based dosing

AMG, aminoglycosides; CKRT, continuous kidney replacement therapy; IHD, intermittent
hemodialysis; PD, pharmacodynamics; PIKRT, prolonged intermittent kidney replacement
therapy.
Lewis SJ, Mueller BA. Antibiotic dosing in critically ill patients receiving CKRT: underdosing
is overprevalent. Semin Dial. 2014;27(5):441-445; Trotman RL, Williamson JC, Shoemaker
DM, et al. Antibiotic dosing in critically ill adult patients receiving continuous renal
replacement therapy. Clin Infect Dis. 2005;41(8):1159-1166.

Other Drug Dosing Implications
Matching drug administration techniques with KRT techniques (Table 26.1)
can be an effective way to maximize the ability of reaching
pharmacodynamic targets. AKI in the ICU is a dynamic process; as a result,
clinicians are challenged to alter drug prescribing as KRT changes are made
(changing techniques, administration times, effluent rates). As fluid
overload is corrected, dosing may have to change. As kidney function
recovers, drugs cleared by the kidneys need to have doses increased.
Prescribers can also consider other ways to alter drug therapy besides
dosing that may help patients with AKI. For example, clinicians should be
mindful of how much of extra fluid they are prescribing when ordering the
drug prescription because critically ill patients with AKI are already fluid
overloaded, minimizing fluid administration (e.g., avoiding large IV bags
when administering medications and nutrition). Pharmacists can assist in
developing fluid-restricted drug products when appropriate. Another
consideration is to have drug orders with appropriate doses prepared, for
instance, when CKRT is stopped unexpectedly owing to filter clotting or
access issues. Table 26.2 discusses dosing considerations for common drug
classes in the ICU.

Common Drug Classes in the Intensive Care
Unit and Their Dosing Consideration



Medication Class Drug Dosing Considerations

Antianginal (e.g., isosorbide
dinitrate, nitroglycerin, amlodipine,
verapamil, propranolol, atenolol,
metoprolol)

Dose per effect. You could empirically lower the
dose. Monitor the patients’ chest pain/PaO2/heart
rate.

Antiarrhythmic (e.g., amiodarone,
procainamide, digoxin, adrenaline,
propranolol)

Dose per effect for the most. Digoxin requires dose
reduction. Even KRT may not effectively clear
digoxin because of high Vd. Monitor the patients’
ECG/heart rate.

Antibiotics Determine whether the drug has time- or
concentration-dependent bactericidal activity. Then
refer to Table 26.1.

Antiepileptics (e.g., diazepam,
phenobarbital, phenytoin,
levetiracetam, carbamazepine,
lamotrigine)

Highly protein-bound medications should be
monitored with caution as there is increased fraction
of unbound phenytoin in AKI patients. For example,
free phenytoin rather than total phenytoin should be
used to monitor concentrations. Levetiracetam,
gabapentin, and carbamazepine need dose
adjustments based on kidney function. Phenobarbital
and lamotrigine may also require dose reduction.
Diazepam does not require dose adjustment.

Antifungal Determine whether the drug has time- or
concentration-dependent activity. Then refer to Table
26.1.

Antiplatelet/anticoagulants (e.g.,
heparin, LMWH, warfarin, ASA,
clopidogrel)

LMWH is not recommended in patients with severe
kidney dysfunction owing to unpredictable variability
in PK response. Heparin is preferred over LMWH.
Warfarin, ASA, and clopidogrel do not require dose
adjustments based on kidney function. Assess
bleeding risk and monitor appropriate lab values
(e.g., INR for warfarin).

Antipsychotics (e.g.,
chlorpromazine, haloperidol,
risperidone)

Antipsychotics are generally highly protein bound
and not significantly removed by dialysis. Active
metabolites may be renally excreted and lead to
accumulation. Dose cautiously and monitor patients’
response.

Antiviral (e.g., acyclovir,
lamivudine, tenofovir, stavudine,
zidovudine, nevirapine, efavirenz,
ritonavir)

Tenofovir, efavirenz, lamivudine, and emtricitabine
are associated with less toxicity compared to
stavudine, zidovudine, or nevirapine. Most of the
antivirals require dose adjustments based on kidney
function. Efavirenz and ritonavir do not need dose



adjutments based on kidney function. Acyclovir has
been associated with AKI; choose alternatives when
possible.

Insulin Dose per effect. Insulin molecular weight is >5,000
Da and is not cleared by KRT. You could empirically
lower the dose or not, monitor the patients’ glucose
and titrate appropriately.

Pain medications metabolites
(e.g., morphine)

Most non-narcotic analgesics are hepatically
metabolized, little or no dosage adjustments are
needed. Titrate to effective pain management.
Metabolites of morphine and meperidine have shown
to accumulate in patients with kidney impairment,
resulting in serious side effects (prolonged
respiratory depression for morphine and
neurotoxicity for meperidine).

Paralytics Dose per effect. You could empirically lower the dose
or not, monitor the patients’ response.

AKI, acute kidney injury; ASA, aspirin; ECG, electrocardiogram; INR, international
normalized ratio; LMWH, low-molecular-weight heparin; PaO2, partial pressure of oxygen;
PD, pharmacodynamics; PK, pharmacokinetics; KRT, kidney replacement therapy; Vd,
volume of distribution.

However, in the VA/ATN and RENAL dosing trials (as discussed in
Chapter 30), the same antibiotic dosing regimens were used in both effluent
intensity groups. Some have suggested that these trials compared
differences not only in CKRT intensity but also in antibiotic exposure.30 A
recent Monte Carlo simulation calculated that the influence of antibiotic
clearance between two effluent intensity groups in the VA/ATN and
RENAL dosing trial was not substantial. Antibiotic target attainment rates
were very similar between high- and low-intensity CKRT in both trials.31

Nonetheless, finding the optimal antibiotic dose in CKRT is difficult.
Studies suggest that we often do not hit antibiotic pharmacokinetic targets
with currently recommended doses. For instance, only 53% patients reached
the pharmacodynamic target with ceftazidime 2 g every 12 hours and 0%
reached the pharmacodynamic target with cefepime 2 g every 12 hours.32

Consequently, more aggressive dosing should be pursued.33 Nonetheless,
antibiotic toxicity from high doses can occur as well.34 The RENAL trial
investigators reported a wide variability in trough concentrations in five
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different antibiotics (6.7-fold for meropenem, 3.8-fold for piperacillin, 10.5-
fold for tazobactam, 1.9-fold for vancomycin, and 3.9-fold for
ciprofloxacin) in the trial.13 Empiric antibiotic dosing not only failed to
achieve predetermined MIC (15%) and higher target concentration (40%)
but also showed excessive concentration (10%). This shows the importance
of therapeutic drug monitoring (whenever possible) to avoid underdosing
and overdosing in critically ill patients. Most drugs in the ICU are not
monitored with measured drug concentrations and must be monitored and
adjusted in other ways.

CONCLUSION
Drug dosing for patients with AKI receiving any type of KRT can be one of
the most challenging endeavors for ICU clinicians. The patient-specific
pharmacokinetic factors ensure that critical decisions need to be made on a
daily basis. Doses that are therapeutic on the first day in a fluid-overloaded
AKI patient will often be incorrect a week later because of changes in
volume and KRT. The development of useful clinical decision drug dosing
support is being outpaced by the variations in KRTs and introduction of new
drugs. Consequently, an understanding of pharmacokinetic and
pharmacodynamic principles is essential. Finally, AKI prevention through
avoidance of nephrotoxins in high-risk patients may be the most useful
intervention that can be made in the ICU.
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Drugs and Antidotes
Jonathan S. Zipursky and David N. Juurlink

INTRODUCTION
The notion of a universal antidote has captured the minds of physicians and
healers since ancient times.1,2 Today, most acutely poisoned patients are
successfully treated with supportive care alone. In 2018, 2.8% of patients
who reported to US poison centers received gastrointestinal (GI)
decontamination (e.g., activated charcoal, whole bowel irrigation [WBI]),
fewer received a specific antidote.3 From a practical standpoint, because
antidotes are sometimes expensive, infrequently used, and prone to expiry,
they are not routinely available at all centers.4 The purpose of this chapter is
to review common strategies for decontamination as well as selected
antidotes used in the treatment of poisoned patients.

GASTROINTESTINAL DECONTAMINATION
The theory behind GI decontamination is intuitive: if the absorption of an
ingested toxic substance can be minimized, the risk of harm should be
lessened. Unfortunately, there is very little evidence to support this intuition.
There are three main methods of gastric decontamination: single-dose
activated charcoal (SDAC), orogastric lavage, and WBI.

When appropriate, GI decontamination should be performed as soon after
ingestion as possible. Historically, GI decontamination was recommended
within 1 hour of poison ingestion.5-7 However, longer treatment windows are
often justifiable, particularly in the setting of massive ingestions, delayed-
release drug preparations, or overdoses involving drugs that can delay
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gastric emptying such as opioids and anticholinergics. In addition,
absorption kinetics differ in overdose relative to therapeutic use, with the
drug often remaining in the stomach hours after ingestion.8,9

Activated Charcoal
SDAC is the most frequently used method of GI decontamination.10

Nonionized, organic compounds (i.e., most drugs) bind avidly to charcoal,
whereas highly ionized compounds and metals (e.g., lithium, potassium),
and liquids (e.g., hydrocarbons) hardly adsorb at all.

Only two randomized controlled trials have examined the efficacy of
SDAC in acutely poisoned patients, and neither showed differences in
hospital length of stay, intensive care unit (ICU) admission, or mortality.11,12

For SDAC to be effective, a high ratio of charcoal:drug (based on mass) is
optimal. A typical ratio is 10:1, although some have advocated for higher
ratios (40:1).10,13 In most settings, there is little clinical or practical benefit to
exceeding a dose of 50 g.10 There may be utility in administering SDAC later
than 1 hour after ingestion in the following scenarios: (a) severe expected
toxicity with few other available treatments, (b) massive ingestion (where
there may be formation of a bezoar), and (c) coingestion of drugs that may
delay gastric emptying. Factors that cumulatively increase the
appropriateness of administering SDAC are listed in Table 27.1.

Factors That Cumulatively Increase the
Appropriateness of Single-Dose Activated

Charcoal

Recent ingestion
Serious toxicity anticipated
Alert, cooperative patient
Patent airway
Absence of an available antidote
Favorable ratio of charcoal:drug
Ingestion of a modified/extended-release drug preparation
Substance known to adsorb to activated charcoal
No ileus or intestinal obstruction
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Multidose Activated Charcoal
Activated charcoal is sometimes administered sequentially—“multiple dose
activated charcoal (MDAC)”—to enhance elimination of a xenobiotic by
interrupting enterohepatic recirculation or enteroenteric recirculation.2

Multiple doses of charcoal can also be administered in the setting of
overdose of a modified-release drug preparation or if a bezoar is suspected.
A typical dosing regimen is a charcoal rate of 12.5 g/hr, most commonly
given in divided equivalent doses (25 g every 2 hours or 50 g every 4 hours).
Potential indications for and contraindications to MDAC are listed in Table
27.2.

Potential Indications and Contraindications for
Multiple Dose Activated Charcoal

Indications
Ingestion of: Amanita sp, amiodarone, amitriptyline, carbamazepine, colchicine,
dextropropoxyphene, digitoxin, digoxin, disopyramide, dosulepin, duloxetine, diquat,
Gymnopilus penetrans, lamotrigine, nadolol, phenobarbital, phenylbutazone, phenytoin,
piroxicam, quetiapine, quinine, sotalol, theophylline, valproic acid, verapamil, vinorelbine
Ingestion of a life-threatening amount of a poison that undergoes enterohepatic
recirculation and adsorbs to activated charcoal
Ingestion of an extended/modified-release drug preparation or in the setting of a
massive ingestion where there has been formation of a bezoar

Contraindications
Intestinal obstruction, ileus, or perforation
Ingestion of a drug that does not adsorb to activated charcoal
Unprotected airway, or the activated charcoal could increase the risk of aspiration
Endoscopy is necessary (e.g., caustics)

Orogastric Lavage
Orogastric lavage (colloquially termed “stomach pumping”) involves
evacuating stomach contents by aspiration through a large-bore orogastric
tube. Although there is a very limited role for gastric lavage in the treatment
of acute poisonings, potential indications and contraindications are described
in Table 27.3.5 Orogastric lavage should only be attempted by physicians
with adequate experience with the procedure. In general, the risks associated
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with lavage (including aspiration, arrhythmia, esophageal and gastric
perforation, and electrolyte imbalances) outweigh the potential benefit for
virtually all ingestions.5

Potential Indications and Contraindications of
Orogastric Lavage

Potential Indications Contraindications

The ingestion is known to cause life-
threatening toxicity, or the patient shows
evidence of life-threatening toxicity, and:

Reason to believe substantial amounts of
xenobiotic still exist in the stomach
(based on the timing of ingestion)
The ingested substance: (a) does not
adsorb to AC, (b) AC is not available, and
(c) the ingestion is so large that the
appropriate dose of AC is impractical.
No appropriate antidote or elimination
technique exists.

The ingestion is anticipated to cause
limited toxicity.
The xenobiotic adsorbs well to AC and
does not exceed the adsorptive capacity
of usual doses.
Emesis has occurred.
The patient presents many hours after
ingestion and there is little clinical
evidence of toxicity.
There is an effective antidote available.
The procedure cannot be performed
safely (e.g., lack of equipment or
expertise of the operator, airway is
unprotected, suspected gastric injury,
suspected bezoar).

AC, activated charcoal.

Whole Bowel Irrigation
WBI refers to the administration of large volumes of osmotically balanced
polyethylene glycol (PEG) to promote peristalsis, hastening luminal transit
to minimize xenobiotic absorption. Most data to support its use come from
volunteer studies, case reports, and case series of patients who have taken
extended-release drug formulations, as well as “body packers”—people who
swallow or insert rectally multiple packets of illicit drugs (such as cocaine)
wrapped in condoms or balloons for the purposes of trafficking.14,15 No
clinical trials have evaluated the use of WBI in acutely poisoned patients.14

WBI can be considered for potentially toxic ingestions of sustained-
release or enteric-coated drugs, drugs not adsorbed by activated charcoal
(e.g., lithium, potassium, iron), and evacuation of illicit drugs in “body
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packers.”14 Potential indications and contraindications to WBI are found in
Table 27.4.2 Because the administration rate of PEG is on the order of 1 to 2
L/hr, compliance may be an issue, and the use of a nasogastric tube is
advisable.

Indications and Contraindications for Whole
Bowel Irrigation

Potential Indications Contraindications

Ingestion of a toxic amount of a
substance, non-amenable to activated
charcoal decontamination
Ingestion of toxic amount of
extended/modified-release drug
Removal of packets from body packers

Unprotected airway, or risk of aspiration
is high
Evidence of gastrointestinal perforation,
ileus, obstruction, hemorrhage
Hemodynamic instability
Uncontrolled vomiting
Signs of xenobiotic/drug leakage from
packets of body packers

ANTIDOTES
Antidotes are used to counteract the effects of poisons and often do not
impact the systemic absorption or elimination of substances. Common
poisonings and available antidotes are listed in Table 27.5.2,16 Specific drugs
and commonly used antidotes are discussed in the remainder of the chapter.

Common Antidotes in Use

Antidote Poisoning Indication

N-Acetylcysteine Acetaminophen

Andexanet Rivaroxaban, apixaban

Antivenom Snakebite

Atropine Organophosphate pesticide
β-Blocker, calcium channel blocker (CCB)

Benzodiazepines Stimulants



Antidote Poisoning Indication

Calcium salts CCB
Hydrofluoric acid

Carboxypeptidase
(glucarpidase)

Methotrexate

Carnitine Valproic acid

Cyproheptadine Serotonin syndrome (e.g., SSRIs, SNRIs, MAOIs)

Dantrolene Neuroleptic malignant syndrome
Malignant hyperthermia

Deferoxamine Iron, aluminum

DigiFab Digoxin
Other cardiac glycosides (digitoxin-containing plants [oleander,
foxglove], toads [bufotoxin])

Dimercaprol Arsenic

Ethanol Methanol, ethylene glycol, diethylene glycol

Flumazenil Benzodiazepines
Zopiclone/zolpidem

Folinic acid Methotrexate

Glucagon β-Blocker, CCBs

Hydroxocobalamin Cyanide

Idarucizumab Dabigatran

Insulin CCB, β-blocker

Intralipid Local anesthetics (bupivacaine, lidocaine)

Methylene blue Methemoglobinemia, refractory shock

Naloxone Opioids

Octreotide Sulfonylurea, insulin

Oxygen (hyperbaric) Carbon monoxide, hydrogen sulfide, cyanide

Physostigmine Anticholinergic delirium

Pralidoxime Organophosphate



Antidote Poisoning Indication

Protamine Heparin

Prussian blue Thallium, cesium

Pyridoxine Isoniazid, ethylene glycol

Silibinin Amanita sp

Sodium bicarbonate Sodium channel blocking drugs (e.g., tricyclic antidepressants)

Succimer Lead, mercury, arsenic

Vitamin K (with
prothrombin complex
concentration)

Warfarin

MAOI, monoamine oxidase inhibitor; SNRI, serotonin-norepinephrine reuptake inhibitor;
SSRI, selective serotonin reuptake inhibitor.
From Hoffman RS, Howland MA, Lewin NA, Nelson LS, Goldfrank LR. Goldfrank’s
Toxicologic Emergencies. 11th ed. McGraw Hill Education; 2019; Nickson C. Antidotes
summary. Life in the fastlane. Accessed October 7, 2019. https://litfl.com/antidotes-
summary/; Buckley NA, Dawson AH, Juurlink DN, Isbister GK. Who gets antidotes?
Choosing the chosen few. Br J Clin Pharmacol. 2016;81(3):402-407. doi:10.1111/bcp.12894

Acetaminophen Toxicity
Acetaminophen is one of the most common drugs responsible for accidental
overdose and deliberate self-harm worldwide and the most common cause of
acute liver failure and hepatotoxicity in the developed world.17,18 Treatment
of acetaminophen toxicity involves one of the most well-studied antidotes:
N-acetylcysteine (NAC).

At typical therapeutic doses, the majority of acetaminophen is
metabolized by sulfation (30%) and glucuronidation (55%).2,19 In addition,
small amounts are converted via cytochrome P4502E1 (CYP2E1) to the
toxic metabolite N-acetyl-p-benzoquinoneimine (NAPQI), which is highly
reactive and can bind to hepatic macromolecules, resulting in hepatotoxicity
(Figure 27.1). NAPQI is detoxified via conjugation to glutathione and
excreted in the urine. During an acetaminophen overdose, large amounts of
NAPQI are produced, overwhelming glutathione stores leading to hepatic
cell death.20

https://litfl.com/antidotes-summary/


FIGURE 27.1: Acetaminophen metabolism: The majority of acetaminophen is metabolized
by sulfation and glucuronidation. In the setting of overdose, a larger portion of
acetaminophen is metabolized to NAPQI, which binds to intracellular proteins and causes
hepatic damage. NAPQI can be neutralized by conjugation to glutathione. NAPQI, N-acetyl-
p-benzoquinoneimine; PAPS, 3′-Phosphoadenosine 5′-phosphosulfate; UDP-GA, uridine
diphosphoglucuronic acid.
From Moyer AM, Fridley BL, Jenkins GD, et al. Acetaminophen-NAPQI hepatotoxicity: a cell
line model system genome-wide association study. Toxicol Sci. 2011;120(1):33-41.
doi:10.1093/toxsci/kfq375

NAC is used to replenish intracellular glutathione stores. It is hydrolyzed
to cysteine, a precursor to glutathione.21 Acetylcysteine can also supply thiol
groups to directly bind NAPQI in the liver.22 NAC can be given both
intravenously and orally. In the setting of acute acetaminophen overdose, a
decision to administer NAC is based on a serum acetaminophen
concentration drawn at 4 hours or later from the time of ingestion. This value
can then be plotted on the Rumack-Matthew nomogram (Figure 27.2). A
typical NAC regimen is summarized in Table 27.6. The Rumack-Matthew
curve should not be used to guide treatment in the setting of chronic



acetaminophen toxicity or when the time of ingestion is not known. In these
scenarios, a decision to treat should be made with expert toxicology
consultation and the guidance of a regional poison center. Treatment with
NAC within 8 to 10 hours of an acute overdose virtually guarantees a
favorable outcome in the setting of acetaminophen toxicity, but does not
ensure avoidance of hepatotoxicity.23

FIGURE 27.2: Rumack-Matthew nomogram: Plot of serial concentrations of acetaminophen
versus time since acute ingestion to prognosticate liver toxicity. The nomogram is used to aid
treatment decisions—when to start N-acetylcysteine—in the setting of acute acetaminophen
overdose.
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Adapted online from the original publication: Rumack BH, Matthew H. Acetaminophen
poisoning and toxicity. Pediatrics. 1975;55(6):871-876.

Typical NAC Treatment Protocol

Use 3% NAC solution.
This protocol gives 240 mg/kg of NAC in the first 4 hr and 24 mg/kg in the next 8 hr.
Reassessment should occur at 12 hr.
Maximum lean body mass is 100 kg.

Loading dose 2 mL/kg/hr (to a maximum of 200 mL/hr)

Maintenance dose 0.2 mL/kg/hr (to a maximum of 20 mL/hr) until advised to stop
by a toxicologist or regional poison center

NAC, N-acetylcysteine.

Naloxone and Flumazenil
Naloxone is a competitive opioid antagonist at µ-, κ-, and δ-opioid receptors
and can reverse the effects of both endogenous opioids and xenobiotics.24,25

Naloxone can be administered intramuscularly, intravenously, intranasally,
or through an endotracheal tube.26 It works rapidly, typically within seconds
to minutes, and clinical effects last up to 1 hour. Naloxone can be used both
therapeutically and diagnostically in the treatment of respiratory depression
from opioid intoxication. Recommended doses are 0.4 to 2 mg, which are
usually sufficient to reverse typical opioid doses. However, much higher
doses (and even infusions) may be required to treat illicit opioid overdoses,
which often involve large amounts of fentanyl or similar clandestinely
produced opioids. Care should be exercised when using naloxone in opioid-
dependent patients because of the risk of inducing full reversal and, thus,
precipitating withdrawal.27

Flumazenil is a short-acting negative allosteric modifier at the γ-
aminobutyric acid type A (GABAA) receptor and reverses the sedative
effects of most benzodiazepines (e.g., lorazepam, midazolam, and
diazepam). It can also reverse the effects of other similar non-
benzodiazepine drugs that bind the same site on the GABAA receptor:
zopiclone and zolpidem. Flumazenil has no reversal effect on other GABAA

agonists that bind to other sites on the receptor, such as barbiturates,
propofol, ethanol, and inhaled anesthetics.25 Flumazenil is indicated for the



diagnosis and treatment of benzodiazepine intoxication/overdose. Most
experts agree that the major indication for flumazenil is in the setting of
severe benzodiazepine overdose in a patient who is not benzodiazepine
dependent. Typical doses are 0.2 mg intravenously every 1 to 2 minutes
titrated to clinical effect.

The major risk with flumazenil is the potential to induce benzodiazepine
withdrawal, which can lead to seizures and agitation. Therefore, flumazenil
should not be used in polysubstance intoxications involving proconvulsant
drugs. In clinical practice, flumazenil is used infrequently, because most
benzodiazepine overdoses occur in patients expected to be dependent as the
result of chronic use, and patients generally do well with supportive care.
Flumazenil should only be used in select circumstances where the poisoning
is severe and the risk of seizure or withdrawal is felt to be low, ideally in
consultation with a toxicologist.

Toxic Alcohols
Methanol, ethylene glycol, and diethylene glycol are relatively nontoxic
substances by themselves, but become toxic after metabolism to harmful
carboxylic acid metabolites. Methanol and ethylene glycol are commonly
found in windshield wiper fluid and antifreeze, respectively. They are by far
the most common toxic alcohol exposures worldwide (Figure 27.3).



FIGURE 27.3: Metabolism of methanol and ethylene glycol: Parent alcohols are converted to
aldehyde intermediates by alcohol dehydrogenase (ADH). The aldehyde intermediates are
subsequently converted to carboxylic acid derivatives (formic acid; methanol; oxalic acid;
ethylene glycol), which are responsible for the majority of toxicity attributed to toxic alcohols.
NAD+, nicotinamide adenine dinucleotide (oxidized); NADH, nicotinamide adenine
dinucleotide (reduced).
From Hoffman RS, Howland MA, Lewin NA, Nelson LS, Goldfrank LR. Goldfrank’s
Toxicologic Emergencies. 11th ed. McGraw Hill Education; 2019.

A diagnosis of toxic alcohol ingestion is made by clinical history,
characteristic biochemical abnormalities, and quantification of toxic alcohol
concentrations by liquid chromatography. Urine microscopy can reveal
needle- or envelope-shaped crystals in ethylene glycol toxicity. Patients
typically present early after ingestion with an elevated osmolar gap
(representing presence of the parent alcohol), with an anion gap developing
after conversion to the toxic carboxylic acid metabolite. However, given the
heterogeneity of toxic alcohol exposures, not all patients will have an anion
or osmolar gap, and the absence of one or the other should never be used to
exclude toxic alcohol poisoning.

Osmolar gap = Measured serum osmolality − Calculated osmolality (2Na +
BUN/2.8 + Glucose/18 + [1.25 × ethanol/3.7])



Anion gap = Na − (Cl + HCO3)

The presence of ethanol can be accounted for when calculating an osmolar
gap by multiplying the serum ethanol concentration by a correction factor of
1.25. A normal osmolar gap can range between −9 and +19, which is partly
why a normal osmolar gap is an unreliable method to rule out a toxic alcohol
ingestion.28 The osmolar gap is of greatest use when very elevated (typically
>30-40) as a clue to the possibility of a recent toxic alcohol ingestion.

Antidote therapy for toxic alcohol involves inhibition of alcohol
dehydrogenase (ADH), which should be initiated if poisoning is suspected or
if confirmed, and ethylene glycol concentration is 62 mg/dL; methanol
concentration is 32 mg/dL (methanol or ethylene glycol concentrations
exceed 10 mmol/L) followed by serial acid-base assessments.29 Two options
for antidote treatment exist: inhibition with ethanol (which is transient,
because ethanol itself is metabolized by ADH) or competitive inhibition with
fomepizole, the preferred antidote. Ethanol competes with other toxic
alcohols for ADH (10- and 20-fold higher affinity for ADH compared to
methanol and ethylene glycol, respectively).30,31 A standard protocol is either
oral or intravenous administration of ethanol by bolus of 600 mg/kg
followed by maintenance doses of 66 to 154 mg/kg/hr.29 A blood ethanol
concentration of 100 mg/dL (22 mmol/L) is generally sufficient for ADH
blockade, and blood alcohol concentrations should be checked every 4 to 6
hours.30 The dose/volume of ethanol given depends on the % ethanol
content. A formula to calculate dose of ethanol in mL is:

(Dose in mg/kg × 0.127 × bodyweight in kg)/% alcohol by volume

Fomepizole (4-methylpyrazole [4-MP]) is the preferred antidote for ADH
blockade. It is a potent ADH inhibitor, with an affinity more than 1,000
times that of methanol or ethylene glycol.32 A typical dosing regimen is a 15
mg/kg intravenous bolus followed by 10 mg/kg every 12 hours (doses 2-4)
and 15 mg/kg every 12 hours (dose 5 and beyond).29 The dose increase later
in the protocol reflects the fact that fomepizole induces its own metabolism
through CYP2E1. For patients concurrently receiving dialysis, the dosing
frequency needs to be increased (usually to every 4 hours) because as a
small molecule, fomepizole is readily cleared by dialysis.
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CALCIUM CHANNEL BLOCKER AND Β-BLOCKER
OVERDOSE
In 2018, calcium channel blockers (CCBs) and β-blockers (BBs) accounted
for nearly 10% of poisoning-related deaths reported to US poison centers.3

BBs antagonize myocardial β1 receptors and, in doing so, limit calcium
influx into myocytes and decrease cardiac inotropy and chronotropy.33 CCBs
directly antagonize voltage-gated L-type calcium channels in cardiac
myocytes and smooth muscle cells, also leading to decreases in inotropy,
chronotropy, and an added effect of peripheral vasodilation. CCBs inhibit
release of insulin from islet cells in the pancreas, leading to hyperglycemia
and reduced glucose transport into myocardial cells.33 Therefore,
unexplained hyperglycemia can be an important clinical clue that may help
distinguish CCB from BB overdose. Toxicity associated with
dihydropyridine CCBs (e.g., nifedipine, felodipine, and amlodipine) causes a
clinical picture more consistent with vasodilatory shock. In comparison,
toxicity with the non-dihydropyridine CCBs (e.g., verapamil, diltiazem) can
cause both vasoplegia and decreased inotropy and chronotropy through
concomitant atrioventricular node blockade. However, in overdose, drug
specificity can be lost, leading to similar clinical pictures with both types of
CCBs.

BB and CCB overdose should be managed with GI decontamination and
supportive care, including early airway management.33 The mainstay of
treatment for CCB and BB overdoses is high-dose insulin euglycemic
therapy (HIET) (Table 27.7).33,34 In the setting of refractory shock,
adjunctive treatments can include intra-aortic balloon pumps, intravenous
lipid emulsion therapy (Intralipid), methylene blue, and extracorporeal
membrane oxygenation (ECMO).35-40

Antidotes for CCB and BB Overdose

Antidote Comment

Intravenous fluids There is a risk of volume overload as most patients are
euvolemic. Excess fluids can worsen peripheral and
pulmonary edema.

Vasopressors Drugs with both inotropic and chronotropic effects are useful.



Calcium infusions This is a temporizing measure and tends to be more effective
in CCB overdose. There is a risk of hypercalcemia.

Atropine Unlikely to have sustained benefit and may be
counterproductive if WBI is being administered for modified-
release ingestions

Glucagon Often recommended for the treatment of BB overdose
because of its ability to increase intracellular cAMP by
bypassing the β-receptor. However, it has fallen out of favor
due to inconsistent efficacy, short half-life, gastrointestinal side
effects (nausea, vomiting, and diarrhea), and high cost given
the unusually high doses involved.

HIET HIET has several postulated mechanisms of action, but the
most important has to do with altering myocardial energy
utilization. The healthy myocardium uses free fatty acids as a
primary energy source, but shifts to glucose in times of
stress.49 HIET facilitates transport of glucose, oxygen, and
lactate into myocardium.49 Insulin can also independently
promote calcium-dependent inotropic effects in the
myocardium.49

Typical starting doses are an intravenous insulin load of 0.5-
1.0 units/kg—much higher than used for diabetic ketoacidosis
—followed by a maintenance infusion of 0.5 to as high as 10
units/kg/hr titrated to hemodynamic parameters. Serum
potassium concentrations should be frequently monitored, and
supplementation with an intravenous dextrose infusion is also
often required.

BB, β-Blocker; cAMP, cyclic adenosine monophosphate; CCB, calcium channel blocker;
HIET, high-dose insulin euglycemic therapy; WBI, whole bowel irrigation.

DIGOXIN AND OTHER CARDIAC GLYCOSIDES
Cardiac glycosides represent a diverse group of compounds that encompass
xenobiotics (digoxin), but also naturally occurring cardioactive steroids
found in plants and animals. They inhibit the cardiac Na+-K+-ATPase,
increasing intracellular Na+ and, as a result, intracellular Ca2+ (Figure 27.4).
Digoxin can also cause bradycardia by increasing vagal tone and slowing
conduction through the atrioventricular node.
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FIGURE 27.4: Mechanisms of digoxin toxicity: Digoxin and other cardiac glycosides exert
toxicity by selective blocking of the Na+-K+-ATPase. In turn this leads to increases in
intracellular Na+, which leads to accumulation of intracellular Ca2+ via the Na+/Ca2+

exchanger. This leads to more Ca2+ from the sarcoplasmic reticulum, thereby increasing
cardiac contractility. Blocking the Na+-K+-ATPase also leads to hyperkalemia.
From Optician. How blood barrier stands up to drug treatments.
https://www.opticianonline.net/cet-archive/143

Digoxin has a long elimination half-life (20-50 hours) and is almost
entirely cleared through the urine.41 Early symptoms of acute digoxin
toxicity are nausea, vomiting, and diarrhea.42,43 Other symptoms include
malaise, vision changes, and green/yellow vision discolouration.42,43 Cardiac
toxicity is common and may manifest as bradycardia, heart block, or other
dysrhythmias (although supraventricular tachycardias are uncommon).
Hyperkalemia is one of the hallmarks of acute digoxin poisoning and is often
directly related to the severity of poisoning.44 In the setting of chronic
toxicity, hyperkalemia is more likely to have other contributing etiologies,
such as the cause of the chronic digoxin toxicity (e.g., kidney injury), and
coprescribed medications (renin-angiotensin-aldosterone system [RAAS]
inhibitors).42

The mainstay of treatment of cardiac glycoside toxicity is anti-digoxin
Fab: a monoclonal antibody fragment with a high binding affinity for
digoxin that displaces it from the Na+-K+-ATPase channel. Antidotes and
indications in the setting of cardiac glycoside toxicity are summarized in
Table 27.8.45

Antidotes for Cardiac Glycoside Toxicity

https://www.opticianonline.net/cet-archive/143


SULFONYLUREA AND INSULIN OVERDOSE
Sulfonylurea (SU) and insulin overdoses primarily cause hypoglycemia.
People with diabetes can present with symptoms at “normal” blood glucose
levels because they are used to higher serum blood glucose levels at
baseline, and concomitant treatment with β-blockers can blunt or mask the
autonomic response to hypoglycemia.

SUs are insulin secretagogues, stimulating the release of insulin from
pancreatic islet cells. They have high oral bioavailability, a rapid onset of
action (often within 30 minutes) with peak effects of insulin secretion at 2 to
3 hours, and are primarily excreted by the kidneys.46 Consequently, they
have a narrow therapeutic index and the potential for significant toxicity.
Insulin, on the other hand, acts as a direct agonist on transmembrane insulin
receptors, leading to downstream effects: increased intracellular glucose
uptake and a decrease in hepatic gluconeogenesis and glycogenolysis. Peak
effects and duration of action are driven by absorption in subcutaneous
tissues, which is primarily dependent on the insulin preparation. However, in
the setting of overdose, absorption pharmacokinetics can be altered, leading
to prolonged absorption and, consequently, protracted insulin effects.

Treatment of SU and insulin overdoses requires restoring normal glucose
levels in part by antagonizing the effects of elevated levels of insulin.47

Dextrose is generally the initial treatment to increase serum glucose



concentrations. However, caution must be exercised after administering
dextrose, particularly in SU toxicity or when patients have some innate
pancreatic function, because bolus doses of dextrose can cause endogenous
insulin secretion, paradoxically worsening hypoglycemia.48

Subcutaneous or intravenous octreotide can be given to directly prevent
pancreatic insulin release. Octreotide is a somatostatin analog that binds to
somatostatin-2 receptors and, by blocking calcium influx into the islet cells,
reduces insulin secretion (Figure 27.5). It is particularly useful in preventing
additional pancreatic insulin secretion following dextrose administration in
SU toxicity. Most experts advocate for octreotide to be started as first-line
treatment, in particular for SU overdoses. In the setting of insulin overdose,
octreotide will not affect exogenous insulin, but can mitigate further
endogenous insulin release. Preferred treatments and antidotes for SU and
insulin toxicity are summarized in Table 27.9.

FIGURE 27.5: Mechanism of action of octreotide: Sulfonylureas block voltage-gated K+

channels on islet cells in the pancreas, leading to higher concentration of intracellular K+,
subsequent increases in intracellular Ca2+, and insulin release via exocytosis. Octreotide
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binds to somatostatin-2 receptors and blocks Ca2+ influx into cells, leading to less insulin
secretion. GCK, glucokinase; GDH, glutamate dehydrogenase.
From Klein-Schwartz W, Stassinos GL, Isbister GK. Treatment of sulfonylurea and insulin
overdose. Br J Clin Pharmacol. 2016;81(3):496-504. doi:10.1111/bcp.12822

Antidotes for SU and Insulin Overdose

CONCLUSIONS
Poisoned patients can present complex management challenges. Many
treatment decisions are made based on clinical experience and expert
opinion, as most decontamination techniques and antidotes have not been
evaluated in rigorous clinical trials. It bears mention that the majority of
patients with poisoning exposures can be successfully treated with good
supportive care. Antidotes can indeed play a unique role in the treatment of
the poisoned patient but, in reality, are only available for a minority of
poisonings. High costs, lack of stocking, unfamiliarity with administration,
unclear ingestion history and timeline, and potential adverse effects can
make administering antidotes fraught with challenges. In addition, the
temptation to use an antidote can distract from other aspects of medical care
that may be more important for a good clinical outcome. Management
advice should always be sought from experts because the care of each
poisoned patient must be individualized, and there are often nuances
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regarding the utility of specialized decontamination techniques and
antidotes.
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and Intoxications
Bourne Lewis Auguste and David N. Juurlink

INTRODUCTION
Extracorporeal techniques have been utilized in the management of
poisoning since the 1950s.1,2 However, the lack of large prospective
randomized trials, limited evidence from small observational studies, and
the relative rarity of poisonings that might warrant such therapies have left
clinicians with uncertainty about when to use extracorporeal treatments
(ECTRs). In light of this, the EXtracorporeal TReatments In Poisoning
(EXTRIP) workgroup was formed in 2010.3,4 Comprising individuals with
expertise in nephrology, pharmacology, toxicology, and evidence synthesis
from around the globe, the EXTRIP workgroup has since published several
systematic reviews on the use of ECTRs in various poisonings.

In 2016, more than 2.1 million human exposures were reported to poison
centers in the United States, with more than 300,000 exposures (or 17.1%
of all reported exposures) warranting admission to hospital.5 Although most
cases were managed with supportive care, 0.9% of all hospitalized
exposures required ECTR.

Clearance of poisons using ECTR can be classified into four distinct
categories based on mechanisms of action. These include diffusive,
convective, adsorptive, and centrifugal clearance mechanisms. Diffusive
clearance occurs with peritoneal dialysis and hemodialysis, whereas
convective clearance occurs with hemofiltration. A combination of both



diffusive and convective techniques can be used to further increase
clearance with hemodiafiltration. Adsorption occurs with the use of
hemoperfusion, whereas centrifugation of blood constituents is used in
plasma exchange (PLEX).6,7 In this chapter, we primarily focus on various
types of diffusive and adsorptive clearances in the form of hemodialysis and
hemoperfusion for the removal of poisons. We will also provide an
overview of the EXTRIP workgroup recommendations regarding the use of
ECTR in the management of commonly encountered poisonings.

TYPES OF EXTRACORPOREAL TREATMENT
Hemodialysis and Hemofiltration
Benefits
The countercurrent flow of dialysate and blood during hemodialysis creates
a favorable concentration gradient in which poisons can be removed across
a semipermeable membrane. Intermittent hemodialysis is most effective for
removing poisons that are water soluble, have a low molecular weight and
volume of distribution (generally <1 L/kg), and are not highly bound (<80%
binding) to plasma proteins.7,8 Hemodialysis remains the most commonly
utilized form of ECTR in the management of poisoning.9

Drawbacks
Aside from risks related to the procedure itself, such as infection and
hemorrhage, one potential drawback of intermittent hemodialysis treatment
is the possibility of “rebound” toxicity after cessation of treatment owing to
the redistribution of certain poisons within body compartments. To limit
rebound toxicity, continuous kidney replacement therapy (KRT) has been
used in clinical practice after intermittent hemodialysis in the forms of
continuous venovenous hemofiltration (CVVH), continuous venovenous
hemodialysis (CVVHD), or a combined form with continuous venovenous
hemodiafiltration (CVVHDF). KRT is primarily used for patients who are
hemodynamically unstable.10 It allows for gentler removal of water and
poisons as compared to intermittent hemodialysis, through lower blood and
effluent flow rates. These lower flow rates result in a significant (~80%)



reduced clearance compared to hemodialysis.6,10 Consequently, intermittent
hemodialysis is preferred over KRT in the management of poisons.

Hemofiltration removes poisons and solvents by use of convective
mechanisms and replaces the latter with a physiologic solution. Convection
allows for the removal of larger poisons with a molecular weight of up to
25,000 Da.6 In some instances, mechanisms of convection and diffusion can
be combined to optimize clearance in a process termed “hemodiafiltration.”

Hemoperfusion
Benefits
In contrast, hemoperfusion involves the circulation of blood through
cartridges containing either an anion exchange resin or activated charcoal to
remove poisons by adsorption.7,10-12 Poison clearance by hemoperfusion is
not limited by molecular size or protein-binding characteristics, in contrast
to the diffusive mechanisms of intermittent hemodialysis.

Drawbacks
Hemoperfusion has major drawbacks, including adsorption of leukocytes,
calcium, and platelets.11,13 Adsorption of the latter can result in
thrombocytopenia, impairing primary hemostasis and leading to frequent
bleeding in patients receiving hemoperfusion. Additionally, charcoal-coated
cartridges may be 10 times costlier than high-efficiency dialyzers.9 These
cartridges need to be changed frequently as they become saturated after a
few hours, impairing the efficiency of poison clearance. Cartridges for
hemoperfusion also have a short shelf life limited to about 2 years.14

Overall, hemoperfusion is more challenging to perform than hemodialysis
and is associated with greater costs while lacking the ability to correct acid-
base and electrolyte abnormalities.

Plasma Exchange
Benefits
PLEX is an alternative method of ECTR for the removal of poisons,
particularly those tightly bound to plasma proteins. PLEX involves the



removal of plasma (the acellular component of blood) from the circulation,
exchanging it with donated plasma, along with albumin and isotonic
fluids.10,15 PLEX can also be considered for poisons with large molecular
weights (>50,000 Da).15

Drawbacks
The risk-benefit profile for using PLEX for poisons is not as favorable as
for other ECTRs, given the possibilities of hypocalcemia and hemorrhage.16

Citrate used as an anticoagulant for the extracorporeal system in PLEX
complexes with free calcium, thereby reducing ionized calcium
concentrations, sometimes leading patients to become symptomatic with
muscle weakness and paresthesias if calcium is not replaced.17 PLEX
removes platelets and reduces clotting factors, particularly if albumin is
used as a replacement rather than fresh frozen plasma.

DIALYZABILITY OF POISONS
Variations in the molecular size, structure, and properties of poisons
account for differences in dialyzability. Poison removal is heavily
dependent on the amount present in the plasma compartment, and clinical
utility is determined by whether its removal will afford a significant
reduction in total poison burden. The dialyzability of a poison is dependent
on four main factors: (1) endogenous clearance, (2) molecular weight, (3)
volume of distribution, and (4) protein binding.6,7,10

In cases where the endogenous clearance of a poison or drug is high or is
greater than what would be achieved with exogenous clearance, ECTR is
rarely indicated. Historically, it has been suggested that extracorporeal
clearance should augment total clearance by at least 30% in order to have a
meaningful clinical impact.18 For example, cocaine has a half-life of 0.5 to
1.5 hours and a rapid endogenous clearance. Dialysis is not indicated for
cocaine-related toxicity because the incremental effect of extracorporeal
clearance on total clearance would be negligible.3,19

Molecular weight is another important determinant. Poisons with lower
molecular weights are more likely to be dialyzable. Hemodialysis relies on
diffusion, and poisons with higher molecular weights are not easily cleared



by this method. However, the efficiency of dialyzers has improved
substantially over the last few decades. Given the evolution of new high
cut-off dialyzers, hemodialysis can be used to clear poisons with molecular
weights of up to 15,000 Da.20 On the other hand, hemofiltration and
hemodiafiltration use convection and can enhance clearance of solutes of up
to 25,000 Da. Poisons of up to 50,000 Da in size can be removed via
adsorption-based techniques such as hemoperfusion.21

Poison-protein complexes can be quite large, in some instances
exceeding 65,000 Da.10 These complexes are too large to pass through high
cut-off dialyzers or filters. Poisons with more than 80% protein binding are
also poorly cleared with hemodialysis.10 However, protein binding is
saturable, and even for highly protein-bound drugs, the free fraction can
increase following overdose, allowing the unbound fraction to remove by
ECTRs such as hemodialysis or hemofiltration. For example, valproic acid
binds avidly to plasma proteins at therapeutic concentrations (80%-94%).22

In cases of valproic acid toxicity, an increase in free valproic acid
concentrations allows its removal with hemodialysis.10,22,23

Another important factor determining the dialyzability of a poison is the
apparent volume of distribution (VD).3,4 Extracorporeal removal of poisons
is only effective for poisons within the intravascular compartment.10 For
example, a poison with a small VD (<1 L/kg) will be much more easily
cleared with ECTR as compared to a poison with larger VD (>2 L/kg).
Simply put, as the VD of a substance increases, its fraction in vascular
compartment falls.24 Poisons with hydrophilic properties tend to distribute
into total body water, whereas lipophilic ones preferentially distribute to
extravascular compartments such as muscle and adipose tissue, resulting in
a larger apparent VD.

10 Therefore, lipophilic poisons are less easily cleared
with dialysis. For example, propranolol is highly lipophilic, with a higher
VD than many other β-blockers, and is removed poorly by dialysis.25,26

There may be instances in which the large VD of a poison may lead to
rebound toxicity after intermittent hemodialysis. For example, rebound
toxicity may occur with lithium and metformin. Patients should be
monitored closely for signs of rebound toxicity after intermittent
hemodialysis. Alternatively, KRT following a treatment of hemodialysis can
be considered in cases where the risk of rebound toxicity is high.



Observational studies have demonstrated that KRT reduces the risk of
posttherapy lithium rebound by facilitating gradual lithium removal from
intracellular compartments, especially in cases of chronic poisoning.27

The EXTRIP workgroup has reviewed the extensive literature and
published general guidelines on specific recommendations for ECTR for
various poisons.4,7,28-40 The summaries also provide recommendations
against using ECTR for specific agents when the potential adverse effects
of treatment are expected to outweigh the potential benefits. Executive
summary recommendations are readily available online
(https://www.extrip-workgroup.org/recommendations). These
recommendations offer practitioners guidance and further clarity as a means
to standardize the management of poisonings, particularly in a field where
evidence to guide practice is limited.

RECOMMENDED USE OF EXTRACORPOREAL
TREATMENT FOR SPECIFIC AGENTS
Analgesics
Analgesic medications in the form of acetaminophen- and salicylate-
containing compounds remain leading causes of reported agents to poison
centers. These agents are associated with considerable mortality,
particularly when diagnosis and timely intervention are delayed. In 2013,
11.8% of all reported fatalities because of poisons in the United States were
related to acetaminophen- and salicylate-containing compounds.41

Salicylates
Salicylates are present in various forms, with acetylsalicylic acid (ASA;
aspirin) the most commonly encountered in clinical practice. It has a
molecular weight of 180 Da with a very small VD (0.2 L/kg).31,42 Salicylates
can also be highly bound to protein (up to 90%), but this can fall to 30%
when binding sites are saturated.43 The features of salicylate poisoning are
nonspecific and may delay diagnosis and appropriate management. These
include nausea, vomiting, confusion, and dyspnea. If left untreated,
salicylate toxicity can rapidly progress to agitation, coma, and eventually
death.31 Initial treatment requires supportive care with intravenous isotonic

https://www.extrip-workgroup.org/recommendations
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fluid to treat or avoid intravascular volume contraction. Additional
supportive therapy should include intravenous dextrose and bicarbonate
administration. Bicarbonate is utilized to promote alkaluria, trapping
salicylate (a weak acid) in its ionized form, thereby reducing proximal
tubular reabsorption and enhancing elimination by the kidneys.44 Similarly,
maintenance of systemic alkalemia (pH 7.45-7.55) helps minimize the
transfer of salicylate across the blood-brain barrier. However, these
therapies are often insufficient when the amount of ASA ingested is large or
when patients have mental status alterations or acute respiratory distress
syndrome.45 The EXTRIP workgroup recommends ECTR in the form of
intermittent hemodialysis for patients with very elevated salicylate
concentrations (>7.2 mmol/L [100 mg/dL], with a slightly lower threshold
in patients with kidney impairment), salicylate poisoning presenting with
altered mental status or hypoxemia requiring supplemental oxygen (Table
28.1). The workgroup recommends that hemodialysis continue for at least 6
hours or until there is improvement in symptoms and the serum salicylate
concentration is less than 1.4 mmol/L (19 mg/dL).31 Furthermore,
supportive therapy with intravenous bicarbonate should be continued
between hemodialysis sessions. Alternative modalities such as KRT or
hemoperfusion should only be considered if intermittent hemodialysis is not
readily available.

Recommendations for Hemodialysis in Salicylate
Poisoning

If any of the following conditions are present, initiate extracorporeal treatment:
1. Clinical symptoms:

a. Altered mental status
b. Hypoxemia requiring supplemental oxygenation

2. Laboratory features:
a. Serum salicylate level >7.2 mmol/L (100 mg/dL)
b. Serum salicylate >6.5 mmol/L (90 mg/dL) with impaired kidney function

If supportive measures fail, then consider initiating extracorporeal treatment if any one of
the following conditions are present:

1. Laboratory features:
a. Serum salicylate >6.5 mmol/L (90 mg/dL)
b. Serum salicylate >5.8 mmol/L (80 mg/dL) with impaired kidney function



c. Systemic pH ≤7.20

Juurlink DN, Gosselin S, Kielstein JT, et al; on behalf of EXTRIP Workgroup. Extracorporeal
treatment for salicylate poisoning: systematic review and recommendations from the
EXTRIP workgroup. Ann Emerg Med. 2015;266(2):165-181.

Acetaminophen
Acetaminophen is the most used analgesic worldwide. It is frequently
implicated in overdoses and is the leading cause of drug-induced liver
failure in North America and the United Kingdom.32,46,47 Toxicity occurs
when acetaminophen glucuronidation and sulfation pathways become
saturated, leading to an increase in the synthesis of N-acetyl-p-
benzoquinone imine (NAPQI) by cytochrome P450.48,49 A highly reactive
electrophile, NAPQI is normally reduced by glutathione and eliminated by
the kidneys as mercapturic acid and cysteine conjugates.50 However, as
glutathione stores diminish, NAPQI binds to hepatic macromolecules,
leading to acute liver injury and, in some instances, fulminant hepatic
failure.

Although acetaminophen has characteristics that make it dialyzable such
as a small molecular weight of 151 Da, low protein biding, and a low VD

(0.9-1.0 L/kg), first-line therapy is administration of N-acetylcysteine
(NAC).32 NAC is used to replenish glutathione stores and to limit the toxic
effects of NAPQI, and when given within 10 hours of ingestion is almost
universally effective. However, in rare circumstances when NAC is not
available or concerns exist about severe allergies, ECTR may be considered
as an alternative treatment for acetaminophen toxicity.32 Additionally, in
cases of massive acetaminophen overdose, NAC alone may be insufficient
to counter extensive mitochondrial impairment caused by NAPQI, which
can lead to profound metabolic acidosis and mental status changes. In such
patients, ECTR can also be considered to both improve acidemia and
enhance removal of acetaminophen.51 Although there are limited studies
examining the pharmacokinetics of NAPQI and its surrogate markers in
response to ECTR, the EXTRIP workgroup recommends hemodialysis
following massive overdose as a means of removing acetaminophen and
correcting metabolic acidosis.32 The preferred ECTR is intermittent
hemodialysis but hemoperfusion or KRT can be considered as alternatives
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if this is not readily available (Table 28.2). If ECTR is utilized, it should be
continued until clinical improvement is documented. Furthermore, the
workgroup recommends against using ECTR solely on the basis of a
reported ingested dose if NAC has not been administered. Importantly, if
ECTR is used for massive acetaminophen overdose, NAC dosing should be
continued at a higher rate (generally 2-fold), because it too is cleared by
ECTR.

Recommendations for Hemodialysis in
Acetaminophen Poisoning

If any of the following conditions are present, initiate extracorporeal treatment:
Laboratory and clinical features:

1. Acetaminophen level >1,000 mg/L (6,620 μmol/L) and N-acetylcysteine (NAC) is NOT
given

2. Acetaminophen level >700 mg/L (4,630 µmol/L) along with patient having altered
mental status, metabolic acidosis, an elevated lactate, and NAC is NOT given

3. Acetaminophen level >900 mg/L (5,960 µmol/L) along with patient having altered
mental status, metabolic acidosis, an elevated lactate, and NAC is given

Gosselin S, Juurlink DN, Kielstein JT, et al; on behalf of EXTRIP Workgroup. Extracorporeal
treatment for acetaminophen poisoning: recommendations from the EXTRIP workgroup.
Clin Toxicol. 2014;52(8):856-867.

Anticonvulsants, Mood Stabilizers, and Sedatives
Valproic Acid
Valproic acid has a high therapeutic index along with broad clinical
indications beyond the treatment of partial and generalized seizures.52 It is
also used in the treatment of bipolar disorder and for migraine
prophylaxis.53 Valproic acid has a molecular weight of 166 Da and small VD

(<0.5 L/kg) along with high-protein-binding capacity.54 However, protein
binding decreases significantly with serum concentrations exceeding 1,000
mg/L (700 µmol/L).23 In patients with acute ingestion of valproic acid,
single-dose activated charcoal may be considered as the method of
gastrointestinal (GI) decontamination.55 The most common clinical
manifestation associated with valproic acid toxicity is central nervous
system (CNS) depression, which may initially present as lethargy followed
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by respiratory depression from cerebral edema.54,56 If clinical symptoms
consistent with cerebral edema or shock are present, then ECTR is
recommended (Table 28.3). The EXTRIP workgroup states that hemodialys
is should be the preferred ECTR in valproic acid poisoning and is continued
until either clinical improvement or the serum valproic acid levels are 50 to
100 mg/L (350-700 µmol/L).36

Recommendations for Hemodialysis in Valproic
Acid Poisoning

If any of the following conditions are present, initiate extracorporeal treatment:
1. Clinical symptoms:

a. Cerebral edema
b. Shock

2. Laboratory features:
a. Serum valproic acid levels >1,300 mg/L (9,000 µmol/L)

Consider extracorporeal treatment if any one of the following conditions are present:
1. Clinical:

a. Coma or respiratory depression requiring mechanical ventilation
2. Laboratory features:

a. Serum valproic acid levels >900 mg/L (6,250 µmol/L)
b. Hyperammonemia present
c. pH < 7.10

Ghannoum M, Laliberte M, Nolin TD, et al; on behalf of EXTRIP Workgroup. Extracorporeal
treatment for valproic acid poisoning: systematic review and recommendations from the
EXTRIP workgroup. Clin Toxicol (Phila). 2015;53(5):454-465.

Carbamazepine
An anticonvulsant also used for the treatment of neuropathic pain and
bipolar disorder, carbamazepine has a molecular weight of 236 Da, is
lipophilic with a variable VD, and is highly bound to protein.57 Patients
usually develop significant symptoms of toxicity at concentrations
exceeding 40 mg/L (169 μmol/L).33 Carbamazepine toxicity is mainly
characterized by CNS symptoms with ataxia, altered level of consciousness,
and paradoxical seizures owing to a proconvulsive metabolite. Severe
toxicity may manifest as respiratory depression and tricyclic antidepressant
(TCA)-like cardiac dysrhythmias, resulting in high-grade cardiac
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conduction delays and hypotension.58 Furthermore, carbamazepine exhibits
anticholinergic properties at toxic levels, delaying gastric emptying and
prolonging absorption59 (see Table 28.4 for EXTRIP Recommendations).

Recommendations for Hemodialysis in
Carbamazepine Poisoning

If any of the following conditions are present, initiate extracorporeal treatment:
1. Clinical symptoms:

a. Multiple seizures refractory to medical treatment
b. Life-threatening dysrhythmias

Consider extracorporeal treatment if any one of the following conditions are present:
1. Clinical:

a. Coma or respiratory depression requiring mechanical ventilation
2. Laboratory features:

a. Toxicity persists despite activated charcoal administration and other supportive
measures.

Ghannoum M, Yates C, Galvao TF, et al; on behalf of EXTRIP Workgroup. Extracorporeal
treatment for carbamazepine poisoning: systematic review and recommendations from the
EXTRIP workgroup. Clin Toxicol (Phila). 2014;52(10):993-1004.

Phenytoin
This is a first-line agent in the treatment of generalized tonic-clonic as well
as focal seizures. Phenytoin has molecular weight of 252 Da and is 90%
protein bound with a VD of 0.6 to 0.8 L/kg.60 Although phenytoin has low
dialyzability, hemodialysis or hemoperfusion is suggested in select cases
where symptoms of severe toxicity in the form of CNS depression are
present.38,60 Patients may also present with hypotension, confusion,
respiratory depression, and in unusually severe cases coma (Table 28.5).
Recommendations from the EXTRIP workgroup discourage ECTR based
solely on serum phenytoin concentration or suspected dose.38

Recommendations for Hemodialysis in Phenytoin
Poisoning

Consider extracorporeal treatment if any one of the following conditions are present:
1. Clinical:
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a. Prolonged coma is present or expected.
b. Prolonged incapacitating ataxia is present or expected.

Anseeuw K, Mowry JB, Burdmann EA, et al; on behalf of EXTRIP Workgroup.
Extracorporeal treatment in phenytoin poisoning: systematic review and recommendations
from the EXTRIP (Extracorporeal Treatments in Poisoning) workgroup. Am J Kidney Dis.
2016;67(2):187-197.

Barbiturates
The pharmacokinetic properties of barbiturates allow them to be classified
into long-acting and short-acting agents. Among this class, phenobarbital is
the agent most commonly involved in poisonings.46 It is a long-acting agent
derived from barbituric acid, with a molecular weight of 232 Da.
Phenobarbital is 50% protein bound and has a small VD (0.5 L/kg), making
it amenable to clearance via hemodialysis or hemoperfusion.30,61,62 It is a
weak acid and approximately 25% of the drug is cleared in the urine.62

Urinary alkalinization has been used in cases of moderate phenobarbital
poisoning to promote elimination by the kidneys.30 Multiple-dose activated
charcoal (MDAC) is another option to hasten elimination in
hemodynamically stable patients.63,64 However, serum levels of greater than
50 mg/L may lead to coma along with respiratory depression30; if these are
present, hemodialysis is recommended (Table 28.6).

Recommendations for Hemodialysis in
Barbiturate Poisoning

If any of the following conditions are present, initiate extracorporeal treatment:
1. Clinical symptoms:

a. Prolonged coma is present or expected.
b. Shock is present after fluid resuscitation.
c. Toxicity symptoms persist despite multiple-dose activated charcoal (MDAC)

administration.
Consider extracorporeal treatment if any one of the following conditions are present:

1. Clinical:
a. Respiratory depression requiring mechanical ventilation

2. Laboratory features:
a. Despite MDAC, serum barbiturate concentration remains elevated or continues to

rise
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Mactier R, Laliberte M, Mardini J, et al; on behalf of EXTRIP Workgroup. Extracorporeal
treatment for barbiturate poisoning: recommendations from the EXTRIP Workgroup. Am J
Kidney Dis. 2014;64(3):347-358.

Lithium
Lithium is primarily used for patients with bipolar affective disorder and is
currently available in a liquid (lithium citrate) or solid (lithium carbonate)
formulation.65,66 It has a narrow therapeutic index, and the risk of both acute
and chronic toxicity is high. Patients with severe toxicity can present with
altered level of consciousness and seizures. Lithium has an atomic weight
of 7 Da, a small VD (0.8 L/kg), and 0% of the drug is protein bound.66-68

Collectively, these properties allow for easy lithium clearance with dialysis.
Experts have made strong recommendations for the use of ECTR for the
treatment of lithium toxicity in the form of hemodialysis.37 Hemodialysis
should be performed if there is impaired kidney function in the presence of
a serum [Li+] greater than 4.0 mmol/L or in the presence of any of the
aforementioned severe symptoms.37 Weaker indications put forward by the
EXTRIP group include serum [Li+] greater than 5.0 mmol/L, confusion, or
if the expected time to a serum [Li+] less than 1.0 mmol/L exceeds 36 hours
(Table 28.7). Hemodialysis or other forms of ECTR may be continued until
serum [Li+] is less than 1.0 mmol/L. Serum [Li+] often correlates poorly
with symptoms of toxicity. Practitioners should rely more on clinical
symptoms to determine the need for ECTR. When serum lithium
concentrations are not readily available, hemodialysis should be done for a
minimum of 6 hours.37 Given the risk of rebound lithium toxicity (reflecting
shift from the intracellular compartment after dialysis), serial measurements
of lithium level over a 12-hour period are advisable to ascertain the need, if
any, for further hemodialysis. Lastly, KRT modalities may be an appropriate
alternative.

Recommendations for Hemodialysis in Lithium
Poisoning

If any of the following conditions are present, initiate extracorporeal treatment:
1. Clinical symptoms:



a. Decreased level of consciousness, seizures, or life-threatening dysrhythmias
irrespective of serum [Li+]

2. Laboratory features:

a. Impaired kidney function and a serum [Li+] >4.0 mmol/L
Consider extracorporeal treatment if any one of the following conditions are present:

1. Clinical symptoms:
a. Confusion is present.

2. Laboratory features:

a. Serum [Li+] >5.0 mmol/L

b. If expected to obtain a serum [Li+] <1.0 mmol/L with optimal management would
exceed 36 hr

Decker BS, Goldfarb DS, Dargan PI, et al; on behalf of EXTRIP Workgroup. Extracorporeal
treatment for lithium poisoning: systematic review and recommendations from the EXTRIP
Workgroup. Clin J Am Soc Nephrol. 2015;10(5):875-887.

Toxic Alcohols
Methanol
Methanol is the simplest primary alcohol, consisting of a methyl group and
hydroxyl group. Historically, methanol was produced by distillation of
wood, and for this reason it is sometimes referred to as “wood alcohol.”69

Methanol is a major component in several household and industrial
products, most notably windshield washer fluid but also paint thinner,
solvents, and improperly distilled home alcohol.70 Methanol toxicity causes
CNS depression early after consumption, followed by derangements in
acid-base status71-75 after its successive metabolism by alcohol
dehydrogenase and aldehyde dehydrogenase to formic acid, its primary
toxic metabolite (Figure 28.1). Formic acid causes a high anion gap
metabolic acidosis as well as retinal toxicity and visual impairment, which
can be severe.76 In contrast, ethylene glycol is metabolized successively to
glycolate (the dominant contributor to the anion gap) and eventually oxalic
acid, which leads to deposition of calcium oxalate in the kidneys and acute
kidney.77
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FIGURE 28.1: Metabolic transformation of methanol and associated clinical manifestations
with each by-product of methanol. THF, tetrahydrofolate.

Given their low molecular weights and small VD, alcohols and their
metabolites are easily cleared with hemodialysis. However, preventing
oxidative metabolism to toxic metabolites is a critical first step in the
management of toxic alcohol ingestion. Fomepizole (Chapter 27) is a
competitive inhibitor of alcohol dehydrogenase (ADH) and should be used
early in cases of methanol or ethylene glycol ingestion to limit the
formation of toxic metabolites (Table 28.8).

Recommendations for Using Fomepizole or
Ethanol in Treating Methanol Toxicity

Load with fomepizole 15 mg/kg or ethanol 600 mg/kga if any of the following are present:
1. Plasma methanol level >20 mg/dL (6.2 mmol/L)

2. Confirmed recent ingestion of methanol and osmolar gap >10 mOsm/kg H2Ob

3. Strong clinical suspicion of methanol poisoning and at least two of the following
criteria:

a. Arterial pH <7.3
b. Serum bicarbonate <20 mEq/L (mmol/L)

c. Osmolar gap >10 mOsm/kg H2Ob

aLaboratory analysis by freezing point depression method only.
bAssumes initial ethanol concentration is zero, dose is independent of chronic drinking
status.
Modified from Barceloux DG, Bond GR, Krenzelok EP, Cooper H, Vale JA; American
Academy of Clinical Toxicology Ad Hoc Committee on the Treatment Guidelines for
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Methanol Poisoning. American Academy of Clinical Toxicology practice guidelines on the
treatment of methanol poisoning. J Toxicol Clin Toxicol. 2002;40:415.

Where symptoms such as visual impairment or seizures manifest as a
result of toxic metabolite accumulation, hemodialysis is warranted. The
EXTRIP workgroup has published recommendations guiding the use of
ECTR for methanol toxicity, advocating hemodialysis over KRT (Table
28.9). The workgroup recommended that hemodialysis could be stopped
once the methanol concentration is less than 20 mg/dL (6.2 mmol/L) along
with signs of clinical improvement.39 Furthermore, ADH inhibitors should
be continued during hemodialysis, along with supplemental folic acid, the
goal of which is to facilitate further metabolism of formic acid to CO2 and
water. Patients who present early with a high methanol serum concentration
and who have received an ADH inhibitor should still be considered for
hemodialysis, as the half-life of methanol in this setting is 40 to 50 hours.
Early hemodialysis in such cases, even in the absence of symptoms, is
expected to reduce the need for extended fomepizole therapy and prolonged
hospitalization. The management principles are similar for poisoning with
ethylene glycol, whereas the management of isopropyl alcohol is supportive
and does not require ECTR.

Recommendations for Hemodialysis in Methanol
Poisoning

If any of the following conditions are present, initiate extracorporeal treatment:
1. Clinical symptoms:

a. Coma
b. Seizures
c. New visual deficits

2. Laboratory features:
a. Arterial blood pH ≤7.15
b. Persistent metabolic acidosis despite antidotes and supportive measures
c. Anion gap >24 mEq/L (mmol/L)
d. Serum methanol level >70 mg/dL (21.8 mmol/L) in the context of fomepizole

therapy
e. Serum methanol level >60 mg/dL (18.7 mmol/L) in the context of ethanol

treatment
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f. Serum methanol level >50 mg/dL (15.6 mmol/L) in the absence of an alcohol
dehydrogenase blocker

Adapted from Roberts DM, Yates C, Megarbane B, et al. Recommendations for the role of
extracorporeal treatments in the management of acute methanol poisoning: a systematic
review and consensus statement. Crit Care Med. 2015;43:461-472.

Other Classes of Agents
Metformin
Metformin is a biguanide antiglycemic agent used in the management of
type 2 diabetes mellitus and polycystic ovarian syndrome to augment
cellular sensitivity to insulin.78,79 More than 90% of the drug is eliminated
by the kidneys, with active tubular secretion contributing more to clearance
by the kidneys than glomerular filtration.80 Toxicity presents as metformin-
associated lactic acidosis (MALA), with serum lactate levels greater than 5
mmol/L and arterial pH less than 7.35 in the context of known metformin
exposure and no other attributable cause for lactic acidosis.81 Although
MALA has a reported incidence of less than 0.01 to 0.09 cases/1,000
patient-years, it carries a 30% mortality in patients at risk.41,82 Metformin
has a molecular weight of 129 Da and is nonprotein bound but may have a
large VD of up to 5 L/kg.83 This large VD reflects in part the existence of a
large compartment within erythrocytes, which is expected to limit removal
of the drug with ECTRs such as hemodialysis. Lactic acidosis can be
corrected with hemodialysis, and as such the EXTRIP workgroup has
recommended that hemodialysis be used as the preferred ECTR in cases of
severe acidosis (Table 28.10).

Recommendations for Hemodialysis in
Metformin Poisoning

If any of the following conditions are present, initiate extracorporeal treatment:
1. Clinical symptoms:

a. Shock
b. Decreased level of consciousness

2. Laboratory features:
a. Arterial pH <7.0
b. Serum lactate >20 mmol/L
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Calello DP, Liu KD, Wiegand TJ, et al; on behalf of EXTRIP Workgroup. Extracorporeal
treatment for metformin poisoning: systematic review and recommendations from the
extracorporeal treatments in poisoning workgroup. Crit Care Med. 2015;43(8):1716-1730.

Thallium
Thallium is a toxic metal previously used as a component in medicinal
agents in the treatment of ringworm infection and as a rodenticide.84,85

Given the associated risk of toxicity, it is now mostly used in industrial
settings for manufacturing high-conductivity electrical equipment along
with electrical lighting.35 However, poisonings continue around the globe
where thallium remains used as a rodenticide and may also occur in the
context of contaminated drugs of abuse or other herbal products. The
accumulation of thallium also accounts for the common clinical
manifestations seen with poisoning such as alopecia, painful ascending
peripheral neuropathy, and autonomic instability.35,84,85,86 GI manifestations
include nausea, vomiting, and abdominal pain accompanied by either
diarrhea or constipation. Severe cases of poisoning have presented with
symptoms of altered mental status, respiratory paralysis, and cardiac arrest87

(see Table 28.11 for EXTRIP workgroup recommendations for managing
thallium poisoning).

Recommendations for Hemodialysis in
Thallium Poisoning

If any of the following conditions are present, consider extracorporeal treatment:
1. A combination of a clinical history and symptoms
2. Laboratory features

 Serum thallium level >0.4 mg/dL however, there is stronger evidence supporting the
use of dialysis at values >1.0 mg/dLa

aAssumption that thallium concentrations are readily available at center of practice.
Ghannoum M, Nolin TD, Goldfarb DS, et al; on behalf of EXTRIP Workgroup.
Extracorporeal treatment for thallium poisoning: recommendations from the EXTRIP
Workgroup. Clin J Am Soc Nephrol. 2012;7(10):1682-1690.

Theophylline



TA B L E  2 8 . 1 2

Theophylline is used in the treatment of airways disease specifically for
bronchospasm related to asthma and chronic obstructive pulmonary disease.
It also has clinical indications in the treatment of neonatal apnea, lethargy,
and weight loss.34 It is a methylxanthine compound with pharmacokinetics
similar to caffeine.88 However, theophylline has a smaller VD (0.5 L/kg) and
a molecular weight of 180 Da with about 40% to 60% of drug being protein
bound.34,88,89 The early clinical symptoms of theophylline poisoning include
nausea and vomiting. As serum concentrations rise, cardiovascular features
develop, including supraventricular tachycardia; other dysrhythmias and
hypotension may manifest.90 Theophylline also functions as CNS stimulant
and may lead to headaches, agitation, and seizures with progressive
increases in serum concentrations. The therapeutic range for theophylline is
5 to 15 mg/L (28-83 µmol/L), but symptoms of toxicity tend to occur at
concentrations greater than 25 mg/L (>140 µmol/L).91,92 The mainstay of
managing theophylline poisoning is supportive therapy by addressing the
underlying features such as hypotension, cardiac dysrhythmias along with
correcting electrolyte abnormalities, particularly hypokalemia.
Theophylline is highly adsorptive to charcoal, and MDAC can be utilized to
enhance elimination; this may be challenging to institute as patients tend to
present with intractable vomiting in theophylline toxicity.93,94 In cases of
toxicity where MDAC cannot be effectively administered, ECTR with
either hemoperfusion or hemodialysis is recommended.34 The EXTRIP
workgroup has also recommended that ECTR be provided to patients with
serum theophylline levels greater than 100 mg/L (555 µmol/L) in acute
exposure, with other indications shown in Table 28.12. The workgroup also
recommends that hemodialysis should be the preferred ECTR for patients
and continued until there is either clinical improvement or the serum
theophylline level is less than 15 mg/L (83 µmol/L). Provided patients do
not have intractable vomiting, MDAC should be continued in conjunction
with ECTR.

Recommendations for Hemodialysis in
Theophylline Poisoning

If any of the following conditions are present, initiate extracorporeal treatment:
1. Clinical symptoms:



a. Seizures
b. Life-threatening dysrhythmias
c. Worsening clinical symptoms despite optimal therapy
d. Shock

2. Laboratory features:
a. Serum theophylline levels >100 mg/L (555 µmol/L)
b. Serum theophylline levels continue to rise despite optimal therapy

Consider extracorporeal treatment if any one of the following conditions are present:
1. Clinical:

a. Gastrointestinal decontamination cannot be administered.
2. Laboratory features:

a. Serum theophylline levels >60 mg/L (333 µmol/L) in chronic exposure
b. Patient is <6 mo or >60 yr old and serum theophylline levels are >50 mg/L (278

µmol/L) in chronic exposure

Ghannoum M, Wiegand TJ, Liu KD, et al; on behalf of EXTRIP Workgroup. Extracorporeal
treatment for theophylline poisoning: systematic review and recommendations from the
EXTRIP workgroup. Clin Toxicol (Phila). 2015;53(4):215-229.

RECOMMENDATIONS AGAINST THE USE OF
EXTRACORPOREAL TREATMENT FOR SPECIFIC
AGENTS
Cyclic Antidepressants
Sometimes called TCAs, these drugs have been used in the treatment of
depression since their discovery in the 1950s. Although these agents have
been largely supplanted by newer classes of antidepressants, namely
selective serotonin and norepinephrine reuptake inhibitors, their use in
clinical practice remains prevalent. TCAs are also used in the treatment of
neuropathic pain, obsessive-compulsive disorders, along with attention
deficit hyperactivity disorder.95-97 TCAs are highly bound to proteins and are
extremely lipophilic, resulting in large VD.98 These characteristics
collectively result in an overall poor dialyzability of this class of
medications. TCAs work primarily by blocking presynaptic reuptake of
serotonin and norepinephrine along with muscarinic and α-adrenergic
antagonism.28 Features of an anticholinergic syndrome are often present,
including tachycardia, hyperthermia, urinary retention, mydriasis, and
flushed skin.99,100 Given that TCAs also result in cardiac sodium channel



blockade, toxicity can result in seizures and wide complex arrhythmias, and
cardiac conduction abnormalities are the leading cause of death in TCA
poisonings.101 Measurements of serum drug levels is possible but does not
guide management. Intravenous sodium bicarbonate plays an important role
in the management of TCA poisoning. It provides sodium loading, which
can improve hemodynamics in hypotensive patients and help surmount
cardiac sodium channel blockade.102,103 In light of the poor dialyzability of
TCAs, the EXTRIP workgroup does not recommend any form of ECTR for
TCA toxicity.28

Digoxin
Digoxin, a cardiac glycoside medication first derived from the foxglove
plant Digitalis lanata in the 1930s, has since been used as an effective agent
in the management of atrial fibrillation, atrial flutter, and systolic heart
failure.104 Digoxin has a molecular weight of 781 Da, 20% to 30% of it is
bound to protein, and it has very large VD (~6 L/kg).29 The highest
concentrations of digoxin are found in the heart, kidney, and skeletal muscle
with less than 1% of total body composition being present in the plasma.105

Digoxin is predominantly cleared by the kidneys; therefore, patients with
impaired kidney function are at significant risk for developing toxicity.
Digoxin toxicity typically occurs at serum concentrations of more than 2.0
ng/mL (2.6 nmol/L); however, toxicity can occur at even lower
concentrations in the presence of hypokalemia, hypomagnesemia, or
hypercalcemia.106 The main features of toxicity are cardiac dysrhythmias
that may evolve into either ventricular fibrillation or asystole depending on
a preexisting history of cardiac disease.107-109 Digoxin immune Fab (Fab) is
the preferred treatment for toxicity as it binds to a rapidly neutralizing free
digoxin, preventing it from exerting further inhibition of the myocardial
Na+-K+-ATPase pump.110 Fab has an extremely large molecular weight of
46,200 Da and is not easily cleared with most modern-day high cut-off
dialyzers. Digoxin-Fab complexes are even more challenging to clear and
are removed very slowly by therapeutic PLEX.111 As a result, the EXTRIP
workgroup recommends against using ECTR for the treatment of digoxin
toxicity regardless of whether Fab has been administered.29
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CONCLUSIONS
The majority of poisonings do not require ECTR and can be managed with
supportive care, GI decontamination, and, in some instances, enhanced
elimination techniques such as MDAC and urinary pH alteration. However,
in cases involving poisons that are cleared by ECTR, prompt initiation of
extracorporeal clearance may improve outcomes. Additionally, early
treatment with ECTR in selected cases may reduce the burden of
complications and in turn may shorten hospital length of stay for these
patients. Therefore, clinicians must become familiar with various types of
poisonings and their toxicokinetic properties that allow them to be removed
by ECTR. Clinicians should also have an understanding of the benefits and
drawbacks of the various types of ECTR. Hemodialysis is the most
common form of ECTR used for the management of poisonings because of
its accessibility, lower cost, fewer complications, and concomitant
correction of acid-base disturbances. The modernization of dialyzers has
also enhanced extracorporeal clearance offered by hemodialysis, making it
even more favorable in the management of several poisonings. Although
the EXTRIP workgroup recommendations have aimed to standardize
practice regarding the use of ECTRs, management of poisonings must be
individualized according to patient characteristics and available resources.
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Vascular Access for Kidney Replacement
Therapy
Ayham Bataineh and Paul M. Palevsky

Vascular access for acute kidney replacement therapy (KRT) is generally
achieved using large-bore intravenous catheters. Dialysis catheters generally
have two lumens and differ from other vascular catheters in their diameter
and length, to provide sufficient blood flow for dialysis or hemofiltration. In
general, nontunneled dialysis catheters are used in the acute setting;
however, cuffed and tunneled catheters may also be used. This chapter
reviews the placement, types, complications, and routine care of catheters
for acute KRT.

OPTIMAL CATHETER LOCATION (FEMORAL,
SUBCLAVIAN, INTERNAL JUGULAR)
Catheters for KRT can be placed in any vein that is large enough to deliver
the blood flows necessary for KRT, including the internal jugular, femoral,
and subclavian veins. The optimal site for catheter insertion is uncertain. In
general, subclavian dialysis catheters should be avoided owing to the risks of
subclavian vein stenosis, which may limit arteriovenous access placement in
patients who remain dialysis dependent.1 In addition, the location of the
subclavian vein precludes the ability for direct hemostasis in the event of
hemorrhage, particularly in coagulopathic patients. The Kidney Disease
Improving Global Outcomes (KDIGO) guidelines recommend the following
order for dialysis catheter site selection: right internal jugular vein, femoral



veins, left internal jugular vein, and subclavian vein, preferentially using the
dominant side to preserve the contralateral side for future dialysis access, if
needed.2 This recommendation was based on a study demonstrating similar
rates of infection with jugular and femoral dialysis catheters3 but
progressively higher rates of catheter dysfunction in the femoral (10.3%) and
left internal jugular veins (19.5%) as compared to the right internal jugular
vein (6.6%)4 (Visual Abstracts 29.1 and 29.2). The external jugular veins
may be used as an alternative access to the central veins for catheter
placement when other veins are not usable.5

Function
Adequate catheter function is critical to achieve adequate blood flow through
the extracorporeal circuit, avoid recirculation, and prevent interruptions of
treatment. Catheter function will be dependent on a combination of factors,
including catheter design and lumen diameter, tip position, the presence of
intraluminal obstruction (with blood clot or bacterial contamination), and
patient position (e.g., if the patient flexes the hip while femoral line in
place). In particular, the use of longer dialyzer catheters to achieve tip
placement in the right atrium as compared to the distal superior vena cava is
associated with prolongation of circuit patency.6 Specifically, in a study of
100 patients undergoing continuous KRT randomized to longer (20-24 cm)
versus shorter (15-20 cm) catheters inserted into a great thoracic vein, the
longer catheters were associated with a prolongation of hemofilter survival
by a mean difference of 6.5 hours, improved delivery of dialysis dose, and
decreased clotting episodes (2.3 vs 3.6 episodes)6 (Visual Abstract 29.3).

Complications
Dialysis catheters have been associated with higher rates of complications
than other central venous catheters, likely related to the larger catheter
diameter. In one study, dialysis catheters needed to be removed in more than
half of the cases because of complications.7 These complications can be
classified as mechanical, infectious, and thrombotic.8 Mechanical
complications are generally related to the actual placement procedure and
include cannulation failure, arterial cannulation, local hematoma, and, in the
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subclavian or internal jugular position, pneumothorax or hemothorax. In the
femoral position, catheter insertion may result in arteriovenous fistula and
arterial insufficiency. Catheter-associated thrombus formation may result
from the catheter serving as a nidus for clot formation or from mechanical
injury to the endothelium, with risk increasing with duration of catheter use.
Although catheter-related infections in critically ill patients are generally
more common with femoral as compared to internal jugular catheters,9 rates
of infection for dialysis catheters in the femoral and internal jugular position
are similar, although rates of femoral catheter infection increased with higher
body mass index (BMI).3 The use of cuffed, tunneled catheters may diminish
the risk of infection when the need for KRT is expected to exceed 1 to 3
weeks.2,9

OPTIMAL CATHETER TIP POSITION
Optimal positioning of the catheter tip will permit higher blood flows with
minimal blood recirculation. For internal jugular vein catheters, the best
catheter function is achieved when the catheter tip is in the right atrium or at
the junction of the superior vena cava and right atrium, depending on
catheter type, rather than, more distally, in the superior vena cava.6 This
catheter position can generally be achieved using a 15- to 20-cm catheter in
the right internal jugular vein or a 20- to 24-cm catheter in the left internal
jugular vein, depending on patient size and catheter design. When the
femoral vein is cannulated, the longest possible catheter (≥24 cm) should be
used, with the goal of having the catheter tip in the inferior vena cava (Table
29.1).

Optimal Catheter Length Based on Insertion Site

Insertion Site Catheter Length (cm)

Right internal jugular veina 15-20

Left internal jugular veina 20-24

Femoral vein ≥24

aAlthough subclavian catheters should be avoided, optimal subclavian catheter lengths
correspond to internal jugular catheter lengths.



TUNNELED VERSUS NONTUNNELED CATHETERS
The KDIGO guidelines recommend initiating KRT using an uncuffed
nontunneled dialysis catheter rather than a tunneled dialysis catheter2;
however, this recommendation is based on minimal data. Tunneled dialysis
catheters are associated with a lower risk of infection than nontunneled
catheters.9 Tunneled catheters are generally recommended for patients in
whom the duration of dialysis is expected to be prolonged and catheter use is
expected to exceed 1 to 3 weeks.

STRATEGIES TO MINIMIZE CATHETER-ASSOCIATED
COMPLICATIONS
Mechanical Complications
Real-time ultrasound guidance for catheter insertion is associated with a
need for fewer passes to achieve vessel cannulation, a lower rate of arterial
puncture, and fewer mechanical complications, including local hematoma,
pneumothorax, and hemothorax, than landmark-guided catheter insertion.2,10

Catheter-Related Infections
Catheter-related infections may include both exit site infections and catheter-
related bloodstream infections (CRBSIs). There have been few studies
focused specifically on prevention of dialysis catheter–related infections in
the critical care setting, and recommendations for best practices are based on
general guidance for central venous catheter insertion and care and from care
of dialysis catheters in the chronic dialysis setting.9

Use of Catheter Insertion “Bundle” to Avoid Infection
The use of a catheter insertion “bundle” including hand hygiene; full barrier
precautions including cap, mask, sterile gown, sterile gloves, and a sterile
full-body drape during insertion; and skin antisepsis with chlorhexidine (or
70% alcohol or povidone-iodine if there is a contraindication to
chlorhexidine) is associated with decreased risk of CRBSI and should be
used for all dialysis catheter insertions9 (Table 29.2).
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Hand Hygiene and Aseptic Technique
1. Perform hand hygiene procedures, either by washing hands with conventional soap

and water or with alcohol-based hand rubs (ABHRs). Hand hygiene should be
performed before and after palpating catheter insertion sites as well as before and after
inserting, replacing, accessing, repairing, or dressing a hemodialysis catheter.
Palpation of the insertion site should not be performed after the application of
antiseptic, unless aseptic technique is maintained.

2. Maintain aseptic technique for the insertion and care of hemodialysis catheters.
3. Sterile gloves should be worn for the insertion of hemodialysis catheters.
4. Use new sterile gloves before handling the new catheter when guidewire exchanges

are performed.
Maximal Sterile Barrier Precautions

1. Use maximal sterile barrier precautions, including the use of a cap, mask, sterile gown,
sterile gloves, and a sterile full-body drape, for the insertion of or guidewire exchange
of dialysis catheters.

Skin Preparation
1. Prepare clean skin with >0.5% chlorhexidine preparation with alcohol before

hemodialysis catheter insertion and during dressing changes. If there is a
contraindication to chlorhexidine, tincture of iodine, an iodophor, or 70% alcohol can be
used as alternatives.

2. Antiseptics should be allowed to dry according to the manufacturer’s recommendation
prior to placing the catheter.

Catheter Site Dressing Regimens
1. Use either sterile gauze or sterile, transparent, semipermeable dressing to cover the

catheter site.
2. If the patient is diaphoretic or if the site is bleeding or oozing, use a gauze dressing

until this is resolved.
3. Replace catheter site dressing if the dressing becomes damp, loosened, or visibly

soiled.

Source: Adapted from O’Grady NP, Alexander M, Burns LA, et al. Guidelines for the
prevention of intravascular catheter-related infections. Clin Infect Dis. 2011;52(9):e162-e193.

Catheter Site Care
Catheter site care should follow institutional protocols developed to
minimize catheter-associated infections.9,11 Standard aseptic techniques,
including wearing mask, performing hand hygiene, and wearing gloves,
should be followed. The catheter exit site should be cleaned with
chlorhexidine (or povidone-iodine if skin is sensitive or allergic to
chlorhexidine).12 Either sterile gauze or sterile, transparent, semipermeable
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dressings should be used to cover the catheter site.9 The role of topical
antibiotics and antiseptic ointments at the catheter exit site is controversial;
although generally not recommended for other central venous catheters
because of their potential to promote antibiotic resistance and fungal
infections, they may reduce the risk of CRBSI associated with dialysis
catheters.9 If used, it is important to ensure that the ointment does not
interact with the catheter material as some catheters, particularly if made of
polyurethane, may become brittle or crack if exposed to incompatible
ointments.13,14

Catheter Connection for Kidney Replacement Therapy
A “scrub-the-hub” protocol should be followed whenever accessing the
catheter to initiate or disconnect KRT (Table 29.3).15 The use of antibiotic-
or antiseptic-impregnated caps may also decrease the risk of CRBSI.16

CDC Guidelines for Connection and
Disconnection of Dialysis Catheters Including

“Scrub-the-Hub” Protocol

Connection Steps
1. Perform hand hygiene and don new clean gloves.
2. Clamp the catheter. (Note: Always clamp the catheter before removing the cap. Never

leave an uncapped catheter unattended.)
3. Disinfect the hub with caps removed using an appropriate antiseptic.

a. (Optional) Prior to cap removal, disinfect the caps and the part of the hub that is
accessible and discard the antiseptic pad (i.e., use a separate antiseptic pad for
the next step).

b. Remove the caps and disinfect the hub with a new antiseptic pad for each hub.
Scrub the sides (threads) and end of the hub thoroughly with friction, making sure
to remove any residue (e.g., blood).

c. Using the same antiseptic pad, apply antiseptic with friction to the catheter, moving
from the hub at least several centimeters toward the body. Hold the limb while
allowing the antiseptic to dry.

d. Use a separate antiseptic pad for each hub/catheter limb. Leave hubs “open” (i.e.,
uncapped and disconnected) for the shortest time possible.

4. Always handle the catheter hubs aseptically. Once disinfected, do not allow the
catheter hubs to touch nonsterile surfaces.

5. Attach sterile syringe, unclamp the catheter, withdraw blood, and flush per facility
protocol.



6. Repeat for the other limb (this might occur in parallel).
7. Connect the ends of the blood lines to the catheter aseptically.
8. Remove gloves and perform hand hygiene.

Disconnection Steps
1. Perform hand hygiene and don new clean gloves.
2. Clamp the catheter. (Note: Always clamp the catheter before disconnecting. Never

leave an uncapped catheter unattended.)
3. Disinfect the catheter hub before applying the new cap using an appropriate antiseptic.

a. (Optional) Disinfect the connection prior to disconnection. If this is done, use a
separate antiseptic pad for the subsequent disinfection of the hub.

b. Disconnect the blood line from the catheter and disinfect the hub with a new
antiseptic pad. Scrub the sides (threads) and end of the hub thoroughly with
friction, making sure to remove any residue (e.g., blood).

c. Use a separate antiseptic pad for each hub. Leave hubs “open” (i.e., uncapped and
disconnected) for the shortest time possible.

4. Always handle the catheter hubs aseptically. Once disinfected, do not allow the
catheter hubs to touch nonsterile surfaces. Hold the catheter until the antiseptic has
dried.

5. Attach the new sterile caps to the catheter aseptically. Use caution if tape is used to
secure caps to the catheter.

6. Ensure that catheter is still clamped.
7. Remove gloves and perform hand hygiene.

CDC, Centers for Disease Control and Prevention.
Source: From Centers for Disease Control and Prevention. Hemodialysis central venous
catheter scrub-the-hub protocol. See notes at: https://www.cdc.gov/dialysis/prevention-
tools/scrub-protocols.html

Catheter “Packing” to Prevent Clotting and Infection
The optimal method for flushing and packing dialysis catheters between use
is uncertain. Options include saline, heparinized saline, and sodium citrate.17-

21 In a Cochrane review, there was minimal difference in maintenance of
catheter patency with heparin as compared to saline.17 Four percent of
sodium citrate has variably been associated with better catheter patency,
lower bleeding risk, and lower rates of catheter infection than heparin or
saline18-21; however, systemic infusion of concentrated citrate solutions may
result in serious hypocalcemia and cardiac arrhythmias.22 Antibiotic-
containing locking solutions should not be routinely used to prevent CRBSI.9
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Dosing of Kidney Replacement Therapy
Huiwen Chen and Paul M. Palevsky

Kidney replacement therapy (KRT) is the primary means of support in
critically ill patients with kidney failure because of acute kidney injury
(AKI). Although acute hemodialysis and other forms of KRT have been
routinely utilized for more than a half century, rigorous evaluation of the
optimal prescription of therapy has only been undertaken since the turn of
the millennium.1-7 If the delivered dose of KRT is inadequate, removal of
toxins and control of electrolytes and acid-base status may not be sufficient
to control uremic symptoms and other complications of kidney failure.
Conversely, excessive dose may be associated with micronutrient depletion;
contribute to inadequate dosing of medications, particularly antibiotics; and
result in increased costs.8-10

WHAT IS KIDNEY REPLACEMENT DOSE?
There are multiple dimensions to assessment of the “dose” of KRT. These
include clearance of small water-soluble solutes such as urea that are readily
removed by diffusion; clearance of larger (“middle-molecular-weight”)
solutes such as beta-2-microglobulin and cytokines that are less well
removed by diffusion; volume management; and even duration of treatment
within each modality of KRT.11 With this caveat, most studies of the intensity
of delivery of KRT have quantified the delivered dose of therapy based on
the clearance of urea, used as a surrogate marker for clearance of low-
molecular-weight uremic toxins.12-14 During intermittent hemodialysis, urea
removal is commonly quantified based on the fractional reduction in blood



urea concentration (urea reduction ratio or URR) or as the unitless index
Kt/Vurea, where K is the effective dialyzer urea clearance, t is the duration of
dialysis, and V is the volume of distribution of urea. Assumptions underlying
standard methods for the assessment of Kt/Vurea, including stability of
nitrogen balance and urea generation rates and consistency of volume status
over repetitive treatment cycles, may not apply in the acute setting.
Alterations in regional blood flow in hemodynamically unstable patients
may result in disequilibrium between body fluid compartments, violating
assumptions of single-pool kinetic models.15 In addition, the volume of
distribution of urea may be expanded and exceed estimates of total body
water.16,17 Despite these limitations, and in the absence of better indices of
dialysis dose, URR and Kt/Vurea have been successfully applied for dose
quantification in critically ill patients undergoing acute hemodialysis.5,15

Although the concept of Kt/Vurea can also be applied to continuous modalities
of KRT,14 dose quantification of small-solute clearance for these modalities
is more commonly assessed based on effluent flow rate normalized to body
weight (mL/kg/hr).1,5,6

INTERMITTENT HEMODIALYSIS
The delivered dose of intermittent hemodialysis can be varied by increasing
the solute clearance on a fixed dialysis treatment schedule or by increasing
the frequency of treatment. No randomized controlled trials have evaluated
the appropriate dose per treatment on a fixed 3 times per week or every-
other-day treatment schedule. In a trial that assigned 160 patients in an
alternating manner to daily versus every-other-day hemodialysis, daily
dialysis was associated with lower mortality (28% vs 46%; p = 0.01).2

Although the study targeted a Kt/Vurea of 1.2 per treatment, the actual
delivered dose was substantially lower (0.94 ± 0.11 in the alternated-day arm
vs 0.92 ± 0.16 in the daily dialysis arm), resulting in a relatively high time-
averaged blood urea nitrogen (BUN) (104 ± 18 mg/dL) in the alternate-day
arm, especially considering the cohort’s high rates of sepsis, respiratory
failure, and altered mental status. In contrast, in the Acute Renal Failure
Trial Network (ATN) study, in which patients randomized to more intensive
KRT received intermittent hemodialysis on a 6 day/week schedule (daily,



except Sunday) when hemodynamically stable, whereas those randomized to
less intensive KRT received intermittent hemodialysis 3 times per week
(every other day, except Sunday), there was no difference in mortality
associated with more intensive KRT,5 even in analyses limited to patients
who remained hemodynamically stable throughout the duration of the
study18 (Visual Abstract 30.1). In the ATN study, however, the delivered
dose of intermittent hemodialysis was carefully monitored, with a target
Kt/V of 1.2 to 1.4 per treatment, resulting in delivery of a mean Kt/Vurea of
1.3 per treatment in both treatment arms.

Based on these data, the Kidney Disease Improving Global Outcomes
(KDIGO) Clinical Practice Guidelines for AKI recommend delivering “…a
Kt/Vurea of 3.9 per week when using intermittent or extended KRT in AKI.”19

This recommendation is somewhat misleading, as Kt/Vurea is not an
arithmetic function and the weekly dose cannot be derived by simply
summing the delivered Kt/Vurea for each treatment during the week.20 The
European Renal Best Practice position statement advocates against using
Kt/Vurea as a measure of the dose intermittent or extended KRT in AKI,
recommending instead that the duration of dialysis should be adapted to
allow maintenance of metabolic and volume status.21 Given the frequent
inability to deliver the actually prescribed dose of intermittent dialysis, we
recommend monitoring predialysis and postdialysis blood urea
concentrations. Based on the results of the ATN study, we do not believe that
there is a benefit to increasing the frequency of therapy beyond 3 times per
week so long as an adequate degree of small-solute control, such as a Kt/Vurea

more than 1.2 per treatment, is achieved, and there is adequate control of
electrolyte, acid-base status, and volume status. More frequent treatment
may be needed if the target solute clearance cannot be achieved, for control
of electrolyte and acid-base status, particularly in hypercatabolic patients, or
for volume management. In addition, it is important to note that in the ATN
study, despite strict dosing guidelines, the mean achieved Kt/V for the first
treatment was only 1.1, demonstrating the need for monitoring to ensure
achievement of the target delivered dose. Given the issues with assessment
of Kt/Vurea, assessment of URR may provide a reasonable alternative in the
acute setting, with a URR greater than or equal to 0.67 serving as a
reasonable surrogate for a Kt/Vurea greater than or equal to 1.2 (Table 30.1).22



TA B L E  3 0 . 1 Target Dose of Kidney Replacement Therapy
(KRT) in Acute Kidney Injury

Modality of KRT Typical Target Dose

Intermittent hemodialysis (delivered on a
3×/wk schedule)

Kt/Vurea >1.2 per treatment; or URR > 0.67

Continuous kidney replacement therapy Total effluent flow of 20-25 mL/kg/hr

URR, urea reduction ratio.

CONTINUOUS KIDNEY REPLACEMENT THERAPY
During continuous hemofiltration, the concentration of low-molecular-
weight solutes in the ultrafiltrate will generally approximate their
concentration in plasma water. During continuous hemodialysis, the
dialysate flow rate is usually much lower than blood flow, permitting nearly
complete equilibration between plasma and dialysate. Thus, regardless of
continuous kidney replacement therapy (CKRT) modality (e.g., continuous
venovenous hemofiltration [CVVH], continuous venovenous hemodialysis
[CVVHD], or continuous venovenous hemodiafiltration [CVVHDF]), the
concentration of low-molecular-weight solutes such as urea in the effluent
(consisting of spent dialysate plus ultrafiltrate) will approximate that in
plasma, and effluent flow rate will equal clearance. Dosing of solute control
during CKRT is, therefore, based on effluent flow rate, normalized to total
body weight.

Although several studies suggested that higher delivered doses of CKRT
were associated with improved survival,1,3 these results were not confirmed
in the two largest multicenter randomized controlled trials.5,6 In the ATN
study, 1,124 critically ill patients with severe AKI in the United States were
randomized to strategies of more intensive and less intensive KRT5 (Visual
Abstract 30.1). Within each treatment strategy, patients who were
hemodynamically stable received conventional intermittent hemodialysis
(every other day, except Sunday, in the less intensive arm; and daily, except
Sunday, in the more intensive arm) and either prolonged intermittent KRT
(PIKRT) or CVVHDF when they were hemodynamically unstable (with
CVVHDF dosed at 20 mL/kg/hr in the less intensive arm and 35 mL/kg/hr in
the more intensive arm). Overall mortality at 60 days was not different



between the two treatment arms (53.6% in the intensive arm vs 51.5% in the
less intensive arm; p = 0.47). Similarly, the Randomized Evaluation of
Normal versus Augmented Level (RENAL) replacement therapy study
randomized 1,508 critically ill patients with severe AKI in Australia and
New Zealand to CVVHDF at either 25 or 40 mL/kg/hr6 (Visual Abstract
30.2). All-cause mortality 90 days after randomization was 44.7% in both
treatment arms (p = 0.99). In patients with sepsis-associated AKI, even
higher doses of hemofiltration were not associated with any additional
benefit.23 Meta-analysis of patient-level data from multiple randomized
controlled trials confirms the lack of benefit associated with higher doses of
CKRT and raises concern that these higher doses may be associated with
impaired recovery of kidney function24 (Visual Abstract 30.3). The KDIGO
Clinical Practice Guidelines for AKI recommend “…delivering an effluent
volume of 20-25 mL/kg/hr for CKRT in AKI”19 (Table 30.1). The guidelines
note that this will usually require a higher prescription of effluent volume;
however, if careful attention is provided to minimizing time off of therapy,
this may not be necessary, and we generally do not prescribe doses more
than 25 mL/kg/hr. In addition, prescription of therapy needs to be
individualized to ensure that the delivered therapy achieves adequate control
of all aspects of electrolyte, acid-base, and fluid balance and is not merely
focused on clearance of urea and other low-molecular-weight solutes. In
hypercatabolic patients, more intensive CKRT may be required for adequate
control of acidosis, hyperkalemia, and other electrolytes.

SUMMARY
The dose of KRT in AKI comprises multiple dimensions, and KRT in AKI
should be prescribed to meet the multiple goals of electrolyte, acid-base, and
fluid balance in addition to clearance of small solutes such as urea. When
intermittent hemodialysis is used, there is no additional benefit to increasing
small-solute clearance beyond a Kt/Vurea of 1.2 per treatment (corresponding
to a URR of at least 0.67) on a thrice-weekly schedule. More frequent
treatments may be required if the target solute clearance cannot be achieved,
for control of electrolytes and acid-base status in markedly hypercatabolic
patients and for volume management in the setting of marked volume
overload. When CKRT is used, delivery of an effluent flow of 20 to 25
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mL/kg/hr is generally sufficient; however, dosing should be individualized
for each patient.
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Timing of Kidney Replacement Therapy
Alejandro Y. Meraz-Muñoz, Sean M. Bagshaw, and Ron Wald

INTRODUCTION
Acute kidney injury (AKI) is a frequent complication of critical illness
affecting up to two-thirds of patients admitted to the intensive care unit
(ICU).1,2 Patients who receive KRT for their AKI are at high risk of death
with short-term mortality exceeding 50%.3,4 However, even patients who
survive the acute phase of illness continue to be at risk of persistent chronic
kidney disease, with some progressing to long-term dialysis dependence.5-8

Previous studies have reported that 16% and 22% of patients with severe
AKI remained dialysis dependent at 90 days and 1 year, respectively, after
kidney replacement therapy (KRT) initiation.3,9 The KRT prescription in
critically ill patients with AKI is informed by high-quality evidence in
regard to small molecule clearance,10,11 the choice of KRT modality,12 and
anticoagulation.13 However, the more fundamental question of when to
commence KRT has been a source of debate for decades.

SCOPE OF THE PROBLEM
In critically ill patients with complications of AKI that pose an unequivocal
threat to life (e.g., severe hyperkalemia, acidemia, and fluid overload that are
refractory to medical measures), there is no debate about the need to
urgently initiate KRT,14 assuming this is consistent with the patient’s goals of
care. However, observational data have suggested that these “emergency”
indications are not the most common triggers for starting KRT in usual
practice.2,15,16 It would appear that for most patients, the decision to start



KRT tends to be more nuanced and incorporates trends in markers of kidney
function and nonkidney organ dysfunction. The inherent subjectivity that
guides the initiation of KRT in the setting of AKI is highlighted by the
diversity in clinical practice, as demonstrated by epidemiologic studies15,16

and self-reported practice surveys.17-20 The justification for commencing
KRT in the absence of an AKI-related emergency is predicated on the
rationale that earlier or preemptive KRT initiation will proactively lead to
more effective volume control as well as the maintenance of electrolyte and
acid-base homeostasis. Furthermore, earlier initiation of KRT will hasten the
clearance of uremic solutes that accumulate in the setting of AKI and that
possibly mediate systemic toxicity. However, the precise identity of these
putative toxins has not been delineated, making this component of acute
KRT much more difficult to objectively evaluate. A “preemptive” or “early”
approach is supported by several observational studies21-25 and one
randomized controlled trial (RCT).26

Enthusiasm for preemptive KRT should be tempered by the well-
established risks of KRT, including iatrogenic complications occurring
during catheter insertion, catheter-related bloodstream infections, iatrogenic
hemodynamic instability, hypophosphatemia, and compromised therapeutic
levels of vital drugs. In addition, lowering the threshold for KRT initiation
would likely lead to increased health care costs, at least in the short term.
The adjusted incremental cost of a hospitalization on which a patient
received KRT for AKI is 10,000-15,000 USD.27,28

Decisions regarding the timing of KRT initiation are further complicated
by the fact that many patients with severe AKI may experience spontaneous
recovery of kidney function. Thus, a policy of preemptively commencing
KRT could lead to its delivery to some individuals who are destined to
recover kidney function irrespective of the receipt of KRT. Currently, there
are no prediction scores that accurately anticipate the need of KRT in
critically ill patients with AKI. Although several biomarkers have shown
promise, a recent meta-analysis concluded that the strength of evidence
prevents their routine use29 (see Chapters 16 and 17). Finally, as discussed in
Chapter 16, the furosemide stress test is a tool that accurately predicts
patients at risk of progression to more severe AKI and may help guide
decision-making around KRT initiation.



TA B L E  3 1 . 1

RECENT RANDOMIZED CONTROLLED TRIALS
The quality of evidence on the topic of KRT initiation has been greatly
enhanced since 2016 with the publication of four large RCTs that compared
different strategies for KRT initiation in critically ill patients with AKI
(Table 31.1).

Summary of Recent Randomized Controlled
Trials Examining the Timing of KRT Initiation in

Critically Ill Patients With AKI

The Early versus Late Initiation of Renal Replacement Therapy in
Critically Ill Patients with Acute Kidney Injury (ELAIN) trial was a single-
center RCT conducted in Germany (Visual Abstract 31.1).26 It enrolled 231
critically ill patients of whom the vast majority had a recent surgery (50%
cardiac surgery), with Kidney Disease Improving Global Outcomes
(KDIGO) stage 2 (doubling of serum creatinine from baseline or 12 hours of



oliguria) and at least one of the following: sepsis, refractory fluid overload,
worsening sequential organ failure assessment (SOFA) score, or requiring
vasoactive support. Participants were randomized to two groups: early KRT
initiation (KRT to be started within 8 hours of KDIGO stage 2 AKI criteria
being met, n = 112) or delayed initiation (KRT to be started if patient
progressed to KDIGO stage 3 AKI or in the event of a traditional clinical
indication supervening, n = 119). Continuous kidney replacement therapy
(CKRT) was the mandated modality for all patients commencing KRT in
both arms of the trial. All patients in the early initiation arm received KRT as
did 91% in the delayed initiation arm. The median intergroup difference in
time to KRT initiation from randomization was 21 hours (interquartile range,
18-24). Early initiation of KRT conferred a reduction in 90-day mortality
compared with delayed initiation (39% vs 55%; p = 0.03).

The Artificial Kidney Initiation in Kidney Injury (AKIKI) trial was a
multicenter RCT conducted at 31 centers in France that was designed to test
the hypothesis that delayed initiation of KRT would confer lower morality in
critically ill patients with severe AKI (Visual Abstract 31.2).30 The trial
enrolled 620 patients with KDIGO stage 3 AKI who required mechanical
ventilation, catecholamine infusion, or both and did not have a life-
threatening complication related to AKI. Approximately two-thirds of the
patients in this mixed medical-surgical cohort had septic shock. Participants
were randomized to a strategy of early initiation (within 6 hours of KDIGO
stage 3 AKI, n = 311) or delayed initiation (KRT initiated in the presence of
oliguria persisting for >72 hours, blood urea nitrogen [BUN] >112 mg/dL,
hyperkalemia, metabolic acidosis, and/or pulmonary edema because of fluid
overload, n = 308). The delivered KRT modality was left to the discretion of
the clinical team and the majority of participants who commenced KRT
received intermittent therapy. Nearly all patients in the early strategy
received KRT, whereas only about half of those in the delayed arm initiated
KRT. Among participants who commenced KRT, those randomized to the
delayed-strategy arm started KRT 55 hours later than those in the early arm.
Mortality at 60 days did not differ between the early and delayed strategies
(48.5% in the early strategy vs 49.7% in the delayed strategy, hazard ratio
[HR] 1.03, 95% confidence interval [CI]: 0.82-1.29, p = 0.79). Patients
randomized to early KRT initiation had fewer dialysis-free days (17 vs 19



days, p < 0.001) and a higher risk of iatrogenic complications, notably
central venous catheter–associated infections and hypophosphatemia.

The Initiation of Dialysis Early versus Delayed in the Intensive Care Unit
(IDEAL-ICU) trial was conducted at 29 centers in France and tested the
hypothesis that earlier initiation of KRT would confer a 10% absolute
reduction in 90-day all-cause mortality in critically ill patients with septic
shock and severe AKI (Visual Abstract 31.3).31 Patients in the early-
strategy group were to receive KRT within 12 hours after documentation of
stage 3 AKI, whereas those randomized to the delayed arm were mandated
to commence KRT if an emergent indication developed or after 48 hours of
persistent AKI. The investigators planned to recruit 864 patients, but
recruitment ceased after the randomization of 488 participants because of
perceived futility. Nearly all patients (97%) assigned to the early-strategy
group received KRT, whereas 62% in the delayed-strategy group received
KRT. Among patients in the delayed arm who did not commence KRT, the
majority had spontaneous recovery of kidney function. The primary outcome
of 90-day all-cause mortality was not reduced by a strategy of earlier KRT
initiation (58% vs 54% in the early and delayed initiation arms, respectively,
p = 0.38).

The Standard versus Accelerated initiation of Renal Replacement Therapy
in Acute Kidney Injury (STARRT-AKI) trial was conducted at 168 centers in
15 countries and tested whether an accelerated strategy of KRT initiation
would confer a reduction in 90-day all-cause mortality as compared to a
standard strategy (Visual Abstract 31.4).32 Patients with stage 2 or 3 AKI
were included but unlike previous trials, eligibility was not predicated on the
duration of AKI. Key exclusions included overt indications for KRT
initiation (i.e., hyperkalemia, severe metabolic acidosis), lack of
commitment to offer KRT, and preexisting advanced chronic kidney disease.
Once patients met core inclusion criteria and the preliminary exclusions
were eliminated, patients were provisionally eligible. Final eligibility
depended on clinicians’ equipoise: specifically, attending physicians were
asked to exclude patients whom they felt either needed immediate KRT
initiation or mandatory deferral of KRT because of the anticipation of
imminent recovery of kidney function. This approach helped ensure that the
trial only enrolled patients for whom the question of whether and when to
commence KRT was a matter of genuine clinical uncertainty. Once



clinicians confirmed the presence of equipoise, patients were declared to be
fully eligible and were randomized to an accelerated strategy (KRT to be
commenced within 12 hours of full eligibility criteria) or a standard strategy,
which discouraged clinicians from commencing KRT unless one or more of
the following criteria supervened: serum potassium 6.0 mmol/L or more, pH
less than or equal to 7.20, serum bicarbonate 12 mmol/L or less, or severe
respiratory failure with a ratio of the partial pressure of arterial oxygen to the
fraction of inspired oxygen less than or equal to 200 perceived to be the
result of volume overload. If AKI persisted for more than 72 hours, the
decision to initiate KRT or not was transferred to the discretion of the
clinician. Unlike the previous trials, the standard strategy did not come with
an obligation to commence KRT even if one of the aforementioned
conditions was met.

Among the 3,019 randomized patients, 2,927 (1,465 and 1,462 in the
accelerated and standard strategies, respectively) were eligible for the
modified intention-to-treat analysis. The majority of patients randomized to
the accelerated-strategy arm commenced KRT a median of 6 hours from
meeting eligibility, whereas 62% of the standard-strategy participants started
KRT a median of 31 hours from the time of eligibility. The primary outcome
of 90-day all-cause mortality was 43.9% in the accelerated arm versus
43.7% in the standard arm (relative risk [RR] 1.00; 0.93-1.09). These
findings were consistent across all prespecified subgroups, including those
with and without sepsis and preexisting chronic kidney disease, respectively.
There was no evidence of heterogeneity of treatment effect across categories
of illness acuity. Among survivors, there was a significantly higher
likelihood of persistent dialysis dependence at 90 days in patients
randomized to the accelerated strategy (10.4% vs 6.0% in the standard arm;
RR 1.74, 95% CI: 1.24-2.43). Adverse events were more common in the
accelerated arm (23% vs 16.5%), mainly driven by hypotension and
hypophosphatemia.

Notwithstanding the differences in study design among the various RCTs
that have studied timing strategies for KRT initiation, the preponderance of
evidence does not favor the preemptive initiation of KRT prior to the
emergence of objective triggers. Moreover, an early approach comes at the
cost of a variety of adverse effects and a higher likelihood of persistent KRT
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dependence, possibly because of the hemodynamic instability conferred by
the delivery of KRT.

REMAINING AREAS OF UNCERTAINTY
Though clinical trials show that earlier initiation of KRT does not improve
outcomes and may be harmful, it is unclear how long it is safe to delay KRT
in the face of severe persistent AKI even if a conventional indication for
KRT does not emerge. The recently completed AKIKI-2 trial, which
evaluated the effect of further delaying KRT beyond the threshold for KRT
initiation in the delayed arm of the original AKIKI trial, will hopefully shed
light on this (ClinicalTrials.gov Identifier: NCT03396757). Furthermore, as
highlighted by the substantial number of patients who did not receive KRT
in the delayed/standard arms of AKIKI, IDEAL-ICU, and STARRT-AKI, the
identification and validation of biomarkers that anticipate AKI progression
may help inform the precise delivery of KRT.

SUMMARY AND CONCLUSIONS
For critically ill patients with AKI whose philosophy of care includes the
escalation of treatment with the addition of organ support therapy, KRT
should be started immediately in the presence of any life-threatening AKI
complication that can be remedied by KRT. The initiation of KRT in the
absence of such a complication has not resulted in improved patient survival
and exposes patients to a higher risk of adverse events. In the face of severe
AKI that is unaccompanied by metabolic or volume complications,
clinicians are advised to defer the initiation of KRT with close monitoring
for kidney recovery.
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Modality Selection of Kidney
Replacement Therapy
Madhuri Ramakrishnan and Anitha Vijayan

INTRODUCTION
Providing safe and effective kidney replacement therapy (KRT) for patients
with acute kidney injury (AKI) in the intensive care unit (ICU) is critical to
improving patient outcomes. There are various types of modalities of KRT
available for use, and selection of a particular modality depends on patient
factors, physician preferences, and institutional resources. The available
modalities of KRT include continuous kidney replacement therapy (CKRT),
prolonged intermittent kidney replacement therapy (PIKRT), intermittent
hemodialysis (IHD), and peritoneal dialysis (PD). In this chapter, we
compare and contrast the various modalities of KRT used in the management
of AKI.

CONTINUOUS KIDNEY REPLACEMENT THERAPY
Solute clearance during CKRT transpires via convection (solvent drag),
diffusion, or a combination of the two mechanisms. Adsorption (adherence
of molecules to the filter membrane) does not play a major role in solute
clearance during CKRT. Continuous venovenous hemofiltration (CVVH),
continuous venovenous hemodialysis (CVVHD), and continuous
venovenous hemodiafiltration (CVVHDF) are the three modalities of CKRT
for solute clearance and ultrafiltration. In addition, slow continuous
ultrafiltration (SCUF) can be prescribed when the sole purpose of
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extracorporeal support is volume removal. CKRT is the recommended
modality for hemodynamically unstable, critically ill patients with AKI.1

CKRT is also the preferred modality in patients with AKI who have acute
brain injury or cerebral edema, because hemodynamic fluctuations during
IHD can potentially increase ICP and increase the risk for neurologic
impairment.1-3 The recommended dose for CKRT is an effluent flow rate of
20 to 25 mL/kg/hr.1 The various modalities of CKRT are described further.
Table 32.1 outlines the dialysate, replacement fluid, ultrafiltration, and blood
flow rates among the three modalities.

Characteristics of CKRT Modalities

Continuous venovenous hemofiltration: CVVH utilizes convective
clearance for solute removal. The movement of fluid across the membrane,
driven by transmembrane pressure gradient (TMP), will move solutes
through the membrane. Solute clearance is determined by the rate of
ultrafiltration, which has to be high to allow effective solute removal.
Replacement fluid (a solution with electrolyte composition similar to



extracellular fluid) is added back to circulation, to prevent hypovolemia and
maintain homeostasis. Therefore, the net ultrafiltration rate or net fluid
removal rate is the difference between the applied ultrafiltration flow rate
and replacement fluid flow rate. Convective clearance is efficient in
removing both small (<100 Da) and middle molecules (100-5,000 Da) such
as cytokines. Replacement fluid can be administered either prefilter or
postfilter (Figure 32.1A and B). Prefilter dilution results in approximately
15% reduction in solute clearance.4 Postdilution will increase filtration
fraction and is associated with reduced filter life because of clotting.5







FIGURE 32.1: A: Schematic of continuous venovenous hemofiltration (CVVH) with prefilter
administration of replacement fluid. B: Schematic of CVVH with postfilter administration of
replacement fluid. C: Schematic of continuous venovenous hemodialysis (CVVHD). D:
Schematic of continuous venovenous hemodiafiltration (CVVHDF) with prefilter
administration of replacement fluid. E: Schematic of CVVHDF with postfilter administration of
replacement fluid.

Continuous venovenous hemodialysis: CVVHD uses diffusive clearance
for removal of molecules across a semipermeable membrane. Dialysate
solution runs countercurrent to the blood, and molecules move across the
membrane from high to low concentration (Figure 32.1C). CVVHD is ideal
for small molecular clearance, but does not provide significant clearance of
middle molecules.4 Ultrafiltration allows for fluid removal; however,
compared to continuous hemofiltration, the ultrafiltration rate is lower and
limited to net fluid removal alone.



Continuous venovenous hemodiafiltration: CVVHDF combines diffusive
and convective clearance for solute removal. The net ultrafiltration, similar
to CVVH, is the difference between the applied ultrafiltration rate and
replacement fluid rate. Similar to CVVH, replacement fluid can be
administered pre- or postfilter (Figure 32.1D and E).

Slow continuous ultrafiltration: SCUF is the application of ultrafiltration
alone for removal of plasma water. The ultrafiltration rate is low, and there is
no effective solute clearance. Therefore, SCUF is recommended only when
the sole purpose for initiating KRT is fluid removal.

CONVECTION VERSUS DIFFUSION IN CONTINUOUS
KIDNEY REPLACEMENT THERAPY
There is no difference for small molecular clearance between diffusive and
convective modalities.4 Some studies have suggested that convective
clearance reduces mediators of inflammation in systemic inflammatory
response syndrome.6 However, a decrease in the level of plasma cytokines
and other inflammatory mediators with CVVH6,7 has not consistently
translated to a difference in patient outcomes.8 In the Optimal Mode of
Clearance in critically ill patients with AKI (OMAKI) study by Wald and
colleagues, CVVH, as compared to CVVHD, was associated with a decrease
in vasopressor requirements, but there was no improvement in survival
(Visual Abstract 32.1).8 In a single-center study of 371 patients with AKI,
CVVHDF was associated with improved 28-day survival, when compared to
CVVH (59% vs 39%, respectively).9 However, it must be noted that dose of
KRT was significantly higher in the CVVHDF group (42 vs 25 mL/kg/hr)
and therefore the benefit seen with CVVHDF cannot be explained solely
based on the difference in the mechanism of solute clearance. A meta-
analysis of 19 randomized controlled studies comparing CVVH to CVVHD
demonstrated no difference in mortality or other clinical outcomes.10

INTERMITTENT HEMODIALYSIS
IHD is used primarily for the management of AKI in hemodynamically
stable patients. IHD is an ideal choice when rapid clearance of a solute (e.g.,
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life-threatening hyperkalemia), prompt correction of severe metabolic
acidosis, or immediate clearance of a dialyzable toxin (e.g., lithium
overdose) is required, even in hemodynamically unstable patients. Current
recommendation is to prescribe IHD to deliver a single-pool Kt/Vurea of 1.3
(Table 32.2), three times per week.11-13 Additional IHD treatments can be
provided as needed for hypervolemia, hyperkalemia, or other indications.
Routinely increasing the frequency of IHD to greater than three treatments
per week has not demonstrated improvement in outcomes and may impair
kidney recovery.11,14

Advantages and Disadvantages of CKRT and
IHD

CKRT IHD

Hemodynamic stability ++ −

Fluid balance achievement + −

Continuous metabolic control + −

Stable intracranial pressure ++ −

Unlimited nutrition + −

Need for intensive care nursing support + −

Rapid removal of toxins − +

Limited anticoagulation − +

Need for hemodialysis nursing support ± +

Patient mobility − +

CKRT, continuous kidney replacement therapy; IHD, intermittent hemodialysis.

COMPARISON OF INTERMITTENT HEMODIALYSIS TO
CONTINUOUS KIDNEY REPLACEMENT THERAPY
Prospective observational and randomized controlled trials, after adjusting
for severity of illness, have not demonstrated improved patient survival with
CKRT compared to IHD (Visual Abstract 32.2) (Table 32.3).15-22 In
addition, data do not show that one modality may be superior to another in
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terms of kidney recovery. One meta-analysis suggested that initial treatment
with IHD may be associated with higher rates of dialysis dependence, but
this conclusion was based on 16 observational studies.23 Randomized
controlled trials have not demonstrated any difference in the rate of kidney
recovery between patients with AKI initiated on IHD and CKRT (Visual
Abstract 32.2).15,20,21 In patients with AKI who have traumatic brain injury,
other causes of raised intracranial pressure (ICP), or end-stage liver disease
with encephalopathy, CKRT is associated with stabilization of ICP and
improved cerebral perfusion when compared to IHD.24 Cerebral
hypoperfusion and sudden fluctuations in serum osmolality may be some of
the factors associated with changes in ICP during IHD.2,3 Patients with
hemodynamic instability, especially because of sepsis, may benefit from a
continuous modality as it offers the option for slower solute removal and
ultrafiltration, which are not feasible during a 4-hour IHD session.

Prospective Trials Comparing CKRT to IHD



PROLONGED INTERMITTENT KIDNEY REPLACEMENT
THERAPY
The term PIKRT encompasses a wide array of hybrid KRTs that do not fall
into the traditional realm of continuous or intermittent procedures. In one of
the early descriptions of PIKRT, a modified IHD machine was used to
deliver diffusive clearance over 6 to 8 hours overnight, with a blood flow
rate of 200 mL/min and dialysate flow rate of 300 mL/min to critically ill
patients with AKI.25 Subsequently, numerous publications have described
hybrid therapies using various equipment and modalities of clearance.26 The
most commonly used term, sustained low-efficiency dialysis (SLED), in
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which there is slow diffusive clearance over a prolonged period, is utilized.
Although majority of publications reported diffusive clearance during
PIKRT, a few have reported convective clearance or combination of both.27-30

Most centers have used a modified IHD machine, but our center and others
utilize a traditional CKRT machine to deliver PIKRT.26,28 PIKRT can be used
as a substitute for CKRT or IHD, or as a transition therapy from continuous
to intermittent KRT. In the majority of the institutions worldwide, PIKRT is
used as a substitute for CKRT and not as a substitute for IHD.31 When
compared to IHD, PIKRT offers longer duration of therapy, with lower
dialysate and blood flow rates and therefore more hemodynamic stability.
PIKRT also can negate the need for one-on-one dialysis nursing which is
normally required during IHD in the ICU.25,32 In contrast to CKRT, PIKRT
does not subject the patient to KRT for 24 hours; at the same time, PIKRT
allows for adequate small molecular clearance and ultrafiltration without
significant hemodynamic fluctuations.26 PIKRT allows the hemodynamically
unstable patient to go for radiologic and surgical procedures and perform
physical therapy while receiving sufficient KRT for solute clearance and
metabolic control. In our center, PIKRT is performed at night, leaving the
daytime for various procedures and physical therapy. The key differences
between IHD, CKRT, and PIKRT are highlighted in Table 32.4. Unlike IHD
and CKRT, there is no consensus regarding the dosing and frequency of
PIKRT treatments.

Comparison of Different Modalities of
Extracorporeal KRT



COMPARISON OF PROLONGED INTERMITTENT KIDNEY
REPLACEMENT THERAPY WITH CONTINUOUS KIDNEY
REPLACEMENT THERAPY
PIKRT is considered an alternative to CKRT for hemodynamically unstable
patients.12 In the largest randomized controlled trial comparing SLED (using
batched dialysate) to CVVH in 232 critically ill patients with AKI, there was
no difference in the primary outcome of 90-day mortality (49.6% and 55.6%,
respectively) (Visual Abstract 32.3).32 There was no difference in
hemodynamic parameters between the two groups, but the SLED group
demonstrated decreased duration of mechanical ventilation, ICU stay, and
shorter time to kidney recovery. SLED was also associated with reduced
nursing time. It should be noted that this was a single-center study and
CVVH patients were prescribed an effluent flow rate of 35 mL/kg/hr, and
achieved an effluent flow rate of almost 31 mL/kg/hr, which is higher than
recommended effluent flow rates of 20 to 25 mL/kg/hr. Solute clearance
(e.g., urea clearance) was not measured and therefore it is difficult to
ascertain whether delivered dose of therapy was similar between the two
groups. A pooled analysis of observational studies demonstrated lower
mortality risk with PIKRT compared with CKRT, but this probably reflected
selection bias as PIKRT may have been chosen specifically for the less sick



patients.33 In the same paper, meta-analysis of seven randomized controlled
trials showed no difference in mortality between SLED and CKRT.33

PERITONEAL DIALYSIS
PD was the earliest modality of KRT used in AKI, but its use decreased with
the advent of IHD. PD continued to be utilized for hemodynamically
unstable patients until technologic advancements led to the development of
CKRT in the 1980s. However, the most recent guidelines from the
International Society of Peritoneal Dialysis (ISPD) recommend that PD
should be considered as a suitable alternative to blood-based therapies for
AKI.34 PD is used more frequently in the pediatric population and in adults
in resource-poor settings.34 In resource-poor settings, manual PD offers
advantage over blood-based KRT in that it does not require electricity. Other
advantages of PD include less potential for dialysis disequilibrium,
avoidance of blood contact with a synthetic membrane, and lack of
requirement of anticoagulation. Disadvantages include unpredictable
ultrafiltration and solute clearance, risk for peritonitis, and inability to
perform PD in those with abdominal surgeries and/or peritoneal injury.

Delivering PD in the ICU is similar to those in the outpatient settings and
can be either as automated PD via cycler or as manual exchanges. Access for
PD requires the placement of either a flexible or a rigid catheter, and ISPD
guidelines recommend that tunneled catheters be placed to avoid leaks and
reduce infection rates.34 Similar to outpatient PD, a closed Y connection
delivery system is recommended, but this may not be feasible in low-
resource areas. The standard outpatient PD utilizes a lactate buffered
solution. However, similar to CKRT, bicarbonate-based solution may be
preferable in critically ill patients as this has been associated with more rapid
improvement in metabolic acidosis in one small study.35 The dose of PD for
the management of AKI is undetermined, although a systematic review
recommended a standard Kt/Vurea of 2.1, based on extrapolation from
extracorporeal therapies.

COMPARISON OF PERITONEAL DIALYSIS TO
INTERMITTENT HEMODIALYSIS AND CONTINUOUS
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KIDNEY REPLACEMENT THERAPY
Data regarding the use of PD in the management of AKI are limited.
Observational studies have suggested that PD can be a safe alternative to
IHD and CKRT for AKI in the ICU.36 Few randomized trials have compared
PD to extracorporeal KRT for the management of AKI and have shown
conflicting results.37-40 A systematic review of 24 studies, including 4
randomized controlled studies, concluded that there is no evidence to
suggest any significant difference in mortality between PD and the
extracorporeal methods of KRT.36

SUMMARY
KRT plays a vital supportive role in the management of critically ill patients
with AKI. KRT can be performed using any of the modalities—CKRT,
PIKRT, IHD, and PD—depending on available equipment, personnel, and
resources. Certain patient factors and clinical situations may dictate the use
of one modality over another at initiation of KRT. However, selection of
modality of KRT should be considered as a dynamic process, and a patient’s
clinical condition may warrant the transition from one modality to another
depending on hemodynamic status and other factors. Future studies should
be directed toward optimizing the prescription of the various modalities,
with respect to standardizing the dose of KRT, addressing dosing of
medications with each modality, and standardizing the terminology and
equipment used for KRT.

References
KDIGO. Section 5: dialysis interventions for treatment of AKI. Kidney Int Suppl. 2012;2(1):89-
115.
Lund A, Damholt MB, Wiis J, Kelsen J, Strange DG, Moller K. Intracranial pressure during
hemodialysis in patients with acute brain injury. Acta Anaesthesiol Scand. 2019;63(4):493-499.
Regolisti G, Maggiore U, Cademartiri C, et al. Cerebral blood flow decreases during intermittent
hemodialysis in patients with acute kidney injury, but not in patients with end-stage renal disease.
Nephrol Dial Transplant. 2013;28(1):79-85.
Brunet S, Leblanc M, Geadah D, Parent D, Courteau S, Cardinal J. Diffusive and convective
solute clearances during continuous renal replacement therapy at various dialysate and
ultrafiltration flow rates. Am J Kidney Dis. 1999;34(3):486-492.
Uchino S, Fealy N, Baldwin I, Morimatsu H, Bellomo R. Pre-dilution vs. post-dilution during
continuous veno-venous hemofiltration: impact on filter life and azotemic control. Nephron Clin



6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Pract. 2003;94(4):c94-c98.
Kellum JA, Johnson JP, Kramer D, Palevsky P, Brady JJ, Pinsky MR. Diffusive vs. convective
therapy: effects on mediators of inflammation in patient with severe systemic inflammatory
response syndrome. Crit Care Med. 1998;26(12):1995-2000.
Morgera S, Slowinski T, Melzer C, et al. Renal replacement therapy with high-cutoff hemofilters:
impact of convection and diffusion on cytokine clearances and protein status. Am J Kidney Dis.
2004;43(3):444-453.
Wald R, Friedrich JO, Bagshaw SM, et al. Optimal mode of clearance in critically ill patients with
acute kidney injury (OMAKI)—a pilot randomized controlled trial of hemofiltration versus
hemodialysis: a Canadian Critical Care Trials Group project. Crit Care. 2012;16(5):R205.
Saudan P, Niederberger M, De Seigneux S, et al. Adding a dialysis dose to continuous
hemofiltration increases survival in patients with acute renal failure. Kidney Int. 2006;70(7):1312-
1317.
Friedrich JO, Wald R, Bagshaw SM, Burns KE, Adhikari NK. Hemofiltration compared to
hemodialysis for acute kidney injury: systematic review and meta-analysis. Crit Care.
2012;16(4):R146.
Palevsky PM, Zhang JH, O’Connor TZ, et al; VA/NIH Acute Renal Failure Trial Network.
Intensity of renal support in critically ill patients with acute kidney injury. N Engl J Med.
2008;359(1):7-20.
Palevsky PM, Liu KD, Brophy PD, et al. KDOQI US commentary on the 2012 KDIGO clinical
practice guideline for acute kidney injury. Am J Kidney Dis. 2013;61(5):649-672.
Vijayan A, Palevsky PM. Dosing of renal replacement therapy in acute kidney injury. Am J
Kidney Dis. 2012;59(4):569-576.
Vijayan A, Delos Santos RB, Li T, Goss CW, Palevsky PM. Effect of frequent dialysis on renal
recovery: results from the acute renal failure trial network study. Kidney Int Rep. 2018;3(2):456-
463.
Augustine JJ, Sandy D, Seifert TH, Paganini EP. A randomized controlled trial comparing
intermittent with continuous dialysis in patients with ARF. Am J Kidney Dis. 2004;44(6):1000-
1007.
Gasparovic V, Filipovic-Grcic I, Merkler M, Pisl Z. Continuous renal replacement therapy
(CRRT) or intermittent hemodialysis (IHD)—what is the procedure of choice in critically ill
patients? Ren Fail. 2003;25(5):855-862.
Guerin C, Girard R, Selli JM, Ayzac L. Intermittent versus continuous renal replacement therapy
for acute renal failure in intensive care units: results from a multicenter prospective
epidemiological survey. Intensive Care Med. 2002;28(10):1411-1418.
Lins RL, Elseviers MM, Van der Niepen P, et al; SHARF Investigators. Intermittent versus
continuous renal replacement therapy for acute kidney injury patients admitted to the intensive
care unit: results of a randomized clinical trial. Nephrol Dial Transplant. 2009;24(2):512-518.
Schefold JC, von Haehling S, Pschowski R, et al. The effect of continuous versus intermittent
renal replacement therapy on the outcome of critically ill patients with acute renal failure
(CONVINT): a prospective randomized controlled trial. Crit Care. 2014;18(1):R11.
Uehlinger DE, Jakob SM, Ferrari P, et al. Comparison of continuous and intermittent renal
replacement therapy for acute renal failure. Nephrol Dial Transplant. 2005;20(8):1630-1637.
Vinsonneau C, Camus C, Combes A, et al. Continuous venovenous haemodiafiltration versus
intermittent haemodialysis for acute renal failure in patients with multiple-organ dysfunction
syndrome: a multicentre randomised trial. Lancet. 2006;368(9533):379-385.



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Truche AS, Darmon M, Bailly S, et al. Continuous renal replacement therapy versus intermittent
hemodialysis in intensive care patients: impact on mortality and renal recovery. Intensive Care
Med. 2016;42(9):1408-1417.
Schneider AG, Bellomo R, Bagshaw SM, et al. Choice of renal replacement therapy modality and
dialysis dependence after acute kidney injury: a systematic review and meta-analysis. Intensive
Care Med. 2013;39(6):987-997.
Davenport A, Will EJ, Davison AM. Continuous vs. intermittent forms of haemofiltration and/or
dialysis in the management of acute renal failure in patients with defective cerebral autoregulation
at risk of cerebral oedema. Contrib Nephrol. 1991;93:225-233.
Kumar VA, Craig M, Depner TA, Yeun JY. Extended daily dialysis: a new approach to renal
replacement for acute renal failure in the intensive care unit. Am J Kidney Dis. 2000;36(2):294-
300.
Edrees F, Li T, Vijayan A. Prolonged intermittent renal replacement therapy. Adv Chronic Kidney
Dis. 2016;23(3):195-202.
Abe M, Okada K, Suzuki M, et al. Comparison of sustained hemodiafiltration with continuous
venovenous hemodiafiltration for the treatment of critically ill patients with acute kidney injury.
Artif Organs. 2010;34(4):331-338.
Gashti CN, Salcedo S, Robinson V, Rodby RA. Accelerated venovenous hemofiltration: early
technical and clinical experience. Am J Kidney Dis. 2008;51(5):804-810.
Marshall MR, Ma T, Galler D, Rankin AP, Williams AB. Sustained low-efficiency daily
diafiltration (SLEDD-f) for critically ill patients requiring renal replacement therapy: towards an
adequate therapy. Nephrol Dial Transplant. 2004;19(4):877-884.
Naka T, Baldwin I, Bellomo R, Fealy N, Wan L. Prolonged daily intermittent renal replacement
therapy in ICU patients by ICU nurses and ICU physicians. Int J Artif Organs. 2004;27(5):380-
387.
Marshall MR, Creamer JM, Foster M, et al. Mortality rate comparison after switching from
continuous to prolonged intermittent renal replacement for acute kidney injury in three intensive
care units from different countries. Nephrol Dial Transplant. 2011;26(7):2169-2175.
Schwenger V, Weigand MA, Hoffmann O, et al. Sustained low efficiency dialysis using a single-
pass batch system in acute kidney injury—a randomized interventional trial: the Renal
Replacement Therapy Study in Intensive Care Unit Patients. Crit Care. 2012;16(4):R140.
Zhang L, Yang J, Eastwood GM, Zhu G, Tanaka A, Bellomo R. Extended daily dialysis versus
continuous renal replacement therapy for acute kidney injury: a meta-analysis. Am J Kidney Dis.
2015;66(2):322-330.
Cullis B, Abdelraheem M, Abrahams G, et al. Peritoneal dialysis for acute kidney injury. Perit
Dial Int. 2014;34(5):494-517.
Thongboonkerd V, Lumlertgul D, Supajatura V. Better correction of metabolic acidosis, blood
pressure control, and phagocytosis with bicarbonate compared to lactate solution in acute
peritoneal dialysis. Artif Organs. 2001;25(2):99-108.
Chionh CY, Soni SS, Finkelstein FO, Ronco C, Cruz DN. Use of peritoneal dialysis in AKI: a
systematic review. Clin J Am Soc Nephrol. 2013;8(10):1649-1660.
Phu NH, Hien TT, Mai NT, et al. Hemofiltration and peritoneal dialysis in infection-associated
acute renal failure in Vietnam. N Engl J Med. 2002;347(12):895-902.
Al-Hwiesh A, Abdul-Rahman I, Finkelstein F, et al. Acute kidney injury in critically ill patients: a
prospective randomized study of tidal peritoneal dialysis versus continuous renal replacement
therapy. Ther Apher Dial. 2018;22(4):371-379.



39.

40.

41.

42.

George J, Varma S, Kumar S, Thomas J, Gopi S, Pisharody R. Comparing continuous venovenous
hemodiafiltration and peritoneal dialysis in critically ill patients with acute kidney injury: a pilot
study. Perit Dial Int. 2011;31(4):422-429.
Gabriel DP, Caramori JT, Martim LC, Barretti P, Balbi AL. High volume peritoneal dialysis vs
daily hemodialysis: a randomized, controlled trial in patients with acute kidney injury. Kidney Int
Suppl. 2008(108):S87-S93.
Mehta RL, McDonald B, Gabbai FB, et al; Collaborative Group for Treatment of ARF in the ICU.
A randomized clinical trial of continuous versus intermittent dialysis for acute renal failure.
Kidney Int. 2001;60(3):1154-1163.
Al Rifai A, Sukul N, Wonnacott R, Heung M. Safety of arteriovenous fistulae and grafts for
continuous renal replacement therapy: the Michigan experience. Hemodial Int. 2018;22(1):50-55.

VISUAL ABSTRACTS

VISUAL ABSTRACT 32.1



VISUAL ABSTRACT 32.2

VISUAL ABSTRACT 32.3



33

Anticoagulation and Kidney Replacement
Therapy
Andrew B. Barker and Ashita J. Tolwani

INTRODUCTION
Continuous kidney replacement therapy (CKRT) is the preferred form of
dialysis in hemodynamically unstable critically ill patients with acute kidney
injury (AKI) and often requires anticoagulation to prevent clotting of the
extracorporeal circuit. Contact of blood with the foreign surface of the
extracorporeal circuit results in activation of both the intrinsic and extrinsic
pathways of coagulation and activation of platelets.1 Although CKRT is
intended to run for 24 hours a day, average daily therapy has been reported
to be closer to 16 hours because of interruptions, including circuit clotting.2,3

Circuit clotting can markedly decrease the effectiveness of CKRT.4 Adequate
CKRT hemofilter survival without anticoagulation has been described in
critically ill patients at high bleeding risk because of coagulopathy and liver
dysfunction.5-8 When blood flow, hematocrit, and total effluent flow rates are
held constant, purely convective modes of therapy, such as continuous
venovenous hemofiltration (CVVH), always have a higher filtration fraction
compared with diffusive therapies. Maintaining a filtration fraction less than
20% to 25% can prolong hemofilter patency. Hemofilter survival without
anticoagulation can also be prolonged by a well-functioning vascular access,
higher blood flow rates, using predilution replacement fluid to reduce the
filtration fraction in convective CKRT, decreasing the blood-air contact in
the bubble trap, and ensuring prompt reaction to alarms.9,10
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Despite these measures, most patients on CKRT require some form of
anticoagulation (Table 33.1). This chapter will discuss the most common
anticoagulation options available for CKRT: unfractionated heparin (UFH)
and regional citrate anticoagulation (RCA). Less common options include
UFH with protamine reversal, low-molecular-weight heparin (LMWH),
thrombin antagonists (argatroban and bivalirudin), heparinoids, and platelet-
inhibiting agents. Table 33.2 summarizes dosing of anticoagulants for
CKRT.

Selection of Anticoagulant for CKRT

Choice of Anticoagulant for CKRT

Clinical Condition No Liver Failure Severe Liver Failure

Low risk of bleeding RCA, UFH UFH, no anticoagulation

High risk of bleeding RCA No anticoagulation

Heparin-induced
thrombocytopenia

RCA, argatroban Bivalirudin

CKRT, continuous kidney replacement therapy; RCA, regional citrate anticoagulation; UFH,
unfractionated heparin.

Dosing of Common Anticoagulants for
Continuous Kidney Replacement Therapy



UNFRACTIONATED HEPARIN
UFH is widely used for CKRT.11 UFH potentiates antithrombin III by a
1,000-fold, resulting in inhibition of factors IIa (thrombin) and Xa.12 The
molecular weight of UFH ranges from 5,000 to 30,000 Da. The larger
heparin fragments have mainly anti-IIa activity, whereas the smaller
fragments principally inhibit Xa. The larger fragments are cleared more
rapidly than the smaller fragments. As a result, an anticoagulant effect from
the inhibited Xa can occur in the setting of a normal activated partial
thromboplastin time (aPTT) because of the delayed clearance of the smaller
fragments.13-15 The plasma half-life of UFH is approximately 90 minutes but



can increase up to 3 hours in the presence of kidney insufficiency. There are
many existing CKRT protocols for systemic heparin anticoagulation;
however, an ideal regimen for heparin anticoagulation with CKRT has not
been identified. Usually, heparin is administered as an initial bolus of 25 to
50 U/kg or 2,000 to 5,000 IU followed by a continuous infusion of 5 to 10
IU/kg/hr into the arterial limb of the dialysis circuit. The optimal aPTT (i.e.,
the level at which there is minimal clotting of the filter, with little or no
increase in the risk of hemorrhage) is not known with certainty.6,7,15-20 Typical
protocols target the aPTT in the extracorporeal circuit between 45 and 60
seconds or anti-Xa activity between 0.3 and 0.6 IU/mL.

The advantages of UFH are that it is inexpensive, widely available and
familiar to physicians and nurses, easy to administer, simple to monitor, and
reversible with protamine. Disadvantages include the unpredictable and
complex pharmacokinetics of UFH (resulting in dosing variability), the
development of heparin-induced thrombocytopenia (HIT), heparin resistance
because of low patient antithrombin levels, and the increased risk of
hemorrhage.15 van de Wetering et al16 demonstrated that the efficacy of UFH
for prolonging filter life was proportional to the aPTT and not to the heparin
dose. Hemofilter clotting occurred less frequently when the aPTT was
increased by 10 seconds, but coincided with a 50% increase in the incidence
of intracranial or retroperitoneal bleeding. Considering all the administration
methods of heparin, the incidence of bleeding episodes ranges from 10% to
50%, with mortality because of bleeding as high as 15%.16-18 To minimize
the systemic effects of heparin, regional heparin anticoagulation has been
attempted by administering UFH prefilter and protamine sulfate postfilter,
thus restricting anticoagulation to the circuit. However, protamine sulfate is
associated with hypotension and anaphylaxis, and the protocols utilizing
heparin and protamine are difficult to standardize.21,22 An initial ratio
between prefilter heparin (in units) and postfilter protamine (in mg) of 100
has been recommended, with subsequent adjustment according to the aPTT.
The ratio is adjusted to achieve a patient aPTT less than 45 seconds and a
circuit aPTT between 50 and 80 seconds. The amount of protamine required
to achieve a target aPTT can vary substantially because the heparin-
protamine complex is taken up by the reticuloendothelial system and broken
down, thus releasing free heparin and protamine into the circulation.23 In
practice, UFH at 1,000 to 1,500 units/hr is infused prefilter and neutralized



with postfilter protamine at 10 to 12 mg/hr. If this approach is used, both
circuit and patient aPTT should be closely monitored. Importantly, regional
heparinization can still result in HIT.

REGIONAL CITRATE ANTICOAGULATION
Citrate was first reported as an anticoagulant for hemodialysis in the 1960s
by Morita et al24 and for CKRT in 1990 by Mehta et al.25 Citrate is infused
into the blood at the beginning of the extracorporeal circuit and provides
anticoagulation by chelating ionized calcium (iCa++)26-28 (Figure 33.1).
Ionized magnesium is also chelated by citrate but to a lesser extent. Optimal
regional anticoagulation occurs when the iCa++ concentration in the
extracorporeal circuit is below 0.35 mmol/L (measured as the postfilter iCa++

level), which corresponds to approximately 3 to 4 mmol of citrate per liter of
blood.29 Because citrate is a small molecule, the majority of the calcium-
citrate complex is removed across the hemofilter. Any calcium-citrate
complex that remains postfilter is returned to the patient and metabolized to
bicarbonate by the liver, kidney, and skeletal muscle. Each citrate molecule
potentially yields three bicarbonate molecules: 3Na citrate + 3H2CO3 ↔
citric acid + 3NaHCO3.26-28 Calcium released from the calcium-citrate
complex helps restore normal iCa++ concentrations, although a systemic
calcium infusion is required to replace the calcium that is lost in the effluent.
RCA is reversed by the infusion of a calcium chloride or calcium gluconate
into the end of the circuit or directly through a separate intravenous line.26-28

This rate is constantly adjusted according to frequent measurements of
plasma calcium concentration to prevent hypocalcemia or hypercalcemia.
Advantages of citrate anticoagulation include the avoidance of systemic
anticoagulation and HIT. The disadvantage is that citrate adds complexity
and labor intensity to CKRT.



FIGURE 33.1: Regional citrate anticoagulation circuit.

Although RCA has several advantages, potential complications include
hypernatremia from the use of commercially available hypertonic citrate
solutions (such as 4% trisodium citrate [TSC] and 2.2% anticoagulant citrate
dextrose [ACD] solution), hypocalcemia, hypercalcemia, and acid-base
disorders.26-28 It is therefore necessary to frequently monitor acid-base status,
electrolytes, and ionized calcium in the systemic circulation. Metabolic
alkalosis can result because of excessive citrate load. Strategies to reduce the
risk of alkalosis include decreasing the blood flow and thereby decreasing
the amount of citrate needed to maintain therapeutic level, or increasing the
effluent flow rate.30,31 Patients with severe liver failure and lactic acidosis
may have difficulty with citrate metabolism and develop citrate
accumulation, which is characterized by low systemic iCa++, elevated total
serum calcium, metabolic acidosis, and an increased anion gap.32-35 The
accumulation of citrate causes the systemic iCa++ concentration to fall,
whereas the bound fraction of calcium rises. If the calcium infusion is
increased to correct the low iCa++, most of the calcium is bound to citrate. A
disproportional rise in total calcium occurs, whereas iCa++ remains low. As a
result, the calcium gap (total calcium – iCa++) or the calcium ratio (total
calcium/iCa++) increases. Citrate accumulation is likely when the ratio of



total serum calcium to iCa++ concentration exceeds 2.5. Citrate accumulation
can be managed by decreasing the blood flow, increasing the effluent rate,
decreasing the target citrate concentration in the hemofilter, or changing to
an alternate form of anticoagulation.30,31 Metabolic acidosis can also result if
the delivery of citrate is insufficient to adequately buffer the acidosis. This
can be corrected by increasing the blood flow or decreasing the effluent
rate.30,31 If properly monitored, regional citrate-related complications are
uncommon, and RCA has been used safely in patients with advanced liver
disease as well as in perioperative liver transplant patients.36-38

Because of the potential for electrolyte abnormalities, the patient’s
electrolytes should be monitored at least every 6 hours and should include
iCa++, magnesium, and calculation of the anion gap. At least twice-daily,
total blood calcium concentration should be monitored to calculate the
calcium ratio or calcium gap. The need for monitoring anticoagulation
efficacy in the circuit depends on the method of citrate delivery. If the dose
of citrate is fixed in relation to the blood flow, frequent monitoring of circuit
iCa++ levels (i.e., postfilter iCa++ levels) is not necessary as long as blood
flow is constant. If the citrate dose is not fixed to a constant blood flow rate,
postfilter iCa++ levels should be measured at least every 6 hours and the
infusion of citrate titrated for an iCa++ of less than 0.35 mmol/L. Once steady
state is reached after 48 to 72 hours and the patient remains stable,
monitoring of electrolytes can be decreased to every 12 hours.

A variety of methods of RCA are described in the literature.39-56 Citrate is
administered either as a separate citrate solution or added to a calcium-free
predilution replacement fluid. The anticoagulant effect of citrate can be
measured by the postfilter iCa and citrate titrated to maintain the circuit
iCa++ less than 0.35 mmol/L, or the amount of citrate needed to maintain a
concentration of 3 to 4 mmol/L in the blood can be calculated and fixed to
the blood flow rate without measurement of postfilter iCa++ levels. Table
33.3 lists the fixed citrate rate needed for various blood flow rates using the
most common citrate solutions, 4% TSC and 2.2% ACD-A. The use of
citrate anticoagulation may require modification of the dialysate
composition, depending on the citrate formulation used. Use of 4% TSC or
other hypertonic citrate solutions results in a very significant sodium load to
the patient (420 mmol/L in a 4% TCA solution), and compensatory
hyponatremic replacement and/or dialysate solutions may be required to
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prevent the development of electrolyte abnormalities. Because citrate
provides an alkali load, buffers (e.g., bicarbonate, lactate) may need to be
reduced in concentration or deleted from the dialysate and replacement
fluids. The dialysate and replacement fluids usually are calcium free to
prevent reversal of the citrate effect in the extracorporeal circuit, although
calcium-containing solutions have been used successfully.57,58

Dose of Common Formulations of Citrate for
Fixed Blood Flow Rate

QB (mL/min) 4% TSC (mL/hr) ACD-A (mL/hr)

Amount of Citrate Delivered to Achieve Blood Citrate Concentration of 3 mmol/L

100 132 159

125 165 200

150 199 239

200 265 319

Amount of Citrate Delivered to Achieve Blood Citrate Concentration of 4 mmol/L

100 175 210

125 218 262

150 262 315

200 350 420

ACD-A, anticoagulant citrate dextrose A; QB, blood flow rate; TSC, trisodium citrate.

Multiple randomized trials39-43,59-62 and three meta-analyses63-65 have
suggested that RCA is better than heparin at preserving filter patency and
decreases the risk of adverse events, including bleeding. There does not
appear to be a survival benefit of either heparin or RCA (See Visual
Abstracts 33.1, 33.2 and 33.3).63-65 The largest meta-analysis (11
randomized trials, 992 patients) compared RCA with either systemic (9
trials) or regional (2 trials) heparin.65 The risk of circuit loss was lower with
RCA compared with regional heparin (hazard ratio [HR] 0.52, 95%
confidence interval [CI] 0.35-0.77, p = 0.001) and systemic heparin (HR
0.76, 95% CI 0.59-0.98, p = 0.04). The risk of bleeding was lower with RCA



compared with systemic heparin (relative risk [RR] 0.36, 95% CI 0.21-0.60,
p < 0.001) and similar between RCA and regional heparin. The authors
reported a higher incidence of HIT in the heparin groups, whereas
hypocalcemia was increased in citrate groups. No significant survival
difference was observed between the groups. They concluded that RCA
should be considered as a better anticoagulant than heparin for CKRT in
AKI patients who have no contraindications to citrate.

ARGATROBAN
Argatroban is a second-generation direct thrombin inhibitor used in patients
with HIT. It is the preferred CKRT anticoagulant in patients with HIT. For
argatroban, the most recent literature suggests a bolus of 100 μg/kg followed
by a starting infusion of 1 μg/kg/min, or dosing based on the degree of
critical illness. A formula proposed to determine the argatroban infusion rate
in μg/kg/min is as follows: 2.15 − (0.06 × acute physiology and chronic
health evaluation [APACHE] II score) or 2.06 − (0.03 × simplified acute
physiology score [SAPS] II score).66 Dose reduction is required in hepatic
failure. The target aPTT is 1.5 to 2 times baseline. If the patient has severe
liver disease, the argatroban infusion is decreased to 0.5 μg/kg/min.

CONCLUSION
The choice of anticoagulant for CKRT should be determined by availability,
patient characteristics, physician and nursing expertise, and ease of
monitoring. Although systemic heparinization has been considered the
standard of care for CKRT in the past, multiple randomized controlled trials
(RCTs) suggest that RCA is superior in hemofilter survival and bleeding risk
when compared to heparin-based systemic anticoagulation. Metabolic
complications with RCA can be avoided by the use of strict protocols,
appropriate training, and availability of safer citrate solutions and integrated
CKRT citrate software. Recent studies show that citrate can even be used in
patients with liver failure with increased monitoring and adjustment of
citrate dose. For these reasons, the Kidney Disease Improving Global
Outcomes (KDIGO) clinical practice guidelines for AKI have recommended
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Blood Purification in the Intensive Care
Unit
Aron Jansen and Peter Pickkers

INTRODUCTION
Sepsis, defined as a life-threatening organ dysfunction caused by a
dysregulated host response to infection, is one of the leading causes of organ
failure, including acute kidney injury (AKI), and death in patients in the
intensive care unit (ICU).1 Despite advances in supportive care over the past
couple of decades, there is no targeted therapy specifically for sepsis as of
yet and mortality rates still exceed 30%.2 Therefore, there is an unmet
medical need for specific interventions that may improve clinical outcome
for sepsis patients.

In sepsis pathophysiology, circulating pathogen-associated molecular
patterns (PAMPs), including endotoxins (lipopolysaccharides, LPS), are
recognized by immune cells and trigger a rapid and overwhelming
inflammatory cascade. In turn, the excessive production of proinflammatory
cytokines may lead to hemodynamic instability and end-organ failure,
whereas the equally excessive release of anti-inflammatory cytokines may
severely suppress the immune system and render the host susceptible to
secondary infections.3 Correspondingly, elevated plasma levels of LPS and
cytokines are associated with higher incidence and severity of AKI and an
increased mortality in sepsis patients.4-6 Therefore, the removal of excess
cytokines and endotoxins from the circulation seems like a plausible
treatment option that may improve sepsis outcome.



Over the past decades, several blood purification instruments with
different binding capacities have been developed. These instruments can be
categorized into different groups on the basis of their mechanism of action:
LPS-binding devices (e.g., the polymyxin B hemoperfusion [PMX] device;
Toraymyxin, Toray Medical Co., Ltd, Tokyo, Japan), extracorporeal
cytokine hemoadsorption devices (e.g., CytoSorb, Cytosorbents Co., NJ,
USA), a combination of LPS and cytokine capturing devices (e.g., oXiris,
Baxter, Meyzieu, France), and therapeutic plasma exchange (TPE). A
graphical overview of the differences and similarities between these devices
is depicted in Figure 34.1.

FIGURE 34.1: Differences and similarities between the currently available extracorporeal
blood purification techniques. AN69, acrylonitrile and methanesulfonate; EAA, endotoxin
activity essay; HLA, human leukocyte antigen; IL-6, interleukin 6; PE, polyethylene; PS,
polystyrene; PSDVB, porous polystyrene divinylbenzene; PVP, polyvinylpyrrolidone; RCT,
randomized controlled trial; KRT, kidney replacement therapy; TPE, therapeutic plasma
exchange.



The Toraymyxin device consists of a hemoperfusion column that contains
polymyxin B–immobilized fibers that selectively bind endotoxins in
patients’ blood but does not capture endogenous inflammatory mediators.
Moreover, as it does not offer any solute clearance, PMX treatment cannot
serve as kidney replacement therapy (KRT).7 The hollow-fiber purification
device oXiris has an acrylonitrile and methanesulfonate (AN69) membrane
that captures both endotoxins and cytokines and can be used simultaneously
as a form of KRT, whereas CytoSorb, a porous adsorbent polymer bead
device, does not allow simultaneous KRT or binding of endotoxins, but
selectively removes circulating cytokines with a molecular weight up to 60
kDa (e.g., interleukin [IL]-1β, IL-6, IL-8, IL-10, and tumor necrosis factor
[TNF]-α) by surface adsorption and size exclusion.7 TPE is based on the
principle of the separation of contaminated plasma from whole blood and
replacing it with fresh frozen plasma (FFP), albumin, or saline, thereby
removing endotoxins, cytokines, and other potentially harmful substances
from the circulation. Moreover, potentially depleted beneficial substances,
such as coagulation factors, can be replenished using TPE. Over the years,
several studies have been performed to evaluate the clinical efficacy of the
different blood purification techniques. This chapter reflects on the relevant
literature on blood purification techniques and will provide clinicians with
advice on the use of these techniques in clinical practice.

POLYMYXIN B HEMOPERFUSION
Polymyxin B hemoperfusion, developed since 1981 and approved for the
treatment of endotoxemia by the Japanese Health Insurance system in 1994,8

is one of the earliest and best researched forms of blood purification we
know today. The technique is based on the selective binding of circulating
endotoxins by polymyxin B, an antibiotic derived from the bacterium
Bacillus polymyxa with strong bactericidal activity against gram-negative
microorganisms and LPS-binding properties. It was discovered in 1947 and
was used effectively to combat infections with gram-negative bacteria.
However, early systemic administration of polymyxins was associated with
high incidences of kidney adverse events, such as kidney dysfunction,
hematuria, proteinuria, and acute tubular necrosis.9 The proposed mechanism
is that polymyxins, because of their D-amino acid content and fatty acid



component, may increase membrane permeability, eventually leading to cell
swelling and lysis. In addition, polymyxins may interact with neurons, which
have high lipid contents, and can thereby cause neurologic side effects such
as dizziness, paresthesia, (partial) deafness, and even neuromuscular
blockade resulting in muscle weakness and respiratory failure.9 Given these
strong nephrotoxic and neurotoxic effects, systemic administration of
polymyxin B is restricted. To enable selective adsorption of circulating
endotoxins, polymyxin B was covalently immobilized on the surface of
polystyrene-derived carrier fibers in the Toraymyxin hemoperfusion column.

RESULTS FROM RANDOMIZED CLINICAL TRIALS
Three major trials have investigated the clinical efficacy of PMX in sepsis
patients.10-12 The Early Use of Polymyxin B Hemoperfusion in Abdominal
Septic Shock (EUPHAS) trial,10 published in 2009, was an open-label
randomized controlled trial (RCT) in ten Italian tertiary care ICUs (Visual
Abstract 34.1). Sixty-four postoperative abdominal septic shock patients
were randomized to either standard care (n = 30) or standard care plus two 2-
hour PMX sessions on consecutive days (n = 34). The EUPHAS trial,
originally planned to include 60 patients in each group, was terminated
prematurely after an interim analysis demonstrated a survival benefit in the
PMX group. Moreover, physiologic endpoints such as mean arterial pressure
(MAP), inotropic score, vasopressor dependency index, and sequential organ
failure assessment (SOFA) scores were reported to improve significantly
over time within the PMX group, whereas these parameters did not change
in the control group. Although these results seem very promising at first
glance, the EUPHAS trial received criticism because of several limitations in
the statistical analysis. First, although clinical parameters improved
significantly within the PMX group and not in the control group, changes
over time were not significantly different between the two groups. Second,
the reported difference in mortality, expressed as a hazard ratio of 0.36 (95%
confidence interval [CI] 0.16-0.80), illustrates a significant improvement in
survival time, whereas the absolute 28-day mortality did not differ
significantly between the two groups (11/34 patients [32%] in the PMX
group vs 16/30 patients [53%] in the control group, c2(1) = 2.88, p = 0.09).
Third, the primary endpoint of this study was change in hemodynamic



parameters and the study was not powered to demonstrate a difference in
mortality. Last, with a high mortality rate of 53% in the control group,
selection bias may limit the generalizability of these results to other patient
populations.

The Effects of Hemoperfusion With a Polymyxin B Membrane in
Peritonitis With Septic Shock (ABDO-MIX) trial11, published in 2015, was
the second large European multicenter randomized trial to evaluate the
clinical efficacy of PMX in abdominal sepsis patients (Visual Abstract
34.2). In this French open-label trial, standard care was compared with
standard care plus two cycles of PMX for 2 hours in 243 patients. PMX
failed to demonstrate a survival benefit, or an effect on resolution of organ
dysfunction or inflammatory biomarkers. Incomplete PMX sessions were
reported in 38% of patients. In a post hoc per-protocol analysis, adjusting for
baseline differences and confounding factors, no differences in mortality or
other clinical outcomes between the two groups were demonstrated.
However, with an observed mortality of 23% and a median score of 59
points on the Simplified Acute Physiologic Score (SAPS)-II 2 of 59 in the
control group, the selected patient population was less severely ill than
expected and may therefore have benefited less from PMX treatment.
Furthermore, because circulating endotoxin levels were not assessed,
patients with low endotoxin levels may have been enrolled, theoretically
diluting the efficacy of PMX treatment.

In 2018 the evaluating the Use of Polymyxin B Hemoperfusion in a
Randomized controlled trial of Adults Treated for Endotoxemia and Septic
Shock (EUPHRATES) trial was published (Visual Abstract 34.3).12 In
contrast to the EUPHAS and ABDOMIX trial, only patients with confirmed
endotoxemia (defined as an endotoxin activity assay [EAA] >0.6) were
enrolled (n = 244). Moreover, a detailed sham procedure was used as a
treatment-blinding mechanism. PMX treatment did not result in
improvements in 28-day mortality or other clinical endpoints, nor did it have
any effect in a selected group of patients with a Multiple Organ Dysfunction
Score (MODS) greater than 9. Interestingly, changes in EAA over time did
not differ between the PMX and sham treatment groups, suggesting that the
current treatment regimen of 2-hour PMX sessions might be too short to
sufficiently remove endotoxin from the circulation in patients with
continuous endotoxemia.



In a post hoc analysis, the authors report a significant adjusted survival
benefit in PMX-treated patients in the subgroup with an “addressable” EAA
level (defined as an EAA between 0.6 and 0.89) who completed two
complete PMX sessions.13 No therapeutic benefit in patients with a higher
EAA level was observed. Several methodological limitations undermine the
credibility of these post hoc results, as is described comprehensively
elsewhere.14

In conclusion, despite the sound pathophysiologic theory behind
polymyxin B hemoperfusion current evidence does not support use of PMX
in sepsis patients and should therefore be limited to research settings only.

EXTRACORPOREAL CYTOKINE HEMOADSORPTION
Because circulating cytokines are key drivers of the systemic inflammatory
response in sepsis, associated with organ dysfunction and mortality,17

devices that capture and clear cytokines from the circulation might improve
outcome for sepsis patients. Another possible benefit of targeting cytokines
instead of endotoxins is that these devices could also be used in
hyperinflammatory syndromes other than sepsis, such as autoimmune
disease, (surgical) trauma, burns, or cytokine release syndrome associated
with chimeric antigen receptor (CAR) T-cell therapy. As of today, two such
devices are available. However, being relatively new, they have not yet been
tested extensively in large RCTs, and available evidence is limited to smaller
trials or case series.

CytoSorb is a hemoadsorption device that can easily be built into
extracorporeal blood pump circuits. It consists of a hemoperfusion column
containing highly porous polystyrene divinylbenzene (PSDVB) copolymer
beads covered with polyvinylpyrrolidone (PVP) that remove cytokines and
other mid-molecular-weight molecules (up to 60 kDa) by surface adsorption
and size exclusion. Although its cytokine-adsorbing capacities have been
demonstrated in several preclinical studies,7,18 treatment with CytoSorb
(placed in the cardiopulmonary bypass circuit) did not alter plasma levels of
IL-6 and other cytokines in 19 cardiac surgery patients, nor did it affect
clinical outcome parameters compared with the control group (n = 18).19

Correspondingly, adding 6 hours of CytoSorb hemoperfusion per day for up
to 7 days to standard of care therapy did not alter plasma levels of IL-6 or



other inflammatory cytokines in 47 mechanically ventilated patients with
septic shock, compared with 51 patients in the control group.20 Interestingly,
IL-6 elimination rates over the filter ranged from 5% to 18% throughout the
entire 6-hour hemoperfusion period, so there was demonstrated clearance of
cytokines in these patients. Although these findings might seem
contradictory, they are not unusual in the light of the cytokinetic theory.21

Because cytokines are produced primarily by resident macrophages in the
tissues, plasma cytokine levels may remain stable during CytoSorb
hemoperfusion because of a cytokine shift from the interstitium into the
circulation. The circulation acts as a sink, thereby draining the tissues.

The hollow-fiber AN69 membrane device oXiris had similar cytokine-
adsorbing capacities as CytoSorb in a closed-loop circulation model.7 In
contrast to CytoSorb, however, oXiris also captures endotoxins and can be
used simultaneously as a form of KRT. Although only case series and no
prospective clinical trials are available, use of the oXiris filter was associated
with improved survival and hemodynamic status in a retrospective cohort
study in 31 patients with septic shock.22 A trial is currently being planned to
see if these results can be reproduced in a prospective manner
(NCT03914586).

THERAPEUTIC PLASMA EXCHANGE
TPE is an extracorporeal treatment modality that is based on the principle of
separating plasma containing harmful substances, such as endotoxins and
inflammatory mediators, from whole blood and replenishing it with FFPs,
thereby restoring deficient plasma proteins such as coagulation factors.
Given its mechanism of action, TPE has traditionally been tested in diseases
that are characterized by the presence of excessive plasma solutes. In
myeloma patients, for instance, elevated plasma levels of monoclonal light
chains are filtered in the kidney and form obstructive casts in the distal
tubule, causing “cast nephropathy” and, eventually, kidney failure. Although
current evidence does not support routine use of TPE for the treatment of
kidney failure in myeloma patients,23 there are signals that it may be
effective when used only in patients with biopsy-confirmed cast nephropathy
and when the dosing of TPE is guided by a target reduction in serum light
chains.24



As for the use of TPE in sepsis patients, high-quality data on its efficacy
are sparse and many trials were either of a preclinical nature or had low
recruiting numbers, as is described extensively elsewhere.25 In a meta-
analysis, including four trials (one in adults, two in children, and one in
both) enrolling a total of 194 critically ill patients with sepsis and septic
shock, use of TPE was not associated with a significant reduction in all-
cause mortality.26 In a subgroup analysis, however, plasma exchange was
associated with a lower mortality rate in adults (relative risk [RR] 0.63, 95%
confidence interval [CI] 0.42-0.96; I2 0%), but not in children (RR 0.96, 95%
CI 0.28-3.38; I2 60%). A prospective RCT is currently being planned to
evaluate the use of TPE in sepsis (NCT03065751). Until results from large
trials suggest otherwise, use of TPE for the treatment of sepsis is not
recommended.

COMPLICATIONS OF BLOOD PURIFICATION
TECHNIQUES
Clinicians should be aware that the application of blood purification
techniques is not free of risk. The potential risks associated with blood
purification techniques can be roughly demarcated into two domains: risks
that are common to any extracorporeal treatment and risks that are
associated with blood purification specifically.

Common adverse events of extracorporeal therapies in general are
catheter-related complications (such as bleeding from the puncture site or
thromboembolism), clot formation within the extracorporeal circuit,
hemolysis, hypothermia, hypotension, or allergic responses to device
materials.

The most prevalent side effect of hemoperfusion is thrombocytopenia,
although platelet counts usually restore within 1 or 2 days following
hemoperfusion.28 Other common side effects are hypocalcemia,
hypoglycemia, neutropenia, and hypothermia, although these side effects are
usually minor and either correct spontaneously or can easily be corrected.
Coating absorbents with a polymer solution can reduce the frequency of
these side effects by impairing platelet adhesion and complement activation.
Another important consideration for clinicians is that most hemoperfusion
treatments remove their target molecules in a nonspecific manner and other,



potentially beneficial substances (such as antibiotics or vasoactive agents)
may also be removed from the circulation. These risks may be reduced by
postponing the administration of these drugs until after each session in
intermittent hemoperfusion regimens, whereas therapeutic drug monitoring
and dosage adjustments may improve drug efficacy during continuous
hemoperfusion.

The frequency and types of complications of TPE depend on the total
volume that is replaced and on the type of replacement fluid that is used.
Citrate-induced hypocalcemia (and associated symptoms such as
paresthesias or QT-prolongation) and inadvertent removal of medication can
occur with any replacement fluid. Replacement with nonplasma fluids
specifically may lead to depletion of immunoglobulins, and monitoring of
immunoglobulin G (IgG) levels is recommended for patients undergoing
aggressive TPE.29 Use of donor plasma as replacement fluid may trigger
allergic reactions, and urticaria and wheezing, for example, are common side
effects.30 Anaphylaxis and transfusion-related acute lung injury (TRALI) are
rare but potentially lethal adverse effects of replacement with donor plasma,
and continuous monitoring of vital signs during TPE should be performed.

CONCLUSION
In conclusion, blood purification techniques can roughly be divided into
three major categories on the basis of their mechanism of action: LPS-
binding devices, cytokine-adsorbing devices, and TPE. Although the
rationale behind these different techniques is based on valid
pathophysiologic theories, none of these therapies have been shown to
improve patient outcomes. At this moment, the quality of some of the
available evidence is contestable because of small trial sample sizes and
flaws in methodology. Nevertheless, there are signals that blood purification
might be beneficial for certain patient subgroups and for endpoints other
than mortality, such as hemodynamic stabilization and immunologic
parameters. This should be further explored in future trials. Importantly,
blood purification techniques are not free of risk and can result in serious
complications related to the needed procedures or their capturing properties.
Therefore, on the basis of current evidence, blood purification techniques



1.
2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

should be viewed as an experimental therapy to be used in research settings
only.
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Extracorporeal Membrane Oxygenation in
the Intensive Care Unit
Danielle Laufer and Kevin C. Thornton

INTRODUCTION
ECMO (extracorporeal membrane oxygenation) is an advanced form of
temporary cardiopulmonary life support for patients with severe cardiac
and/or respiratory failure. Since its development in the 1970s, ECMO
technology has continued to change and improve, but the basic concept
remains the same: continuous extracorporeal circulation of blood to a device
that provides gas exchange and perfusion to the body. In short, the ECMO
circuit drains blood from the venous system, pumps it through an artificial
lung where carbon dioxide is removed and oxygen is added, and returns it to
the body. There are two main forms of ECMO, which can be differentiated
on the basis of the vessels cannulated: either two venous vessels in the
venovenous (V-V) configuration or a venous and an arterial vessel in the
venoarterial (V-A) configuration. V-V ECMO is indicated in isolated
respiratory failure in patients with adequate cardiac output, and V-A ECMO
is indicated in patients with cardiac or mixed cardiopulmonary failure.

HISTORY
Numerous scientific advances including the discovery of heparin and the
development of the artificial heart-lung machine preceded the first
successful use of ECMO in an adult trauma patient in 1971.1,2 This patient
survived respiratory failure after being supported on ECMO for 3 days.3



Another pivotal moment came in 1975 with the first successful use of
ECMO to support an infant with respiratory distress syndrome.2

In 1979, a randomized controlled trial compared ECMO with
conventional mechanical ventilation in adults with severe acute respiratory
failure. The results were grim with poor survival in both groups and a high
complication rate.4 Despite poor outcomes in adults at this time, results for
the use of ECMO in newborns were more promising and ECMO became a
well-established therapy in the treatment of respiratory failure in neonates.3

The use of ECMO in adults did not become more common until the late
2000s. In 2009, a multicenter randomized trial compared conventional
ventilatory support with ECMO in patients with severe acute respiratory
distress syndrome (ARDS) (Visual Abstract 35.1). This study showed a
survival benefit in patients that were treated at an ECMO center.5 Also in
2009, the H1N1 pandemic led to an increase in adults with severe, rapidly
progressing ARDS that was successfully treated with ECMO (Visual
Abstract 35.2 and Visual Abstract 35.3).6,7 Published in 2018, a large
randomized trial, ECMO to Rescue Lung Injury in Severe ARDS (EOLIA),
evaluated early initiation of ECMO in patients with ARDS compared with
standard care (Visual Abstract 35.4). While they found no statistically
significant difference in 60-day mortality between the two groups, ECMO
proved to be superior for several secondary endpoints. Notably, patients in
the ECMO group had significantly more days without kidney replacement
therapy (KRT) than those in the control group at 60 days (50 vs 32 days;
95% confidence interval [CI], 0 to 51).8 Despite these recent trials, there is
still a need for more data to better define the role of ECMO as well as
optimal management strategies.

INDICATIONS
The primary indication for ECMO is severe cardiac and/or respiratory
failure.

Respiratory Failure
ECMO is a rescue therapy for select patients with severe respiratory failure
when more conventional therapies (e.g., pharmacologic paralysis, pulmonary
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vasodilators, prone ventilation) have failed. Common disease processes
treated with ECMO are listed in Table 35.1 and include conditions that lead
to both hypoxemic and hypercarbic respiratory failure. ARDS is the most
common of these indications.9 ECMO is also a management option for
patients with decompensated pulmonary vascular disease, including
pulmonary hypertension and acute, massive pulmonary embolism. ECMO is
frequently used as a bridge to lung transplantation although the duration of
pretransplant support varies greatly between centers.10

Indications for ECMO in Respiratory Failure

Acute respiratory distress syndrome
Pneumonia
Trauma
COPD exacerbation
Status asthmaticus
Pulmonary vascular disease
Bridge to lung transplantation

COPD, chronic obstructive pulmonary disease; ECMO, extracorporeal membrane
oxygenation.

Cardiac Failure
The use of ECMO in the setting of cardiac failure is well established and
common indications are listed in Table 35.2. The most common cardiac
indication is the inability to wean from cardiopulmonary bypass following
cardiac surgery.11 Patients with irreversible cardiac conditions may also be
ECMO candidates as a bridge to ventricular assist device (VAD)
implantation, high-risk cardiac surgery, or heart transplantation.12,13 More
recently, ECMO has been used to reestablish circulation after cardiac arrest
refractory to standard therapies, called “extracorporeal cardiopulmonary
resuscitation” (eCPR). There are some early promising studies, but ECMO is
not yet an established therapy in this setting.14

Indications for ECMO in Cardiac Failure

Inability to wean off CPB after heart surgery
High-risk cardiac surgery
Cardiogenic shock after MI



Myocarditis
Dilated cardiomyopathy
Heart failure secondary to drug toxicity
Primary graft failure after heart transplant
Bridge to ventricular assist device or transplantation
Extracorporeal cardiopulmonary resuscitation

CPB, cardiopulmonary bypass; ECMO, extracorporeal membrane oxygenation; MI,
myocardial infarction.

CONTRAINDICATIONS
The initiation of ECMO is a major decision that should be made by a
multidisciplinary team of pulmonologists, cardiologists, cardiac surgeons,
and intensivists. Absolute contraindications to ECMO include irreversible
cardiac or pulmonary disease in patients who are not candidates for VAD
implantation and/or transplantation, terminal illness such as widespread
metastatic disease, and uncontrolled active hemorrhage.15 Relative
contraindications include significant brain injury, conditions precluding use
of anticoagulation, advanced age (often >65 years old), multiorgan failure,
severe aortic incompetence, aortic dissection, and mechanical ventilation for
more than 5 to 10 days.11

EXTRACORPOREAL MEMBRANE OXYGENATION
CONFIGURATIONS
Venovenous Extracorporeal Membrane Oxygenation
V-V ECMO traditionally involves two venous cannulation sites, one for
venous drainage and the other for return of oxygenated blood. Most
commonly, one cannula is placed in the femoral vein and the other in the
right internal jugular vein. Disadvantages of this cannulation strategy include
patient immobility because of the femoral cannula and recirculation of
oxygenated blood into the circuit if the cannulas are in close proximity.16 A
newer cannulation system, using a dual-lumen single-stage cannula, allows
for only one venous puncture site. This double-lumen cannula is placed in
the right internal jugular vein, drains blood from the superior vena cava
(SVC) and inferior vena cava (IVC), and reinfuses oxygenated blood into the
right atrium directed toward the tricuspid valve. This allows for increased



mobility and less recirculation. A disadvantage of this technique is that
echocardiographic or fluoroscopic guidance is needed during cannulation to
ensure that the cannula is properly positioned.

Venoarterial Extracorporeal Membrane Oxygenation
Vascular access for V-A ECMO is most commonly via the femoral vessels.
One cannula is placed via the femoral vein into the right atrium and removes
blood from the body. This deoxygenated blood travels to the ECMO
machine and is then returned via a cannula placed in the femoral artery.
Oxygenated blood travels retrograde through the aorta to supply the
coronary arteries and aortic arch branches including the cerebral circulation.
Most patients will have some degree of cardiac function with blood from
patient’s lungs being ejected through the aortic valve. This blood meets the
retrograde oxygenated blood from the ECMO circuit at some point in the
aorta depending on the relative flows in each direction. This area is called
the “mixing zone.” In the context of coexisting respiratory failure, the blood
exiting the heart may not be well oxygenated. As cardiac function changes
or ECMO flow is altered, this “zone” may move more proximal or distal in
the aorta. For this reason, arterial lines are often placed on the right upper
extremity and cerebral oximeters may be useful to ensure adequate cerebral
oxygenation. Strategies to manage this issue include increasing ventilator
support to improve oxygenation or increasing flow through the femoral
arterial cannula to move the mixing zone more proximal into the ascending
aorta. Other sites for arterial cannulation include the axillary/subclavian
artery or carotid artery, although these techniques increase the risk of limb
ischemia or neurologic injury, repectively.17

Central V-A ECMO involves cannulating the right atrium (venous
cannula) and aorta (arterial cannula). This is performed through a median
sternotomy and is most commonly used in the setting of postcardiotomy
failure.17 This technique uses larger cannulas allowing increased flow rates
and hemodynamic support. Disadvantages include increased risk of
bleeding, infection, and cardiac thrombosis.18

COMPONENTS



The ECMO circuit is composed of five main components.

Tubing and Cannulas
The tubing is responsible for transporting blood out of the patient to the
membrane oxygenator and pump and then back into the patient. The
maximum flow obtained by the pump is often dependent on the size of the
cannulae, which is dependent on the location and size of the vessel
cannulated. Typical adult flow rates are between 60 and 80 mL/kg/min.19

The tubing is often heparin coated, reducing the risk of thrombosis and
minimizing the inflammatory response as the blood is exposed to foreign
materials.20

The Pump
The pump is responsible for the flows obtained by the circuit. There are two
types of blood pumps: roller pumps and centrifugal pumps. Centrifugal
pumps are most commonly employed in modern ECMO platforms as they
cause less hemolysis, thereby minimizing the need for frequent
transfusions.20

Pressures in the venous line are continuously measured. A normal
pressure in the venous line is -50 to -80 mm Hg, and values below -100 mm
Hg imply impaired venous drainage.21 If there is negative pressure buildup in
the line, “chattering” or shaking of the cannula can occur. This can usually
be improved by decreasing the pump flow or volume administration.

Membrane Oxygenator
There are two types of membranes: silicone membranes and hollow-fiber
membranes, with silicone membranes being more popular in the United
States.11 Blood passes on one side of the membrane, and “sweep” gas flow
passes in the opposite direction on the other side of the membrane. An air-
oxygen mixture is delivered to the membrane and maintains a diffusion
gradient for oxygen delivery and carbon dioxide extraction. In simple terms,
a set FiO2 determines the percentage of oxygen added to the blood, and the
sweep flow rate determines the rate of carbon dioxide extraction. Membrane



function is monitored by measuring the difference in pre- and postmembrane
pressures (called transmembrane pressures) as well as postoxygenator blood
gases. A decrease in the partial pressure of O2 or increase in CO2 in sampling
blood after the oxygenator indicates oxygenator failure. Likewise, an
increase in transmembrane pressure, usually because of thrombus, is also an
indicator of oxygenator failure.20 Changing an oxygenator involves replacing
the ECMO circuit in a controlled fashion. This is done by temporarily
decreasing flows, clamping the circuit, cutting the connecting tubing, and
quickly reconnecting to a new primed circuit in a sterile fashion.

Heat Exchanger
The heat exchanger prevents blood from losing heat as it flows within the
ECMO circuit. Warming is achieved by circulating warm water around the
oxygenator or tubing. The water is usually heated to 37°C to 40°C, but not
more than 42°C to avoid overheating.11

Console
The pump console displays the pump speed (RPM) and flow rate (L/min). A
few safety mechanisms are present in the case of an electrical failure. These
include a stand-alone battery in the console as well as an emergency hand
crank to power the pump.

WEANING
Weaning should be attempted once the underlying disease process has
improved, although little evidence exists to guide this process. A proposed
strategy for weaning from V-V ECMO22 is as follows:

Circuit flows are reduced (typically by 0.5 to 1.0 L/min) to less than 2.5
L/min.
Ventilator is adjusted to lung-protective settings: tidal volumes to less than
or equal to 6 mL/kg, peak airway pressures to less than 30 mm H2O, FiO2

decreased to maintain oxygen saturation greater than 90%.
Sweep decreased incrementally to less than 1 L/min.



If blood gases remain stable on these lowered settings, the patient is ready
for decannulation. A trial of decannulation can be done by disconnecting the
sweep flow from the oxygenator. Blood will circulate through the ECMO
circuit without additional gas exchange. The sweep can be reinitiated if the
patient does not tolerate the trial.

To assess readiness for weaning from V-A ECMO, both heart and lung
function must be considered. A proposed strategy for weaning from V-A
ECMO23 is as follows:

Recovery of pulsatile arterial flow and mean arterial pressure (MAP)
greater than 60 on minimal inotropic support
Pulmonary function must not be severely impaired as evidenced by
PaO2/FiO2 greater than 100 mm Hg with the ECMO FiO2 set low. If not,
consider bridging from V-A to V-V ECMO.
Cardiac function and hemodynamics must be monitored in real time as
ECMO flow rates are reduced gradually to a minimum of 1.5 to 1 L/min.
Predictors of successful weaning during a turn-down trial include
adequate pulse pressure and echocardiography showing improved left
ventricular and right ventricular ejection fractions.23

COMPLICATIONS
The most common complication of ECMO is bleeding at cannulation sites,
which is increased because of the need for systemic anticoagulation.15 Other
hematologic complications include thrombosis, hemolysis,
thrombocytopenia, and disseminated vascular coagulopathy.16 Stroke,
typically hemorrhagic, is one of the most feared complications leading to
increased mortality.24 Patients are at risk of limb ischemia and compartment
syndrome when cannulated via an arterial cannula, which may compromise
distal perfusion. Insertion of a distal perfusion cannula that provides forward
flow to the cannulated limb can decrease this risk.25 Infectious complications
occur at varying rates and depend on the number of days on ECMO, length
of mechanical ventilation, and hospital length of stay.26



EXTRACORPOREAL MEMBRANE OXYGENATION AND
THE KIDNEY
Acute kidney injury (AKI) is commonly seen in ECMO patients, with
approximately 50% requiring KRT.27 It has been reported that AKI during
ECMO therapy can increase mortality 4-fold.28 Possible causes of AKI
during ECMO therapy include decreased kidney perfusion because of
nonpulsatile flow, hemolysis, hypercoagulable state, hormonal factors such
as disruption of the renin-angiotensin-aldosterone axis, and strong
inflammatory response.25,26,29 KRT allows for optimization of fluid balance,
electrolytes, and acid-base status in these patients.

Continuous kidney replacement therapy (CKRT) is the most common
treatment for AKI while supported by ECMO because of its hemodynamic
stability, although combining these two techniques has unique challenges.28

Specifically, the need for additional large vascular access is difficult when
the ECMO circuit already occupies one to two sites. Pressures in the ECMO
circuit are often incompatible with CKRT pressure limits and can cause the
machine to stop. Most CKRT machines are designed to be connected to
venous pressures ranging from 0 to 20 mm Hg. Pressure in the ECMO
circuit can range from very negative in prepump segments (<−100 mm Hg)
to very positive in postpump segments (>+300 mm Hg).19,30

There are three techniques for combining ECMO and CKRT.

1. Separate ECMO and CKRT Circuits
This technique involves two independent circuits and vascular access

sites. Advantages of this technique include no influence of ECMO flows
on CKRT functionality, and the ultrafiltration rate is controlled purely by
the CKRT machine. Obtaining additional large vascular access for CKRT
is not without risk in the setting of systemic anticoagulation. Furthermore,
the negative pressure applied to the venous limb of the ECMO circuit
increases the risk of air entrainment during venous cannulation. This can
be avoided by temporarily placing a clamp onto the ECMO tubing and
decreasing the flows during venous puncture.

2. Inline Technique
A hemofilter is placed in the high-pressure, postpump portion of the

ECMO circuit and blood can be returned pre- or postpump (Figure 35.1).
Advantages of this technique include economic efficiency and smaller



priming volume. The main disadvantage of this technique is that it
requires external infusion pumps that can lead to large measurement errors
in fluid balance (>800 mL).29

FIGURE 35.1: Inline technique. The hemofilter inflow is connected after the centrifugal
pump and blood returns to the circuit before the pump. Alternately, blood can be returned
after the pump. IV, intravenous; UF, ultrafiltrate.

3. Combining the ECMO and CKRT Circuits
A CKRT machine can be connected to the ECMO circuit in a variety of

configurations (Figure 35.2A-D). Risks when joining a CKRT machine to
a preexisting ECMO circuit include substantial blood loss when
connecting to a high-pressure part of the circuit and air entrapment when
connecting to a low-pressure part of the circuit.29 In Figure 35.2C, the
CKRT machine is connected via the pre- and postoxygenator access ports.
The benefits of this configuration include ease of connection to
preexisting ports, oxygenator acting as a bubble and clot trap, and ease of
measuring pre- and postoxygenator pressures.







1.

FIGURE 35.2: Four configurations for connecting a CKRT machine to an ECMO circuit.
A: The CKRT inflow is connected after the pump and outflow is before the pump. B: The
CKRT machine is connected between the pump and the oxygenator. C: The CKRT
machine is connected via pre- and postoxygenator access ports. D: The CKRT inflow is
connected distal to the membrane oxygenator and the outflow is connected proximal to
the centrifugal pump. CKRT, continuous kidney replacement therapy; ECMO,
extracorporeal membrane oxygenation.

MANAGING KIDNEY REPLACEMENT THERAPY ON
EXTRACORPOREAL MEMBRANE OXYGENATION
ECMO results in a strong systemic inflammatory response that can lead to
leaky capillaries.27 For this reason, many patients do not tolerate significant
fluid removal early in their ECMO course. Over time, filtration can be
increased to remove larger volumes of fluid and help aid lung/cardiac
recovery. Excessive ultrafiltration rates may also contribute to decreased
ECMO flows. Chattering in the cannula may signify depleted intravascular
volume and it would be advisable to decrease the ultrafiltration rate in this
scenario. Systemic anticoagulation used in ECMO is usually sufficient to
prevent clotting within the KRT circuit. If ECMO is achieved without
anticoagulation, it is important to use typical KRT circuit anticoagulants
such as citrate.27

CONCLUSIONS
ECMO continues to be an expanding treatment option for patients with
refractory cardiopulmonary failure. With advancements in technology and
clinical trials evaluating its efficacy, ECMO has become safer and more
commonly used in the ICU setting. Due to its complexity, patients requiring
ECMO should be referred to centers with expertise in this technology. Acute
kidney injury is a common complication in the ECMO patient and often
requires KRT. Initiating and managing KRT while on ECMO is complex and
requires critical care nephrologists to have in-depth knowledge of this
growing modality.
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Sepsis-Associated Acute Kidney Injury
Steven D. Pearson, Neal R. Klauer, andJason T. Poston

INTRODUCTION
Sepsis is a syndrome defined by organ dysfunction because of a
dysregulated host response to infection. Septic shock is a subset of sepsis
defined by hypotension requiring vasopressors to maintain a mean arterial
pressure (MAP) of 65 mm Hg or above and serum lactate above 2 mmol/L
after resuscitation (Table 36.1).1 Both the definition and management of
sepsis have been refined over several decades as our understanding of the
underlying pathophysiology has evolved, resulting in a decrease in sepsis-
associated mortality. The mainstays of treatment for sepsis and septic shock
remain largely supportive and include early antibiotics, judicious fluid
resuscitation, appropriate selection of vasopressors, and lung protective
strategies for mechanical ventilation.2 Acute kidney injury (AKI) is a
common complication, with up to 60% of sepsis cases associated with AKI.3

This chapter summarizes sepsis-associated AKI (SA-AKI) definitions, risk
factors, pathophysiology, and treatment.

The Sequential Organ Failure Assessment Score



DEFINITIONS
Sepsis has long been recognized as a significant cause of morbidity and
mortality, yet it was not until the late 20th century that consensus definitions
existed to guide clinical practice and research. The first consensus
definitions introduced the systemic inflammatory response syndrome
(SIRS), with sepsis defined as the presence of SIRS in addition to a
confirmed infectious process. Severe sepsis was defined as sepsis with organ



dysfunction and septic shock as sepsis with persistent hypotension,
emphasizing a continuum of physiologic and laboratory abnormalities
resulting from the inflammatory response and resultant organ failure.4 These
definitions, with modest revision in 2001, went on to guide clinical practice
and sepsis research for nearly 25 years.5 While facilitating critical
advancements, the limitations of these definitions and the SIRS criteria were
exposed by clinical experience over the subsequent decades. SIRS was
found to be nonspecific and overly sensitive and failed to predict meaningful
clinical outcomes.6,7 In 2016, the Sepsis-3 definitions were introduced as an
empirically based response to these shortcomings. SIRS and severe sepsis
were eliminated, with sepsis being redefined as “life-threatening organ
dysfunction caused by the dysregulated host response to infection.” The
presence of organ dysfunction is detected by a change of at least two points
on the Sequential Organ Failure Assessment (SOFA), which is associated
with a mortality of 10%.1,8 Septic shock is defined as sepsis with hypotension
requiring vasopressors to maintain an MAP of 65 mm Hg or above and
serum lactate above 2 mmol/L after adequate resuscitation and is associated
with a mortality above 40%.9 Screening for sepsis in patients with infection
can be done at the bedside with the quick SOFA (qSOFA), where meeting
two or more of the three criteria is suggestive of sepsis.5 Although widely
adopted, the diagnostic and predictive performance of the Sepsis-3
definitions are variable across clinical settings (emergency department,
ward, intensive care unit [ICU]), and newer prediction models may offer
both superior diagnostic accuracy and prognostication ability.10-12

Criteria for identifying AKI in the presence of sepsis are the same as those
used for AKI of other forms. Similar to sepsis, these definitions have
undergone frequent revision. The current standard is the Kidney Disease
Improving Global Outcomes (KDIGO) guidelines,13 which were preceded by
the Acute Kidney Injury Network (AKIN) and RIFLE (Risk, Injury, Failure,
Loss, End-Stage Kidney Disease) classifications.14,15 Chapter 5 provides
further details on these definitions. Many patients meeting consensus criteria
for sepsis or septic shock also meet established criteria for AKI and are
considered to have SA-AKI.3 Importantly, patients with sepsis complicated
by AKI have a higher mortality rate than septic patients without AKI, and
SA-AKI is associated with a higher mortality rate than AKI of other
etiologies.16



EPIDEMIOLOGY
The incidence of sepsis appears to be on the rise, whereas mortality seems to
be decreasing. In the United States from 1979 through 2000, the incidence of
sepsis increased from 82.7 to 240.4 per 100,000 population, whereas the in-
hospital mortality rate decreased from 28% to 18%, with a net increase in
total number of sepsis-related deaths.17 Data from England, New Zealand,
and Australia confirm these trends of increasing incidence with decreasing
mortality.2,18-20 Although AKI is commonly seen in patients with sepsis,
obtaining accurate information regarding the incidence and trends of SA-
AKI remains difficult because of the many confounding factors commonly
encountered in an ICU population. From the available data, AKI can be seen
in up to 60% of patients with septic shock and is associated with an
increased mortality.3

PATHOPHYSIOLOGY
Organ dysfunction in sepsis had long been thought to be primarily driven by
hypoperfusion and resulting tissue hypoxia and ischemic injury. Recent
advances, however, have shown that organ dysfunction during sepsis
develops even in the absence of decreased oxygen delivery. Other
mechanisms that contribute to organ dysfunction include microvascular
dysfunction, endothelial injury, alterations of cellular metabolism, and
immune system dysregulation.21 Similarly, renal hypotension and ischemic
injury are not the sole cause of SA-AKI, with inflammatory, vascular, and
metabolic changes playing a role.22-24 Variations in renal microcirculation,
diffusion limitation from edema and inflammation, production of reactive
oxygen species, and damage to the endothelial barrier and glycocalyx likely
contribute to the structural and functional changes seen in SA-AKI.25,26

Recently, research has suggested that mitochondrial dysregulation may also
play an important role.27 Though these mechanisms are not currently fully
understood, further investigation will improve our understanding of the
inflammatory cascade of sepsis as well as their effects on changes in kidney
histology, microcirculation, and macrocirculation and may provide insight
on potential new therapies for the prevention and treatment of SA-AKI.



TA B L E  3 6 . 2

DETECTION OF SEPSIS-ASSOCIATED ACUTE KIDNEY
INJURY
As AKI accompanying sepsis is independently associated with increased
morbidity and mortality, early detection is imperative to ensure appropriate
supportive care and therapy. Current classification systems for identifying
and diagnosing AKI remain limited by a reliance on urine output and serum
creatinine and the inherent challenges related to these measures, as discussed
in Chapter 5.13 Urinalysis and urine microscopy offer a potential tool for the
early identification of AKI, specifically in patients with sepsis, as SA-AKI
results in greater microscopic evidence of tubular injury when compared to
AKI of other etiologies.28 Furthermore, the presence of new albuminuria has
been associated with the development of AKI in critically ill patients with
sepsis and may predict AKI before functional impairment in these patients.29

Serum biomarkers and their potential for predicting development of AKI are
discussed in detail in Chapters 16 and 17.

PREVENTION AND MEDICAL TREATMENT
Table 36.2 highlights select randomized controlled clinical trials, informing
current management strategies for patients with SA-AKI.

Randomized Controlled Clinical Trial Summaries



Resuscitation
Endothelial dysfunction, increased capillary permeability, and decreased
venomotor tone resulting from the inflammatory cascade of sepsis lead to
relative hypovolemia and decreased systemic vascular resistance. These
initial hemodynamic changes result in hypotension requiring prompt
resuscitation of circulation with intravenous fluids followed by vasoactive
medications if required. Intravenous fluids should be administered in a
judicious manner, however, because over-resuscitation and higher
cumulative fluid balance in patients with sepsis and septic shock are
associated with increased mortality.30 Multiple studies have demonstrated the
harms of excessive fluid administration and fluid accumulation during and
after the development of AKI and have shown positive fluid balance to be an
independent risk factor for death.31-34 Exactly how much resuscitation is
required while avoiding the harms of excess fluid administration is still an
area of debate and discussion. Protocol-based resuscitation targeting
normalization of static physiologic parameters, such as central venous
pressure, MAP, and central venous oxygen saturation, showed promise
initially.35 More recent studies, however, have shown that protocol-based
resuscitation results in higher cumulative fluid administration without a



reduction in mortality or AKI when compared with standard care, though
this may be in part due to improvements in standard care.36,37 Likewise, a
more conservative transfusion threshold of 7 g/dL (compared to 9 g/dL)
improved mortality and was not associated with an increased need for
kidney replacement therapy (KRT).38 Current clinical guidelines recommend
a modest initial intravenous fluid bolus of 30 mL/kg within 3 hours followed
by frequent assessment of fluid responsiveness using dynamic measures
(e.g., arterial pulse pressure variation, passive leg raise) to guide additional
fluid resuscitation or initiation of vasoactive medications.39 Recent research
has attempted to reconcile these discrepancies by identifying various sepsis
phenotypes hypothesized to have different responses to goal-directed
therapy.40

Fluid Selection
Multiple studies have shown that the use of hyperoncotic starch solutions
(pentastarch and hydroxyethyl starch) for resuscitation in sepsis results in
increased risk of AKI, need for KRT, and death. These solutions should be
avoided in patients with sepsis and all patients at risk for developing AKI.41-

44 Robust data on the use of albumin versus crystalloid solutions have failed
to show an improvement in renal outcomes or mortality, and therefore,
albumin cannot be recommended over less costly crystalloid solutions for
resuscitation in sepsis.45-47 Selection of crystalloid solution appears to be of
importance, with a growing body of evidence comparing the use of balanced
crystalloids with isotonic saline solutions48,49 Most, but not all, studies have
shown the use of balanced crystalloids results in improved kidney outcomes
and suggests a mortality benefit, particularly in the subset of critically ill
patients with sepsis; none have demonstrated improved outcomes with
isotonic saline solutions.50-53 Taken as a whole, this body of evidence
suggests that balanced crystalloid solutions should be utilized as a
resuscitation fluid in sepsis in the absence of contraindications.

Vasoactive Medications
Norepinephrine has been generally favored as the first-line agent of choice
in septic shock, as the available data largely suggest either improved



outcomes or lower rates of adverse events when compared to other
vasopressors. Low-dose dopamine for the prevention and treatment of AKI
has been shown to be ineffective,54 and when compared with norepinephrine
for shock, dopamine use leads to higher rates of arrhythmias and increased
mortality.55,56 Epinephrine has also been shown to have higher rates of
adverse events compared to norepinephrine.57 Phenylephrine has not been
found to be superior to norepinephrine in septic shock,58 and its use as a first-
line vasopressor was associated with increased sepsis-related mortality
during a national US norepinephrine shortage.59 When compared to
norepinephrine, vasopressin has been shown to have similar rates of adverse
events as well as similar outcomes in terms of both kidney failure and
mortality and can be considered a viable first-line alternative to
norepinephrine.60-62 Recently, angiotensin II has emerged as a novel and
effective vasoactive agent for the management of vasodilatory shock, though
it has not yet been compared directly to other vasopressors.63 Initial data also
suggest a benefit specifically in the subgroup of patients with vasodilatory
shock and AKI treated with angiotensin II compared with placebo.64

When titrating dose of vasopressors, MAP targets above 65 mm Hg
resulted in lower rates of KRT in the subset of patients with a history of
hypertension, but did not show a mortality benefit and resulted in increased
arrhythmias.65 Consensus guidelines recommend norepinephrine and
vasopressin as first-line vasopressors with a target MAP goal of 65 mm Hg,
although individual patient characteristics should also guide these treatment
decisions.66

Corticosteroids
The use of adjuvant corticosteroids in septic shock remains controversial
owing to decades of conflicting data. Whereas some large randomized
controlled clinical trials have demonstrated a mortality benefit,67 others have
shown no improvement in outcomes.68 In addition, multiple large meta-
analyses have shown either a small mortality benefit or shortened duration of
shock without a mortality benefit, and no trials have shown an improvement
in either AKI or need for KRT.69,70 Current expert guidelines recommend
against the routine use of corticosteroids in sepsis and suggest their use be



reserved for those with refractory shock with persistent hemodynamic
instability despite adequate fluid resuscitation and vasopressors.66

Mechanical Ventilation
Patients with sepsis and septic shock often require invasive mechanical
ventilation with positive pressure because of the hypoxemia and acidosis
resulting from multisystem organ failure. Invasive mechanical ventilation is
a known independent risk factor for the development of AKI, with the
mechanism likely being related to deleterious hemodynamic,
neurohormonal, and inflammatory changes.71,72 Whereas some studies have
shown less kidney failure with low tidal volume ventilation, others have
shown no difference in renal outcomes with different mechanical ventilation
strategies.73,74 The optimal strategy of mechanical ventilation for preventing
kidney injury without compromising support of the respiratory system is
unknown, and best practices for a lung protective ventilation strategy should
be followed, as discussed in Chapter 3.

Kidney Replacement Therapy
Most of the data regarding KRT in the setting of sepsis are pulled from
studies of heterogeneous ICU patient populations, although several studies
have investigated KRT specifically in SA-AKI. The timing of KRT initiation
has been an area of great practical interest. The available data generally
show no benefit, and one study suggests potential harm with early initiation;
in the largest of these studies, close to 60% of enrolled patients had sepsis at
randomization.75-79 The dose of KRT administered in the specific setting of
SA-AKI has been studied as well, with multiple trials showing no benefit of
continuous KRT at higher doses (70 to 80 mL/kg/hr) compared to
conventional doses (35 to 40 mL/kg/hr).80,81 These results agree with the
larger trials done in all critically ill patients with kidney failure, which
inform current dosing guidelines, and Chapter 30 provides more details on
this topic.82,83 In addition, no studies have shown improved outcomes with
either continuous KRT or intermittent hemodialysis when compared to each
other.84 Regardless of the timing, dose, or modality, a recent retrospective
analysis showed a trend of improving mortality in patients receiving KRT in
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the ICU over the past decade. The specific mechanisms to account for these
observations, however, are unclear.85

Emerging Therapies
Although no specific pharmacologic therapy has yet proven effective for the
treatment of SA-AKI, several novel and established agents have been and
are currently undergoing study. In animal sepsis models, alkaline
phosphatase blunted the systemic inflammatory response and reduced organ
dysfunction. However, it failed to improve kidney function in critically ill
patients with established SA-AKI, though all-cause mortality was lower in
the alkaline phosphatase group.86 In a secondary post hoc analysis of a
randomized controlled trial of thiamine in patients with septic shock,
patients who received thiamine had lower serum creatinine levels and less
need for KRT than the placebo group, although these results have yet to be
replicated in a primary analysis.87 Given the preliminary findings of
improved outcomes of patients with AKI requiring KRT in a subgroup
analysis of the ATHOS-3 trial, angiotensin II offers to be a promising choice
of vasoactive medication that may have additional benefits in patients with
sepsis and AKI, though further prospective study is needed.64 Vitamin C has
also gained much attention after an observational study reported a significant
decrease in mortality for patients with septic shock treated with a
combination of vitamin C, thiamine, and corticosteroids.88 Subsequent
randomized controlled studies, however, have been unable to replicate those
results.89,90 Though further studies are currently ongoing, the potential
benefit of vitamin C should be balanced against the known risk of calcium
oxalate nephropathy associated with high intravenous doses.91
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INTRODUCTION
Uncontrolled diabetes can result in severe acute illness requiring critical care
called hyperglycemic crisis. The syndrome is divided into two conditions
depending on the presence of ketoacidosis. Hyperglycemic hyperosmolar
state (HHS) is severe, uncontrolled diabetes because of a relative lack of
insulin that results in severe hyperglycemia, hyperosmolality, and altered
mental status ranging from lethargy to coma. In diabetic ketoacidosis
(DKA), an absolute lack of insulin causes the body to switch from glucose to
ketones as the primary fuel, leading to a severe anion gap metabolic acidosis.
Both of these syndromes have a host of metabolic abnormalities that require
careful monitoring and management.

PATHOLOGY
Hyperglycemic crises begin with a lack of insulin, either relative or absolute.
This results in intracellular hypoglycemia despite extracellular
hyperglycemia and triggers release of counterregulatory hormones
(glucagon, catecholamines, cortisol, growth hormone) in an attempt to
increase intracellular glucose. If there is an absolute lack of insulin, the body
shifts from glucose, as the primary carbohydrate, to ketones (e.g., 3-β-
hydroxybutyrate, acetoacetate, or acetone); this is the road to DKA.
Otherwise, a small amount of insulin keeps ketosis in check despite being
unable to correct the hyperglycemia. This leads to HHS.



The lack of insulin along with increased glucagon causes lipolysis in the
adipocytes, releasing triglycerides that are metabolized to glycerol and free
fatty acids. The liver takes these up and converts the glycerol to glucose via
gluconeogenesis and converts the fatty acids to acetyl coenzyme A (CoA)
via beta oxidation. Acetyl CoA can enter the tricarboxylic acid (TCA) cycle
to produce adenosine triphosphate (ATP) for the hepatocyte, but to provide
energy for the rest of the body it is converted to ketones via ketogenesis (see
Figure 37.1).

FIGURE 37.1: The roads to DKA and HHS. CoA, coenzyme A; DKA, diabetic ketoacidosis;
HHS, hyperglycemic hyperosmolar state.

β-Hydroxybutyrate and acetoacetate are strong acids and are responsible
for the anion gap metabolic acidosis characteristic of DKA. β-
Hydroxybutyrate accumulates early in disease and is the dominant ketone
until late in the disease when acetoacetate predominates.

In HHS, the counterregulatory hormones increase glucose. The insulin
that is available is inadequate to control the hyperglycemia but is sufficient
to suppress ketoacidosis. Precipitating events for HHS are conditions that
stimulate the release of counterregulating hormones and promote
dehydration.



EPIDEMIOLOGY
Between 2009 and 2014 the rate of DKA increased from 19.5 to 30.2 per
1,000 persons. Thankfully, the case fatality rate has fallen from 1.1% in 2000
to 0.4% in 2014.1 Overall, the mortality rate in adults with DKA is less than
1%, but can rise to over 5% in the elderly.2 Because the etiology of DKA
requires an absolute lack of insulin, it is more common in patients with type
1 diabetes mellitus, so the average age tends to be younger than with HHS.
Despite this stereotype, fully a third of patients with DKA have type 2
diabetes.2

HHS is less well studied. The mortality from HHS is quite a bit higher
than found in DKA, probably in part because of the increased age of
patients. In a review of case series, Fadini et al reported an average hospital
mortality of 17%.3

DIAGNOSIS
Laboratory Evaluation
The diagnosis of DKA and HHS depends primarily on biochemical
parameters. For DKA, patients should have ketones in the blood or urine,
acidosis (pH < 7.3), and hyperglycemia. The latter can be quite variable,
with some patients presenting with euglycemic DKA, that is, blood sugars
less than 200 to 300.

In HHS, patients have hyperglycemia without the ketoacidosis, so the pH
is more than 7.3 and serum bicarbonate is more than 18. Compared with
DKA, the glucose tends to be higher with HHS (>650 mg/dL). Serum
osmolality will typically be over 350 mOsm/kg.4 There is a positive linear
correlation between osmolality and mental status changes.5 If patients have
significant stupor with an osmolality less than 320, an alternative etiology
should be considered.2

Schwab et al retrospectively looked at nearly 700 people presenting to the
hospital with acute illness and hyperglycemia. Urinary ketones had a
sensitivity of 99% with a negative predictive value of 100% for the diagnosis
of DKA.6 Another clue to the diagnosis is the presence of an abnormally
elevated anion gap. An anion gap greater than 16 had a sensitivity of 92%.



In assessing patients with DKA, venous blood gases are as accurate as
arterial blood gases.7 Other electrolyte findings include hyponatremia
because of the hyperglycemia causing a movement of intracellular water to
the extracellular compartment diluting the serum sodium. Hyperkalemia is
found despite patients generally presenting with total body potassium
depletion.

Signs and Symptoms
The primary symptoms for both DKA and HHS are fatigue, polyuria,
polydipsia, and mental status changes. On physical exam, patients appear
dehydrated with signs of volume depletion, including tachycardia, dry
mucous membranes, and hypotension. Kussmaul respirations can be seen in
DKA as patients hyperventilate to compensate for metabolic acidosis.
Nausea, vomiting, and diffuse abdominal pain are more common in DKA.
More severe neurologic symptoms including coma and seizure as well as
focal findings (hemianopia and hemiparesis) are more common with HHS.

Pancreatitis is a known cause of DKA, and patients with DKA often have
gastrointestinal (GI) symptoms including vomiting as well as abdominal
pain, so pancreatitis is often considered an instigating etiology, but in some
cases the pancreatitis may be due to the DKA. The elevated triglycerides and
acidemia of DKA may trigger acute pancreatitis. Lipase is often elevated in
DKA. In some cases, this is due to acute pancreatitis, but in others it is
simply an epiphenomenon of DKA.8 Yadav et al looked at 150 consecutive
cases of DKA and found that a third had elevated lipase.9

TREATMENT
Hyperglycemic crises are primarily characterized by hyperglycemia, which
drives osmotic diuresis leading to loss of water, sodium, and potassium.
From that, one can deduce the three most important medications for the
treatment of hyperglycemic crisis:

1. Volume
2. Insulin
3. Potassium



(Eq 37.1)

The rest is commentary.

Volume
Patients with DKA and HHS typically present with profound fluid deficits.
This can be up to 5 L in DKA and as high as 9 to 12 L in HHS.

In moderate disease, the initial fluid resuscitation should be a bolus of 20
mL/kg (approximately 1 L) followed by 500 mL/hr for the first 4 hours, after
which the rate can be decreased to 250 mL/hr. In mild cases, patients may
not need a bolus and can just start with 250 mL/hr of isotonic crystalloids. In
severe disease, fluids should be given “wide open” until perfusion is
improved. The goal of intravenous (IV) fluids is to restore perfusion and
replace fluid deficits; higher fluid rates can wash out serum ketones,
resulting in a prolonged phase of non-anion gap metabolic acidosis after
correcting the ketosis.10

The standard resuscitation fluid is normal saline (NS) but given the side
effect of non–anion gap metabolic acidosis induced by NS, this may not be
the ideal resuscitation fluid. However, randomized controlled trials have
found no advantage to balanced solutions in DKA. The only adult trial of NS
versus lactated Ringer’s (LR) in DKA was underpowered for its primary
outcome, the normalization of pH, and found no difference. However,
patients randomized to LR took longer to get their blood sugars below 250
than patients randomized to NS (410 vs 300 minutes).11 A small trial (N =
66) of NS versus the balanced solution Plasma-Lyte in pediatric DKA
similarly found no difference in the incidence of new or progressive AKI, in
time to resolution of DKA, need for kidney replacement therapy (KRT),
mortality, or lengths of pediatric intensive care unit (PICU) and hospital
stay.12

Osmotic diuresis typically causes loss of more water than sodium, pushing
osmolality and sodium concentration up. The serum sodium, however, is
usually normal or low on presentation because of dilution from the osmotic
movement of water from the intracellular to the extracellular compartment.
The Katz conversion allows the doctor to see what the sodium would be with
a normal serum glucose13 (see Equation 37.1).

Adjusted sodium = measured sodium + (0.016 × [glucose − 100])



If the adjusted serum sodium is elevated (and some say high normal),
consideration should be made for switching IV fluids from NS to a
hypotonic solution like 0.45% NaCl.4 Note: the adjusted sodium should not
be used to calculate the anion gap, it is only used to give a sense of where
the sodium will be after correction of the glucose, to orient providers on any
underlying dysnatremia.

Insulin
In patients with severe volume depletion, which is more common in HHS,
insulin should not be initiated until fluid resuscitation has at least partially
been corrected. Insulin moves glucose into the cell, which can rapidly lower
the extracellular osmolality resulting in extracellular fluid moving back into
the cells which can worsen extracellular volume depletion and precipitate
cardiovascular collapse. The recommendations from the American Diabetes
Association (ADA) are the same for both conditions:

IV insulin
Initiate treatment with a bolus of 0.1 units/kg
Followed by a drip at 0.1 units/kg/hr

Alternatively

No bolus
IV infusion of insulin at 0.16 units/kg

A retrospective study revealed no difference in outcomes with bolus or no
bolus therapy for DKA with equivalent episodes of hypoglycemia, rate of
glucose change, and length of stay.14 Though IV insulin is the standard of
care because of its short half-life and easy titration, it is possible to manage
mild to moderate DKA with subcutaneous insulin with hourly injections of
regular or similar rapid-onset insulins. A Cochrane systematic review and
meta-analysis of subcutaneous insulin reviewed five randomized controlled
trials and found the data to be of low to very low quality, and they could not
find any advantages or disadvantages compared to IV regular insulin for
treating mild or moderate DKA.15

In DKA, IV insulin is used not just to lower the serum glucose, but,
importantly, to reverse the ketosis. It is essential that the insulin drip be



continued until the glucose is less than 200 and at least two of the following
conditions are met:

1. pH > 7.3
2. Serum bicarbonate > 15
3. Anion gap < 12

Hyperglycemia is usually corrected in the first 6 hours of admission, but
ketosis typically persists for 12 hours, so insulin needs to be continued far
longer than needed to just correct hyperglycemia. Patients should be started
on dextrose infusions to prevent hypoglycemia during this period.

In HHS, IV insulin should be continued until the osmolality and mental
status return to normal. Subcutaneous insulin should be started 2 hours prior
to stopping the IV insulin.

Potassium
Patients with hyperglycemic crisis have significant potassium deficits (3–5
mmol/kg) as potassium is lost because of the osmotic diuresis.16 Despite
these potassium deficits, patients typically present with hyperkalemia. Once
insulin begins, potassium may correct quickly, revealing the underlying
potassium deficit. Potassium should be started as soon as the serum
potassium is in the normal range. If the potassium is above 3.3 mEq/L, 20 to
30 mEq of KCl can be added to each liter of resuscitation fluids. If the
potassium is below 3.2 mEq/L, insulin should be delayed until the potassium
is normalized to prevent potentially lethal cardiac arrhythmias.4 Before
giving potassium to any patient, physicians should evaluate kidney function.

OTHER ISSUES IN MANAGEMENT
Bicarbonate
The evidence to support bicarbonate in DKA is not only absent, but when it
has been investigated, the trend is toward harm. A 2011 systematic review of
bicarbonate in DKA, found only two studies showed a short-term (at 2
hours) increase in pH with bicarbonate.17 Five other studies that looked for
early improvements in pH were unable to find any. More concerning were
the signals of harm from bicarbonate therapy. Three studies found prolonged



ketosis associated with the use of bicarbonate. Three other studies showed
increased potassium supplementation with alkali use. The current ADA
guideline does not recommend bicarbonate for pH greater than 7.1, values
where studies have shown harm without evidence of benefit. For patients
with pH below 6.9, the ADA recommends giving 50 mmol of isotonic
bicarbonate an hour until the pH is over 7.0.2

Phosphorus
Patients with DKA often have hyperphosphatemia at presentation, but like
potassium this hyperphosphatemia is just disguising decreased total body
phosphorus. Insulin quickly shifts phosphorus back into cells and often
reveals the underlying hypophosphatemia. There is some evidence that
treating hypophosphatemia can improve respiration and cardiac function (see
Chapter 23); however, the evidence in DKA shows no clinical benefit and
some harm (hypocalcemia and hypomagnesemia).18,19 If the phosphorus is
below 1 mmol/L, it can be treated by adding 20 to 30 mmol of sodium
phosphorus to the resuscitation fluids. Average phosphorus deficit in DKA is
1 mmol/kg.2 There are no data on the treatment of hypophosphatemia in
HHS.

Hypercoagulable State
Both DKA and HHS are thought to be hypercoagulable states with numerous
case reports of arterial and venous thrombotic events.20-21 Currently, patients
should get standard prophylactic anticoagulation as there are no studies or
recommendations for full anticoagulation.

The Primary Initiating Event
HHS and DKA usually follow an inciting event. These events can be severe
medical problems, including sepsis, trauma, acute pancreatitis, and
myocardial infarction. Nonadherence with insulin is an important inciting
event. The nature of the inciting event likely drives much of the morbidity of
the disease. New-onset diabetes is a common cause of DKA and HHS.
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Acute Kidney Injury
Acute kidney injury (AKI) is common in DKA; however, it is largely
hemodynamic and much of it resolves with fluid resuscitation. In a
retrospective case series of DKA admitted to the ICU, Orban et al found that
50% had at least a 50% increase in creatinine from baseline on admission.
By 24 hours, half of that AKI had fully recovered. Acute dialysis was used
in 3% of patients in the first 24 hours.23 As has been found with AKI in
general, following recovery from AKI because of DKA, patients have faster
loss of glomerular filtration rate (GFR) and worse kidney and survival
outcomes compared to DKA patients without AKI.24

SPECIAL CASES
Euglycemic Diabetic Ketoacidosis
Euglycemic DKA is defined as DKA with a glucose less than 250 mg/dL. It
is not the same as starvation or alcoholic ketosis. In starvation and alcoholic
ketosis, hypoglycemia suppresses endogenous insulin and stimulates
glucagon, triggering lipolysis and ketosis. The acidosis tends to be more
mild than found in DKA, but the key difference is that starvation and alcohol
respond to glucose infusions where patients quickly release endogenous
insulin, suppressing the ketosis. Unless the patient has concurrent diabetes,
no insulin infusions should be needed to reverse the ketosis in alcoholic or
starvation ketosis (see Table 37.1). Euglycemic DKA was first described by
Munro who reported DKA with a blood sugar less than 300 mg/dL in 37 of
311 cases.25 It is currently much less common than that. Possible causes of
euglycemic DKA include sodium glucose cotransporter 2 inhibitors
(SGLT2i), insulin administration prior to coming to the hospital, concurrent
food restriction, vomiting, and other inhibition of gluconeogenesis (Table
37.1).

Different Causes of Anion Gap Metabolic Acidosis



SGLT2i were introduced in 2013 as a novel class of antihyperglycemic
medications. Since then they have been found to have powerful
cardiovascular and kidney protective activity in patients with and without
diabetes. Their primary mechanism of action is blocking glucose
reabsorption in the proximal tubule resulting in glucosuria. Fralick et al did a
propensity-matched study of patients with type 2 diabetes and found patients
initiated on SGLT2i had 4.9 episodes of DKA per 1,000 person-years versus
2.3 events per 1,000 person-years in patients initiating dipeptidyl peptidase 4
(DPP4).26 These rates are approximately 10-fold higher than the rates of
DKA found in the large phase 4 trials demonstrating cardiovascular and
kidney protection.27 Of note, half of the patients with DKA in the CANVAS
trial appeared to actually be type 1 diabetics who had been misdiagnosed as
type 2.28 SGLT2i cause DKA when the drug-induced glucosuria suppresses
insulin while stimulating glucagon; however, these patients have less hepatic
gluconeogenesis along with continued urinary loss of glucose resulting in
mild or absent hyperglycemia. The decreased insulin and increased glucagon
stimulate lipolysis, leading to ketoacidosis as in standard DKA
pathophysiology.29 Treatment requires both insulin to reverse the ketosis and
glucose to prevent insulin-induced hypoglycemia.30 The low blood sugars
minimize osmotic diuresis and much of the metabolic findings of DKA.
Patients tend to have very high anion gaps, often above 30, and require
prolonged insulin infusions to correct the acidosis.31,32



Continuous Kidney Replacement Therapy
Patients undergoing continuous kidney replacement therapy (CKRT) can
sometimes develop euglycemic ketosis. Two groups have reported cases,
both involving glucose-free replacement fluids.33,34 Patients were not eating
because of multiorgan failure and glucose-free dialysate can remove 30 to 60
g of glucose a day, quickly depleting glycogen stores, suppressing insulin,
and stimulating counterregulatory hormones, putting the patient into
ketosis.35 Patients quickly responded to glucose and insulin infusions.

End-stage Kidney Disease
Hyperglycemic crises in anuric end-stage kidney disease (ESKD) are quite
different than in patients with preserved kidney function because of the lack
of osmotic diuresis. This means they do not have the profound volume
deficiency and shock that is typical of people presenting with hyperglycemic
crisis. The hyperglycemia increases extracellular tonicity causing an osmotic
shift of fluid from the intracellular to the extracellular compartment, making
fluid overload and edema common. If patients have fluid overload, either
because of normal fluid intake or because of pathologic redistribution of
fluid from the intracellular to the extracellular compartment, hemodialysis
may be required to restore normal volume. If anuric patients do have volume
deficiency, patients should be given boluses of 250 to 500 mL followed by
reevaluation rather than the more aggressive fluid resuscitation typically
used in patients with DKA and intact kidney function.

The lack of osmotic diuresis also results in higher glucoses; in a case-
controlled study of hyperglycemic crisis in ESKD compared to patients with
normal kidney function (estimated GFR > 60 mL/min/1.73 m2), blood sugar
at presentation was 836 mg/dL with ESKD compared with 659 mg/dL with
normal kidney function.36

ESKD patients also do not have the decreased total body potassium
typical of hyperglycemic crises, so protocols that call for aggressive use of
potassium supplementation need to be reconsidered.

Because sodium, potassium, and phosphate deficiency are less common in
anuric ESKD, the treatment of DKA in ESKD can largely be accomplished
with insulin infusions alone. Glucose should be lowered by 50 to 75
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mg/dL/hr. Based on observational data, a lower rate of insulin infusion is
recommended (0.05–0.07 units/kg/hr).36,37
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Obstetric Acute Kidney Injury
Jessica Sheehan Tangren and Michelle A. Hladunewich

INTRODUCTION
Acute kidney injury (AKI) is a rare but serious complication of pregnancy.
Although any form of AKI that affects adults in the general population can
also affect pregnant women, several etiologies are more common in pregnant
women. The most important step in the diagnosis of AKI in pregnancy is
differentiating among conditions with overlapping features, such as
preeclampsia/hemolysis, elevated liver enzymes, and low platelets (HELLP);
lupus nephritis; thrombotic thrombocytopenic purpura (TTP)/hemolytic
uremic syndrome (HUS); and acute fatty liver of pregnancy (AFLP), as
management strategies vary dramatically. In this chapter, we will review the
incidence of AKI in pregnancy, the approach to diagnosis, as well as
common etiologies and recommended management strategies.

EPIDEMIOLOGY OF ACUTE KIDNEY INJURY IN
PREGNANCY
AKI during pregnancy is decreasing in both developing and developed
countries. In India, the rates of pregnancy-associated AKI decreased from
15% in the 1980s to 1.5% in the 2010s.1 This decline has also been
associated with changes in AKI timing: most cases of AKI are now
developing in the postpartum period, reflecting a decline in complications
because of abortions. In a series from China, the most common causes of
AKI were hypertension and postpartum hemorrhage, with 6% requiring
dialysis.2 Fortunately, the maternal mortality rate associated with AKI in



pregnancy has also improved in the developing world, with current estimates
around 4% to 6%, as compared with rates higher than 20% during the 1980s.

In the developed world, data on the rate of AKI are conflicting. An Italian
cohort reported a decrease in pregnancy-associated AKI from 1 in 3,000 to 1
in 18,000 pregnancies from the 1960s to 1990s, whereas recent studies from
Canada and the United States note an increased incidence of AKI in
pregnancy.3-5 Although the overall rates remained low, the incidence
increased from 1.66 to 2.68 per 10,000 pregnancies from 2003 to 2010 in
Canada and from 2.4 to 6.3 per 10,000 deliveries in 1999 to 2001 and 2010
to 2011 in the United States. Fortunately, most cases were mild and
reversible (87%), suggesting at least some degree of ascertainment bias.
Long-term kidney outcomes have not been well studied in women with AKI.
Similar to nonpregnant patients, severe AKI demonstrates favorable kidney
recovery, with only 4% to 9% of women with severe AKI remaining dialysis
dependent at 4 to 6 months postpartum.6

REVIEW OF CHANGES IN KIDNEY FUNCTION DURING
PREGNANCY AND ACUTE KIDNEY INJURY DIAGNOSIS
Pregnancy induces changes in systemic hemodynamics, leading to an
increase in total circulating blood volume and cardiac output along with a
decrease in systemic vascular resistance. This results in multiple changes to
kidney physiology, including increased renal plasma flow, and hence
glomerular hyperfiltration. As such, gestational hyperfiltration leads to
decreased blood urea nitrogen and serum creatinine levels during gestation,
and these adaptations are critical for favorable pregnancy outcomes.

As a result of changes in glomerular hemodynamics, serum creatinine–
based formulas do not accurately to estimate glomerular filtration rate (GFR)
in pregnancy, underestimating GFR measured by inulin clearance by
approximately 40%.7 Given the dynamic changes in GFR longitudinally
across pregnancy, defining AKI can also be challenging. Standard
definitions of AKI, including the Risk, Injury, Failure, Loss of kidney
function, and End-stage kidney disease (RIFLE) and Acute Kidney Injury
Network (AKIN) criteria, have not been validated in pregnant populations;
however, in general, these definitions have been used to define AKI in this
population in some studies. In the clinical context, however, there is reliance
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on serum creatinine to assess for kidney dysfunction, and it must be realized
that a “normal” creatinine can reflect significant compromise in kidney
function in a pregnant woman. A recent population-based study with over
300,000 measures of serum creatinine generated gestational age–specific
estimates of kidney function at each stage of pregnancy and in the early
postpartum.8 They noted an approximately 0.17 mg/dL (15 μmol/L)
difference between the 50th and 95th centile and suggested that values above
the 95th centile at different stages of pregnancy should prompt assessment
and further investigation (Table 38.1).

Range of Serum Creatinine Values During
Gestation

Timing Creatinine Range (mg/dL)

Prepregnancy 0.68-0.88

First trimester (12 wk) 0.53-0.69

Second trimester (24 wk) 0.51-0.68

Third trimester (36 wk) 0.54-0.63

Postpartum 0.71-0.95

Values above the upper limit should be considered abnormal and investigated.8

DIFFERENTIAL DIAGNOSIS OF ACUTE KIDNEY INJURY
IN PREGNANCY
Like AKI in the nonpregnant population, pregnancy-associated AKI can be
categorized as prerenal, intrarenal, and postrenal. The timing of AKI can be
very helpful in narrowing the differential diagnosis.9 In the first trimester,
hemodynamic kidney injury (prerenal azotemia/acute tubular necrosis
[ATN]) as a result of hyperemesis gravidarum or septic abortion
predominates. AKI that develops in the second and third trimesters can be
attributed to preeclampsia/HELLP syndrome, thrombotic microangiopathies,
AFLP, or obstetric hemorrhage. Atypical HUS (aHUS) and other disorders
of complement regulation typically occur near term or postpartum.



Glomerulonephritis can present in any trimester of pregnancy or the
postpartum period. Figure 38.1 displays the main causes of AKI in
pregnancy at different gestational ages.

FIGURE 38.1: Etiologies of AKI at Different Stages of Gestation. HELLP, hemolysis, elevated
liver enzymes, and low platelets; HUS, hemolytic uremic syndrome; NSAID, nonsteroidal
anti-inflammatory drug.

Hemodynamic Kidney Injury and Bilateral Cortical
Necrosis
Hemodynamic kidney injury is a common etiology of AKI in pregnancy.
Injury can range from prerenal azotemia to bilateral cortical necrosis.
Hypotension in pregnancy can occur from various causes including volume
depletion (e.g., hyperemesis gravidarum), sepsis (e.g., septic abortion,
chorioamnionitis, pyelonephritis, puerperal sepsis), or other severe obstetric
complications (e.g., postpartum hemorrhage).

Bilateral renal cortical necrosis, the most extreme form of hemodynamic
kidney injury, is a pathologic diagnosis characterized by diffuse cortical
necrosis on kidney biopsy with evidence of intravascular thrombosis.
Cortical necrosis is rare and associated with catastrophic obstetric
emergencies like placental abruption with massive hemorrhage or amniotic
fluid embolism, and occurs in the context of hypotensive shock often
complicated by disseminated intravascular coagulation (DIC).10 Pregnant
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women with severe ischemia involving the kidneys are more likely to
develop cortical necrosis than the general population, presumed because of
the hypercoagulable state that accompanies pregnancy in the context of
endothelial dysfunction. The syndrome is characterized by sudden onset of
oliguria/anuria. Computed tomography or ultrasound demonstrates
hypoechoic or hypodense areas in the renal cortex. Most patients require
dialysis, and long-term renal outcomes are poor.

Preeclampsia/Hemolysis, Elevated Liver Enzymes, and
Low Platelets
Preeclampsia is a pregnancy-associated multisystem syndrome characterized
by the development of hypertension and proteinuria after 20 weeks of
gestation. It complicates approximately 5% of pregnancies in the United
States. Although AKI is a rare complication of preeclampsia (1%), it is seen
more frequently with HELLP syndrome (7%-15%), which is considered an
extreme variant of preeclampsia. Glomerular endotheliosis or widespread
glomerular endothelial swelling is the hallmark pathologic finding in the
kidney in preeclampsia. Kidney failure in the setting of
preeclampsia/HELLP has overlapping clinical features with other
pregnancy-associated causes of AKI, including AFLP, lupus nephritis, TTP,
and aHUS (Table 38.2). Placental antiangiogenic factors play a key role in
the pathogenesis of preeclampsia. Soluble fms–like tyrosine kinase 1 (sFlt1)
is a soluble vascular endothelial growth factor receptor that binds to
proangiogenic factors such as placental growth factor (PlGF), neutralizing its
effects.11 Excess sFlt1 from the placenta results in widespread endothelial
dysfunction. sFlt1 increases before onset of preeclampsia and correlates with
disease severity.12,13 Circulating levels of sFlt1 and PlGF have shown
promise as predictive biomarkers of preeclampsia in several studies, and
these biomarkers are currently being used in several countries to aid in the
diagnosis of preeclampsia.13 Women at high risk for developing
preeclampsia should be given low-dose aspirin beginning before 16 weeks
gestational age to help prevent the development of preeclampsia.14

Features of Thrombotic Microangiopathies
Presenting in Pregnancy



Acute Fatty Liver of Pregnancy
AFLP is a rare condition that develops in the third trimester of pregnancy.
AFLP is due to abnormal oxidation of fatty acids by fetal mitochondria.
Fetal deficiency of long-chain 3-hydroxyacyl CoA dehydrogenase leads to
excess fetal free fatty acids that cross the placenta and result in maternal
hepatotoxicity. The clinical presentation includes fatigue, vomiting, and
jaundice, with laboratory workup showing elevated serum transaminases and
bilirubin levels. Thrombocytopenia, hypoglycemia, lactic acidosis, and AKI
are common. Kidney biopsy findings in AFLP include ATN, fatty
vacuolization of tubular cells, and occlusion of capillary lumens by fibrin-
like material. Both kidney and liver failure generally resolve postpartum, but
in extreme cases liver transplantation may be required.15

Distinguishing AFLP from HELLP syndrome can be challenging because
of common lab findings. The most common clinical features of AFLP are
malaise, nausea, vomiting, abdominal pain, and jaundice. HELLP syndrome
more commonly presents with headache, abdominal or epigastric pain, and
hypertension. Evidence of synthetic liver dysfunction, such as
hypoglycemia, and abnormal coagulation parameters are characteristic of
AFLP. AKI is also more common in AFLP than in HELLP.

Thrombotic Microangiopathies
TTP and HUS are important causes of AKI in pregnancy characterized by
unexplained thrombocytopenia and microangiopathic hemolytic anemia.



Clinically, TTP is considered when central nervous system symptoms
predominate and HUS when there is profound kidney failure or when the
syndrome develops in the postpartum period.

Von Willebrand factor–cleaving protease (ADAMTS-13) deficiency is the
cause of TTP. In pregnancy, most cases of TTP develop during the second or
third trimester. Pregnancy is associated with decreases in ADAMTS-13
levels and, thus, appears to be a trigger for new onset or a relapse of TTP.
Pregnancy-related aHUS is the result of complement dysregulation most
often secondary to genetic mutations in complement regulatory proteins.

Pregnancy can be a trigger for aHUS; however, more than two-thirds of
cases present postpartum. Interestingly, the risk for developing aHUS is
higher during a second pregnancy than during the first. Like in the
nonpregnant population, genetic defects in complement regulatory proteins
can be identified in more than half of patients with pregnancy-associated
aHUS. Patients with detected complement gene variants are more likely to
have severe disease including the need for dialysis at presentation and worse
long-term outcomes, including an increased risk of relapse and progression
to end-stage kidney disease (ESKD).16 As such, a high level of suspicion for
aHUS to allow for early diagnosis and treatment is critical. Misdiagnosis is
common. In a Spanish cohort of pregnancy-associated aHUS cases, 17/22
met clinical criteria for preeclampsia.17 Outcomes are better with shorter
duration from diagnosis to treatment.

Distinguishing TTP/HUS from severe preeclampsia accompanied by
HELLP syndrome can be challenging. Thrombocytopenia, microangiopathic
hemolytic anemia, AKI, proteinuria, and hypertension occur in both TTP-
HUS and HELLP, although elevated liver enzymes are more common in
HELLP syndrome. As in the nonpregnant state, low levels of ADAMTS-13
are diagnostic of TTP, whereas depressed complement levels (C3) might be
noted in aHUS. Antiangiogenic markers (sFlt-1/PlGF) can aid as well in the
diagnosis of preeclampsia.

Lupus Nephritis and Other Glomerular Diseases
Systemic lupus erythematosus predominantly affects women of childbearing
age, and clinically significant kidney disease develops in 30% of women.
Pregnancy-related immunologic and hormonal changes can result in flares or



de novo lupus nephritis developing in pregnancy. Preeclampsia is a frequent
complication of pregnancy in women with lupus, with a higher incidence in
women with lupus nephritis compared with lupus patients with no kidney
involvement. Lupus nephritis flares can be difficult to distinguish from
preeclampsia. The presence of low (or low-normal) circulating complement
levels, anti–double-stranded DNA antibodies, active urine sediment, and
extrarenal lupus manifestations can aid in diagnosis. Vasculitis is rare in
women of childbearing age but should be considered in those presenting
with AKI, proteinuria, and systemic disease (pulmonary-renal syndrome,
joint/muscle pain, fever, poor weight gain or loss, etc.) As in the
nonpregnant population, serology is diagnostic. Other glomerular diseases
may require a kidney biopsy for diagnosis. When a diagnosis cannot be
made on clinical grounds, expert consensus recommends kidney biopsy be
performed before 32 weeks gestational age.18 Kidney biopsy should not be
performed if preeclampsia is in the differential diagnosis as hypertension and
coagulopathy can develop rapidly and make this a high-risk procedure.

Pyelonephritis
Asymptomatic bacteriuria is more likely to develop into symptomatic
urinary tract infections, including pyelonephritis, during pregnancy. Smooth
muscle relaxation results in dilation of the urinary collecting system, which
promotes bacterial translocation from the lower to the upper urinary track.
Gestational pyelonephritis is associated with adverse maternal and fetal
outcomes including maternal sepsis, premature labor, and fetal growth
restriction. AKI develops in up to one-fourth of cases. Routine screening and
treatment of asymptomatic bacteriuria has led to a reduction in the incidence
of gestational pyelonephritis.19

Postrenal Acute Kidney Injury
Postrenal AKI is rare in pregnancy. Obstruction may be difficult to
differentiate from physiologic hydronephrosis of pregnancy, which becomes
more pronounced as pregnancy nears term. Cause of obstruction can include
bilateral nephrolithiasis or iatrogenic injuries to the bladder and ureters
during cesarean sections. Pathologic obstruction of the ureters by the uterus



is unusual, but can develop in the case of multifetal pregnancies or if there
are preexisting structural and anomalies involving the kidneys. Magnetic
resonance imaging can help in distinguishing physiologic hydronephrosis
from obstruction in pregnancy, whereas ultrasound is less reliable in such a
setting.

MANAGEMENT OF ACUTE KIDNEY INJURY IN
PREGNANCY
Successful management of AKI requires close collaboration between
nephrologists, obstetricians, and intensivists. Identification of the underlying
cause of AKI is crucial in directing management. For glomerulonephritis,
steroid and immunosuppressive therapy is necessary. Pregnancy-safe
immunosuppressive agents include calcineurin inhibitors prednisone,
calcineurin inhibitors and azathioprine. For women with preexisting lupus,
hydroxychloroquine should be continued in pregnancy, as discontinuation
has been associated with lupus flares. Treatment of TTP in pregnancy is
managed in the same way as in the nonpregnant patient. Plasma exchange
should be initiated promptly even before the diagnosis is confirmed if TTP is
suspected. Inhibition of C5 with eculizumab is the therapy of choice for
aHUS and has been used safely in pregnancy for nonrenal indications.20 For
cases of severe preeclampsia/HELLP syndrome or AFLP, immediate
delivery of the fetus is indicated. Intravenous (IV) magnesium is used to
prevent onset of seizures in women with severe preeclampsia. Because
magnesium is renally excreted, women with severe AKI are at risk for
magnesium toxicity and should receive a reduced dose of magnesium and be
monitored closely for toxicity (hyporeflexia, hypotension). Complications of
AKI can be treated similarly to nonpregnant patients: volume overload can
be treated with loop diuretics, hyperkalemia managed with cation exchange
resins, metabolic acidosis with alkali therapy, and anemia with
erythropoietin-stimulating agents and oral or IV iron when indicated.

For women who develop uremic symptoms, kidney replacement therapy is
necessary. In almost all cases, delivery of the fetus precedes the need for
kidney replacement therapy. In the rare circumstance that delivery is not
indicated, kidney replacement therapy should mirror the management of
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dialysis in pregnant women with ESKD with longer and more frequent
dialysis sessions, exercising caution not to drop maternal blood pressure.21
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Postcardiac Surgery Acute Kidney Injury
Raphael Weiss and Alexander Zarbock

INTRODUCTION
Recent data suggest that the incidence of acute kidney injury (AKI) has
been underestimated.1 In this context, cardiac surgery has a special role,
because it differs from other types of surgery owing to the use of
cardiopulmonary bypass (CPB). Employing extracorporeal bypass during
cardiac surgery may induce hemolysis, inflammation, and perfusion
imbalance, which subsequently may induce organ dysfunction.2,3 These
circumstances make it necessary to monitor patients continuously far
beyond the operation itself. Up to 30% to 50% of patients undergoing
cardiac surgery develop AKI,4-6 which increases intensive care unit
(ICU)/hospital length of stay, morbidity, and mortality. Therefore, actions
should be taken to decrease risks, avoid harmful situations and interactions,
and achieve best supportive care.

PATHOPHYSIOLOGY
Perioperative circulatory depression (e.g., anesthesia, myocardial
dysfunctions, circulatory instability, extracorporeal assistance), release of
proinflammatory mediators (induced by surgical measures and the use of
CPB), stress (increase of sympathetic activity), hormonal influence, and
volume losses or redistributions reduce renal blood flow and subsequently
lower oxygen delivery to the kidney. The release of hormones and the
stimulation of the sympathetic nervous system lead to endothelium damage,



contraction of small arterioles while vasodilation occurs triggered by the
release of other hormones. Leukocytes are activated and adhere to the
endothelium.7 Hemodynamic disturbance of microcirculation7,8 and the
occlusion of small vessels by the inflammatory response lead to ischemia of
the kidney which causes impaired kidney function and accumulation of
fluids and waste.

Summarizing, reduced renal perfusion with concurrent ischemia and
inflammation are the main risk factors for the development of AKI. Surgery
and the use of CPB induce both an inflammatory reaction and an ischemia
of the kidneys.

SUBCLINICAL ACUTE KIDNEY INJURY AND KIDNEY
DAMAGE BIOMARKER
Recent studies have shown that various new kidney biomarkers provide
information on kidney damage.9-11 The purpose of measuring these new
damage biomarkers is to identify and treat a subclinical AKI. This state
describes a biomarker positive but (still) serum creatinine negative
condition, which implies kidney damage without loss of function.12 Most of
the damage biomarkers are released from tubular epithelial cells. New
biomarkers are superior to conventional markers in early diagnosis,
prognosis, and long-term mortality.13,14 Because biomarker-positive patients
already experience a higher risk for complications (i.e., length of stay,
mortality),10,11 the “subclinical AKI” concept was proposed a couple of
years ago.15 The early release of biomarkers from stressed or damaged renal
tubular epithelial cells could provide a time window to prevent further
damage and a decline of kidney function.16-18 The additional implementation
of clinical risk scores (e.g., renal risk index) increases the informative
value.19 In addition, by including biomarkers in high-risk patients while
considering the clinical context, the negative predictive value of biomarkers
was improved.13,14,20 For more details on biomarkers, see Chapter 16.

PREVENTIVE MEASURES
The pathophysiology of AKI is complex. Prevention of this syndrome
requires a multimodal approach and high-risk patients have to be identified,



because the preventive measures are especially beneficial in this patient
population. As the incidence of AKI reaches 50% in these patients,5,6,21 the
number needed to treat is low. Biomarkers may help to identify patients at
high risk for AKI, but also the patient, the prescribed medication, the
hemodynamic situation, and other laboratory tests have to be examined to
understand the underlying cause of the AKI.

Kidney Disease Improving Global Outcomes Bundle
The Kidney Disease Improving Global Outcomes (KDIGO) guidelines
recommend implementing a bundle of supportive measures in patients at
high risk for AKI. The KDIGO bundle consists of avoiding nephrotoxic
agents, optimizing volume status and perfusion pressure, maintaining
normoglycemia, monitoring of serum creatinine and urine excretion, and, if
necessary, expansion of hemodynamic monitoring.22 Two recently published
randomized controlled trials demonstrated that the biomarker-guided
implementation of the KDIGO bundle significantly reduced the occurrence
of AKI in patients after cardiac or abdominal surgery (PrevAKI: 55.1% vs
71.1%; p = 0.004, BigpAK: 27.1% vs 48.0%; p = 0.03).18,22,23

Remote Ischemic Preconditioning
Remote ischemic preconditioning (RIPC) refers to the protection of a target
organ (kidney) from ischemia by previously applying small periods of
ischemia to a distant tissue (limb). This can be done perioperatively by
using a conventional blood pressure cuff. Initially, experiments in animals
showed that short ischemic episodes interrupted by reperfusion intervals
have a protective effect considering ischemic organ damage on both local
and remote tissues.24-27 In most cases, RIPC is performed by a blood
pressure cuff that is repeatedly pumped up beyond the patient’s blood
pressure (e.g., 3× for 5 minutes on one arm, 50 mm Hg above the systolic
blood pressure). The effects of RIPC on kidney function have been
investigated in several clinical trials with mixed results. Because of the
heterogeneity of patients and different endpoints in these studies, data can
only be compared to a limited extent. Some studies were able to show a
protective effect of RIPC on kidney function,28,29 whereas others did not.30,31



One reason for the conflicting results could be the use of propofol in some
studies, which is believed to attenuate the effects of RIPC.32-35 As the
preventive RIPC procedure is cheap and not harmful, it is recommended by
some authors, especially in high-risk patients.31,36

HEMODYNAMICS
Recent literature regarding noncardiac surgery patients demonstrated that a
perioperative hypotension is associated with an increased risk of developing
AKI after surgery.37,41 This affects even younger patients (<60 years).40

Based on these data, it is likely that hypotension—especially during cardiac
surgery—is associated with an increased AKI risk, because most cardiac
patients already have additional AKI risk factors. Several studies including
a systematic review underline this hypothesis.42,43

In the healthy patient, autoregulation of the kidneys maintains the
glomerular filtration rate until the mean arterial pressure (MAP) falls below
80 mm Hg.44 Comorbidities and medication might cause an impaired
autoregulation, even though the MAP is in normal range.44 In addition,
during cardiac surgery, the MAP is often below the normal range and
therefore often below the limits of autoregulation. Studies found that
persistent hypotensive episodes result in a disruption of this process,37

which is a common case when the kidneys get artificially perfused during
times of CPB. Furthermore, during CPB, there is nonpulsatile flow. It was
shown that CPB perfusion pressure and flow mode affect regional blood
flow to the kidneys and other visceral organs. Studies suggest that in terms
of organ perfusion and outcome, a pulsatile flow is superior to a
nonpulsatile flow.45,46 Maintaining an adequate MAP during CPB phases
may have a significant effect on preventing organ dysfunctions.47,48

Studies have proven that regardless of the type of hemodynamic
monitoring, hemodynamic surveillance significantly (i.e., stroke volume
variation, cardiac output) reduced the AKI rate.49-52 Therefore, the
remaining leading question is, how high should the blood pressure be kept
to prevent AKI? Some studies show that the AKI risk dramatically
increases if the MAP falls below 55 mm Hg for more than 10 minutes
perioperatively,39,41 whereas other studies demonstrate that the MAP should
not fall below 65 mm Hg for more than 10 minutes.53 Another recent study



found that postoperative AKI was associated with the product of
hypotension duration and severity.38 Although these studies do not include
cardiac surgery patients, they underline the importance of hemodynamic
management, the rationale of acuteness, and need for action. There is no
reason to assume that this might be different in patients undergoing cardiac
surgery, because they experience a particular risk for hemodynamic
fluctuations. In the postoperative period, a reduced ejection fraction is
another cause of hypotension. The heart’s inability to maintain an adequate
cardiac output is associated with reduced organ perfusion and might be
associated with a higher risk for AKI.54 Summarizing, hypotensive phases
(only minutes—closer to seconds than to hours) during any, especially
cardiac, procedure should be avoided or at least be kept as short as
possible.55 To achieve this, the underlying problem has to be identified and
rectified immediately.

Right ventricular dysfunction with low cardiac output is a potential
source of hypotension. If the right ventricle is compromised, venous
congestion might occur, which potentially leads to reduced kidney
perfusion.54 As the kidney is encapsulated in Gerota’s fascia, interstitial
edema might lead to an increased pressure in the kidney. The impaired
drainage increases organ resistance, which together with low cardiac output
may result in a significant reduced renal blood flow and subsequently
increased risk for AKI.54 Maintaining the cardiac index seems important in
this context.56 The central venous pressure (CVP) might also provide useful
information because a high CVP can point to increased venous congestion,
which is, as found by different studies, associated not only with a higher
risk but also with a higher severity of AKI.57-59

Another common reason for arterial hypotension is hypovolemia. In the
past, attempts to treat a hypotension with fluids often resulted in the
application of large amounts of fluid, resulting in volume overload.
Nowadays, studies have shown that fluid overload is associated with organ
congestion, edema formation, and increased mortality.55 Therefore, a
hypervolemia might also lead to the accumulation of fluids in the renal
tissue, causing an increased pressure in the kidney that reduces renal
perfusion. The choice of fluid is also important. Isotonic saline solutions
contain an unphysiologically high proportion of chloride, which leads to
hyperchloremic acidosis that might subsequently induce renal



vasoconstriction and decrease glomerular filtration rate,60 leading to the
development of AKI.61 Therefore, balanced crystalloid solutions are
preferred.62

In this context, organ cross-talk should also be mentioned. The
development of AKI induces increased permeability in remote organs (e.g.,
pulmonary edema, acute respiratory distress syndrome).63-65 Therefore, the
goal should be to maintane patients in euvolemia without tipping into either
hypo- or hypervolemia.66,67 Altogether, volume substitution has to be
evaluated carefully—and so also should transfusion of blood products.
Preoperative anemia (hemoglobin levels <8 mg/dL) is associated with a
four-fold risk of AKI.68,69 Unfortunately, transfusions are also an
independent risk factor for AKI in both cardiac and non-cardiac surgery
patients.68-73 In cardiac surgery, some authors therefore recommend
transfusions only for hemoglobin levels <8 g/dL (<5 mmol/L), unless there
is hypotension.72

DRUGS
Another way to counter persistent hypotension in (post-)cardiac surgery
patients is the addition of inotropes and vasoactive drugs. This might be
necessary not only because of poor cardiac function but also because of
peri-/postoperative vasoplegia. If catecholamine support is needed, most
guidelines recommend norepinephrine as a first-line treatment. Although it
is not yet known which vasopressor has the greatest protective effect on the
development of AKI, norepinephrine increases global and medullary blood
pressure. In the event of cardiac dysfunction, epinephrine may be given.
However, although these agents improve cardiac output, they may also
increase myocardial oxygen consumption, arrhythmias, systemic
hypoperfusion, and organ ischemia.74

Calcium sensitizers such as levosimendan were designed to address low
cardiac output but there is a growing body of evidence that these drugs do
not in decrease the incidence of AKI or the need for kidney replacement
therapy (KRT) and mechanical cardiac assist devices. Although they may
improve cardiac indices, recent multicenter randomized trials could not
demonstrate that these drugs contribute to a lower mortality or morbidity in
the peri- or postoperative setting.75-77



Light postoperative sedation forms an essential backbone in the recovery
of patients undergoing cardiac surgery. Sedation is used to reduce patient
discomfort, stress, and myocardial oxygen consumption. Propofol and
dexmedetomidine have become the most widely used agents in this
context.78 Dexmedetomidine is a highly selective α-2-agonist with
pleiotropic effects (including sedative, analgesic, and anxiolytic effects;
decreased endogenous norepinephrine release; improvement of
hemodynamic stability; and balancing of myocardial oxygen
demand/supply). In the field of cardiac surgery, dexmedetomidine led to a
significant reduction in AKI in patients with preoperative normal and
mildly impaired (CKD Stage 2) kidney function.79-81 The renoprotective
effect caused by dexmedetomidine is believed to be due to sympatholysis
and anti-inflammatory properties.82 Furthermore, dexmedetomidine reduces
the length of intubation as well as the incidence and duration of
postoperative delirium.83,84 However, larger multicenter randomized trials
have to confirm the positive effects of dexmedetomidine on kidney function
before it can be recommended.

It should be mentioned that there are more medications that were thought
to reduce the incidence of AKI. Among the most famous are statins, sodium
bicarbonate, mannitol, and N-acetylcysteine. However, none of the drugs
has been shown to be effective in preventing or treating AKI in large
multicenter trials. Therefore, it cannot be recommended to use these drugs
in patients undergoing cardiac surgery.85-98

KIDNEY REPLACEMENT THERAPY
KRT is the only therapeutic option in patients with a severe AKI. However,
the central question is when KRT should be initiated. The KDIGO
guidelines currently recommend the start KRT in patients with life-
threatening complications (absolute indication), including diuretic-resistant
volume overload or significant metabolic/electrolyte imbalances.22

However, the majority of patients develop severe AKI without immediate
life-threatening complications, so the decision of when to start KRT is
based on the assessment of the intensive care physician or nephrologist.
KRT may prevent complications such as volume overload which are
associated with increased mortality, whereas a premature initiation of KRT
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results in an invasive and expensive procedure that might have been
unnecessary in the end.

The important question of when to start KRT in AKI patients without
uremic symptoms, electrolyte imbalances, or volume overload remains
controversial—partly because of different definitions of “early” or “late”
initiation in trials.99 However, there is only one randomized controlled trial
in cardiac surgery patients. The ELAIN trial was a single-center trial that
mainly recruited patients after cardiac surgery. In this trial, “early” was
defined as AKI stage 2, whereas “late” was defined as AKI stage 3. The
primary outcome, the all-cause 90-day mortality, was significantly lower in
the “early” group compared to the “late” group.100 Two other randomized
controlled trials, mainly focusing on septic patients, showed no difference
in the mortality between the “early” and “late” groups. In these studies, a
large percentage of patients in the “late” group did not go on to require KRT
as they spontaneously recovered from AKI. In the ELAIN trial, 90.8% of
patients in the late arm received KRT.100 Perhaps this indicates to a more
appropriate selection of patients with early-stage AKI, to test the hypothesis
around early versus late initiation of KRT, based on current definitions.
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Cardiorenal Syndrome
David Mariuma and Steven Coca

INTRODUCTION, DEFINITION, AND EPIDEMIOLOGY
Recent data indicate that over 5 million emergency department (ED) visits
and over 4 million hospitalizations for either primary or comorbid heart
failure occur annually. Patients experiencing either acute or chronic kidney
disease (CKD) in conjunction with heart failure have “cardiorenal
syndrome (CRS).”1

CRS was formally defined in 2008 to describe the spectrum of diseases
involving bidirectional dysfunction of the heart and kidney.2 Attempts have
been made to divide CRS into five classifications to distinguish between the
direction of causality of heart and kidney failure and the acuity or
chronicity of impairment, but in clinical practice, this directionality is
difficult to ascertain and generally has no role in guiding treatment.3 This is
particularly true in the context of comorbidities such as diabetes mellitus
and hypertension, which affect both organs simultaneously over time, and
the prevalence of critically ill patients affected by cirrhosis or sepsis who
develop CRS (classified as “CRS Type V”).

Acute or chronic kidney impairment in patients admitted to the hospital
with acute decompensated heart failure (ADHF) is associated with higher
risk of mechanical ventilation, intensive care unit (ICU) admission, new-
onset dialysis, cardiovascular mortality, and all-cause mortality compared to
those with preserved kidney function.4,5 Between 20% and 40% of patients
hospitalized for ADHF will develop some degree of acute kidney injury or
worsening kidney function (WRF) during admission.6,7 It is challenging to



use serum creatinine alone to define kidney dysfunction in heart failure
patients, however, as decreased nutrition and muscle mass can alter serum
creatinine without changing the glomerular filtration rate (GFR) and fluid
overload can have a dilutional effect that falsely lowers serum creatinine
and thus estimated glomerular filtration rate (eGFR). As of now, there is no
easily available or routine alternative to using serum creatinine (see Chapter
16). These concerns and a paradigm shift in the theorized pathophysiology
of CRS have led to significant changes in the management approach to
patients with CRS over the years.

PATHOPHYSIOLOGY
Traditionally, the pathophysiology of CRS was defined by the Guyton
hypothesis, which states that impaired heart function leads to reduced
cardiac output, leading to underfilling of the kidney’s arterioles and
therefore poor kidney perfusion.8 This results in renin release by the kidney,
which increases sodium retention, vascular congestion, and afferent
arteriolar vasoconstriction, which further lowers GFR.3 However, clinical
trials have failed to show a correlation between kidney dysfunction and
cardiac output and that improvements in cardiac output did not result in
improved kidney function in patients without cardiogenic shock.9 Moreover,
the “underfilling” theory is challenged by clinical experience, which reveals
WRF in CRS patients without any episodes of overt hypotension.6 More
recently, various studies have demonstrated an important and likely leading
role of increased venous congestion, right heart failure, and total body fluid
overload in promoting kidney dysfunction. Increases in central venous
pressure (CVP), a marker for venous congestion and volume overload,
correlate with WRF in CRS patients and serve as an independent predictor
of mortality.10 Glomerular filtration depends on the difference between the
mean arterial pressure (MAP) and CVP, and so, increases in CVP lead to
tubular capillary distention and kidney interstitial edema. This leads to
hypoxia and thus stimulation of the sympathetic nervous system (SNS),
renin-angiotensin-aldosterone system (RAAS), and release of inflammatory
cytokines (Figure 40.1). These mechanisms initially help prevent GFR
decline but, over time, trigger cascading dysfunction of both the heart and
kidneys.6 Altered tubular function in the context of SNS and RAAS axis



stimulation, volume overload, and immune activation further increase
sodium and water retention, causing a pathologic feedback loop, which
further elevates CVP.11,12 The RAAS axis contributes to this with increased
release of both angiotensin II (Ang II) and aldosterone. Ang II stimulates
systemic vasoconstriction to preserve blood pressure, but also promotes
increased sodium retention and extracellular volume expansion along with
cardiac hypertrophy and fibrosis and kidney tubular fibrosis.13 Aldosterone,
stimulated by Ang II release, promotes further sodium and, thus, water
reabsorption in the distal tubules.14 Other mechanisms of injury in CRS
include oxidative stress and mitochondrial dysfunction, the effects of
protein-bound uremic toxins (PBUTs), metabolic acidosis, anemia, and
electrolyte disorders.15

FIGURE 40.1: High central venous pressures drive hemodynamic, neurohormonal
pertubations that results in reduced kidney function. From Damman K, Navis G, Smilde TD,



et al. Decreased cardiac output, venous congestion and the association with renal
impairment in patients with cardiac dysfunction. Eur J Heart Fail. 2007;9(9):872-878.

The known effects of kidney dysfunction have a harmful effect on heart
function. Metabolic acidosis reduces myocardial contractility via alterations
in β-receptor expression and intracellular calcium sensitivity and reduces
response to vasopressors in critically hypotensive patients.16,17 PBUTs, such
as dimethylarginine, indoxyl sulfate, and p-cresyl sulfate, decrease cardiac
output in humans, promote atherosclerosis, and worsen oxidative stress in
both the heart and kidney.3,18 Fibroblast growth factor 23, elevated in
patients with kidney dysfunction as a mechanism to increase phosphorous
excretion, has been repeatedly shown to induce left ventricular (LV)
hypertrophy and is associated with increased mortality.19 Anemia associated
with erythropoietin deficiency from kidney failure can worsen oxidative
stress in both the heart and kidney by decreasing delivery of antioxidants
from red blood cells.20 Perhaps most importantly, volume overload
maintained by kidney dysfunction (either through anuria or increased
sodium retention) propagates all the pathologic mechanisms described, such
that management in CRS has shifted from raising cardiac output to prevent
underfilling toward focusing on volume removal as a primary therapeutic
goal.

MANAGEMENT
Goals
CRS patients should initially be categorized based on volume and perfusion
status. Most patients present with a “wet and warm” state, in which venous
congestion is driving end-organ damage without evidence of shock. In this
case, management focuses on both pharmacologic inhibition of the
downstream effects of RAAS and SNS activation as well as aggressive
reduction of systemic venous congestion. Less commonly, patients present
with a “wet and cold” state because of cardiogenic shock, in which case
management focuses on the use of inotropes and pressors to maintain
cardiac output and systemic perfusion with minimal inhibition of the RAAS
and SNS axes.



In hypervolemic patients without shock, the goal is to remove fluid while
minimizing the risk of frank hypotension or hypoperfusion. The clinical
tension between decongestion and maintaining or maximizing kidney
function is a common conundrum. However, numerous studies have
repeatedly shown that WRF (defined as an increase in creatinine greater
than 0.3 above baseline or a 20% decline in estimated GFR) in the context
of aggressive diuresis in CRS patients is associated with a lower risk of
mortality, and in critically ill patients requiring kidney replacement therapy
(KRT), a negative daily fluid balance is associated with improved outcomes
(Figure 40.2).21-23 Moreover, post hoc analyses of the DOSE trial
demonstrated that patients with improved kidney function (IKF, defined as
a decrease in creatinine >0.3 below baseline) being treated for CRS had a
higher composite outcome of death and rehospitalization.24 These findings
are in line with both new understandings regarding the pathophysiology of
CRS and the fact that WRF may represent an unmasking of the dilutional
effect of volume overload on the serum creatinine.25 Therefore, a reasonable
rise in creatinine (i.e., 20% to 30%) should not only be tolerated but seen as
a positive prognostic factor in patients achieving negative daily fluid
balance through diuresis in the setting of ongoing hypervolemia. An exact
numerical cutoff of creatinine rise has not yet been established by studies,
and further investigation is warranted to determine what rise in creatinine
should prompt reconsideration of volume status and diuretic use.



FIGURE 40.2: Patients who had WKF in the setting of achieved hemoconcentration during
admission for ADHF had best 6-month survival compared to patients without
hemoconcentration and no WKF. Patients who had WKF yet no hemoconcentration had the
worst 6-month survival.

Vasodilators and Inotropes
Consistent with the pathophysiology of CRS, which suggests that
improvements in cardiac index do not improve kidney function in most
CRS patients, studies have repeatedly shown no improvement in clinical or
kidney outcomes in patients treated with inotropes. Notably, these studies
excluded patients with cardiogenic shock, in which the standard of care is to
use inotropes to maintain cardiac output. However, in patients with CRS
without cardiogenic shock, inotropes such as dobutamine and dopamine
have no proven benefit.26,27 Vasodilators such as nesiritide and tezosentan,
theorized to improve cardiac output and thus kidney perfusion, have shown
no change in heart or kidney endpoints.28-30 In a recent retrospective study



of over 8,000 patients with ADHF, those that received acute vasodilator
therapy (including nitrates) had no difference in mortality or length of ICU
stay compared to those who did not receive vasodilators, except for patients
with systolic blood pressures greater than 180.31 Some data have emerged to
suggest improvement in kidney function in patients with mechanical
devices that increase cardiac output: one retrospective trial showed
improvement in GFR in heart failure patients who received cardiac
resynchronization therapy (CRT) compared to those who did not, though
the follow-up period was only 6 months.32 Ultimately, however, inotropes
and vasodilators do not currently have a routine role in treating CRS
patients without cardiogenic shock.

Diuretics
One of the pharmacologic mainstays to reduce venous congestion is the use
of loop diuretics such as furosemide (of which intravenous [IV] dosing is
equivalent to 2 times the oral dose), torsemide (20 mg of which is
equivalent to 40 mg of furosemide), or bumetanide (1 mg of which is
equivalent to 40 mg of furosemide). Loop diuretics can account for
excretion of up to 25% of the filtered sodium load.33 The DOSE trial was a
landmark trial that randomized patients with ADHF, in a 2 × 2 factorial
design, to furosemide as twice-daily IV boluses or continuous infusion, and
low-dose (equal to home oral dose) or high-dose (2.5 times the home oral
dose) groups. Although high-dose therapy showed modest improvement in
outcomes, there were no differences in outcomes between continuous and
bolus dosing.34 Though there are no formal guidelines for diuretic dosing
and up-stepping, there is an effort to establish standardized algorithms. In
2017, Ellison and Felker suggested a protocol rooted by a stepped algorithm
in the CARRESS-HF trial35 (Table 40.1). In this protocol, patients should
be started on twice a day IV doses of furosemide to total 2.5 times the daily
home dose. Daily urine output should be assessed with a goal of 3 to 5 L of
urine output in 24 hours until clinical euvolemia is reached. If the goal is
not achieved, the total daily furosemide dose should be calculated and used
to decide the next day’s bolus dose and total daily furosemide dose (given
continuously or through bolus dosing), and metolazone (a thiazide diuretic)
should either be added or increased in frequency.36



TA B L E  4 0 . 1 Stepped Diuretic Regimen Depending on Current
Level of Urine Output

Stepa Furosemide-Equivalent
Doseb

Thiazide Dose

A ≤80 mg N/A

B 81-160 mg 5 mg metolazone daily

C 161-240 mg 5 mg metolazone BID

D >240 mg 5 mg metolazone BID

Urine Output Action

3-5 L Maintain current dose

<3 L Advance a step

>5 L Reduce dose if desiredc

aInitial step: 2.5 times home PO dose.
bOver 24 hr. Either as BID bolus intravenous dosing or as a continuous drip with a
preceding bolus.
cApproaching euvolemia, concern for rapid hemodynamic change, etc.

One of the challenges of using diuretics in patients with CRS is the
development of diuretic resistance, in which minimal increases in urine
output are achieved even with high-dose diuretics in a volume-overloaded
patient. The cause of diuretic resistance is multifold. Diuretics are albumin
bound, and therefore hypoalbuminemia in CRS patients leads to less
delivery to the kidneys and reduced responsiveness.6 However, there
remains no evidence that administering albumin with diuresis results in
improved outcomes or urine output. Bowel edema is also theorized to lead
to decreased absorption of diuretics in volume-overloaded patients, which is
why hospitalized patients often benefit from IV diuresis instead of oral
diuretic administration. Patients chronically receiving loop diuretics can
develop distal convoluted tubular hypertrophy and collecting duct
hypertrophy that limit therapeutic effects. This is worsened by hypokalemia
through activation of the sodium chloride symporter.37-39 One approach to
this form of diuretic resistance (other than potassium repletion) is switching



to continuous infusion.36 Another approach is to target different segments of
the tubule with different drugs. For example, loop diuretics, which act on
the loop of Henle, can be administered concomitantly with thiazide
diuretics, which act on the distal convoluted tubule, along with amiloride
and mineralocorticoid receptor antagonists (MRAs), which act primarily on
the collecting duct. Sodium-glucose cotransporter-2 (SGLT2) inhibitors,
which have a novel role in treating diabetic nephropathy by reducing
glomerular congestion and enhancing natriuresis in the proximal tubule,
may also be considered. It should be noted, however, that the strategy of
“sequential nephron blockade” described here has not yet been studied with
high-powered randomized controlled trials (RCTs), though various
observational and smaller RCTs have suggested benefit, such as when
adding spironolactone to patients with diuretic resistance.40 Though the use
of multiple diuretics is often challenged by electrolyte discrepancies such as
hyponatremia, hypokalemia, or hyperkalemia, these individual conditions
can be treated and should not necessarily deter diuresis when it is effective
in improving urine output. For example, hyperkalemia can be treated with
potassium ion exchangers such as patiromer,41 and in hypervolemic patients
with diuretic-induced metabolic alkalosis, the carbonic anhydrase inhibitor
acetazolamide can be used both to enhance bicarbonaturia and provide a
diuretic effect. Finally, diuretic resistance can occur because of severe
kidney functional impairment and reduced GFR, in which case the only
feasible option is either slow continuous ultrafiltration (SCUF) or KRT.

Ultrafiltration
Another means of reducing congestion is through venovenous SCUF, an
extracorporeal volume removal method that can be achieved with peripheral
venous access that results in isotonic volume and sodium removal. Studies
have had conflicting results when comparing SCUF to pharmacologic
diuresis head-to-head, particularly in regard to efficacy of weight reduction,
fluid removal, and rate of adverse effects.35,42-44 Currently, guidelines
suggest use of diuretics as a first-line treatment and initiation of SCUF only
in the case of diuretic failure.45 Generally, ultrafiltration rates should not
exceed 250 mL/hr when using SCUF to avoid hemodynamic compromise.46

Some have advocated for the use of continuous venovenous hemofiltration



(CVVH), a form of dialysis, in CRS patients in place of SCUF. An
observational study of 120 patients over 2 years showed improvement in
mean survival time in patients on CVVH versus SCUF, but this was only
seen in patients with CRS because of intrinsic cardiomyopathy (as opposed
to coronary artery disease or valvular heart disease) and has not been
thoroughly investigated with RCTs.47

Another modality for volume removal in CRS patients that has been
explored is peritoneal dialysis (PD). PD is an effective means of total body
sodium removal, and a standard PD prescription can be adjusted to allow
for increased sodium removal. Some adjustments include the use of
icodextrin as the dialysate fluid and the use of continuous ambulatory
peritoneal dialysis (CAPD) instead of automated PD, as the longer cycles
allow for more sodium removal through convection.48

Monitoring for Improvement in Volume Status
When any modality to reduce congestion is used, volume status should be
routinely monitored in order to down-titrate diuretics or SCUF when
euvolemia is reached. Some means of monitoring volume status include
blood pressure trends, weight trends, physical examination (improvement in
peripheral edema, moist or dry mucous membranes, jugular venous
pressure, and skin turgor), imaging and lung auscultation to assess for
pulmonary edema, inferior vena cava (IVC) diameter and collapsibility on
bedside ultrasound, and, in rare cases, invasive measurement of pulmonary
capillary wedge pressures and right heart venous pressures through Swan-
Ganz catheterization. A post hoc study using data from the DOSE and
CARRESS trials found that so long as kidney function decline was
accompanied by a decline in N-terminal pro-brain natriuretic peptide (NT-
proBNP) levels, the risk of mortality was lower, highlighting the
importance of using congestion markers when trying to decongest patients
with WRF.49 A similar phenomenon is seen in patients that achieve
hemoconcentration during treatment for ADHF, defined as an increase in
hemoglobin or hematocrit above admission values. When occurring early in
the course of treatment, hemoconcentration is associated with increased
fluid removal and lower risk of short-term mortality and rehospitalization
rates.50



1.

2.

Sympathetic Nervous System/Renin-Angiotensin-
Aldosterone System Axis Inhibition
Inhibition of the effects of the SNS and RAAS axes constitutes another arm
of the management of CRS, though this should be avoided in cases of
cardiogenic shock. Although formal guidelines51 focus on using these
medications primarily for congestive heart failure irrespective of
concomitant kidney dysfunction or WRF, various trials have shown a
reduction in hospitalization, cardiovascular events, mortality, and symptoms
when using these drugs compared to placebo in patients with CRS.52-54 The
recommended medications include angiotensin-converting enzyme
inhibitors (ACEIs) or angiotensin receptor blockers (ARBs), β-blockers,
and, in some cases, MRAs. ACEIs should be uptitrated to the highest
recommended dose as tolerated, typically via increases every 4 to 8 weeks.
However, an increase in creatinine by more than 30% of predrug levels
justifies holding the ACEI and investigating for renal artery stenosis or
other causes of kidney hypoperfusion.50 However, without evidence of
hypoperfusion or hypovolemia, ACEIs should not be routinely held in the
setting of WRF in patients with ADHF. Although the new sacubitril
(neprilysin inhibitor)-valsartan combination pill (angiotensin receptor
neprilysin inhibitor [ARNI]) has demonstrated reductions in mortality and
hospitalization rates in systolic heart failure patients, many published
studies excluded patients with CKD or AKI during treatment.6 One analysis
found that ARNIs, compared to ACEIs, led to a slower rate of decline in
GFR, and the clinical benefit of ARNIs on cardiovascular mortality in heart
failure patients was consistent among patients with CKD.55 Although
theoretically aliskiren, a direct renin inhibitor, should improve outcomes in
CRS patients, studies have shown no reduction in mortality or
rehospitalization with an increase in adverse effects in patients who had this
added to standard therapy.56
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Left Ventricular Assist Devices in the
Intensive Care Unit
Bethany Roehm, Gaurav Gulati, and Daniel E. Weiner

INTRODUCTION
There are an estimated 6.5 million people in the United States with heart
failure, often coincident with chronic kidney disease (CKD).1 Those with
advanced heart failure with or without CKD have a 1-year survival of 25%;
this may improve more than 3-fold with left ventricular assist device
(LVAD) implantation (Visual Abstracts 41.1 and 41.2).2 Since 2006, over
25,000 adults have received LVADs in the United States.3

BASIC LEFT VENTRICULAR ASSIST DEVICES
PRINCIPLES
Left Ventricular Assist Device Indications and Types
An LVAD is a mechanical pump that is surgically attached to a patient’s left
ventricular apex via an inflow cannula and to their aorta via an outflow
cannula, moving blood from the heart to the rest of the body as a means of
augmenting cardiac output.4 LVADs may be a “bridge to transplant” to
support patients while awaiting heart transplantation, a permanent
“destination” therapy if a patient is not a heart transplant candidate, or a
“bridge to decision” if heart transplant eligibility is unclear. Indications and
contraindications for LVAD are listed in Table 41.1.4-6



TA B L E  4 1 . 1 Indications and Contraindications for Left
Ventricular Assist Device

Indications Contraindications

Stage D heart failure Severe right heart failure

≥3 Hospitalizations/yr for heart failure Anatomic issues

Inotrope dependence Inability to take warfarin

Kidney dysfunction from heart failure Active infection

Liver dysfunction from heart failure Significant medical comorbidities

Current LVADs include the HeartMate II, which utilizes an axial flow
pump and lies extrapericardial; the HeartWare ventricular assist device, an
intrapericardial centrifugal flow pump whose impeller is partially
magnetically levitated; and the HeartMate 3 (Figure 41.1), an
intrapericardial centrifugal flow pump with a fully magnetically levitated
impeller. The HeartMate 3 is currently favored over the two older devices
because of lower risk of pump thrombosis, with fewer than 2% of HeartMate
3 LVADs complicated by pump thrombosis as compared to 14% of axial
flow LVADs in a recent seminal trial.7



FIGURE 41.1: HeartMate 3 left ventricular assist device.

General Mechanics
Current LVADs are continuous rather than pulsatile flow devices. LVAD
flow depends on preload, afterload, and pump speed; pump speed is
programmed by the cardiologist and is individualized based on patient
factors. A pressure differential exists between the inflow cannula in the left
ventricle and the outflow cannula in the aorta that the LVAD must pump
against. Higher flow is generated during ventricular systole, when the
difference between left ventricular and aortic pressure is smallest.8 Flow is
estimated by the device from the set pump speed and measured power usage.
The pulsatility index measures the difference between maximum and
minimum flows over time and is affected by several factors, including pump



speed, volume status, left ventricular afterload, and right ventricular
function.

Common Left Ventricular Assist Device Alarms
Many LVAD alarms relate to issues with flow. High-power alarms may
occur if there is obstruction in the pump, as seen in pump thrombosis where
power increases in an attempt to maintain pump speed. Low-flow alarms
may be seen in states of low circulating volume or with obstructive events
such as cannula obstruction and cannula tamponade. Suction event alarms
occur when the inflow cannula pulls against the intraventricular septum,
such as when left ventricular preload is insufficient to meet the demands of
pump speed. Both these events often are initially treated with a volume
infusion; suction events may also respond to decreasing the pump speed.

LEFT VENTRICULAR ASSIST DEVICE PATIENT CARE IN
THE INTENSIVE CARE UNIT SETTING
Blood Pressure and Left Ventricular Assist Devices
Many LVAD patients do not have a palpable pulse, making traditional blood
pressure measurement using an automated cuff or auscultation not possible.
Accordingly, blood pressure is typically assessed using a Doppler probe; this
“opening pressure” approximates the mean arterial pressure (MAP) in
patients with low pulsatility.9 In the rare patient with significant residual
heart contractility, a palpable pulse may be felt and measured with an
automated cuff. In these patients, if a Doppler probe is used, the “opening
pressure” more closely approximates the systolic blood pressure than the
MAP. An arterial line may also be used in critical care settings. Goal MAP is
70 to 90 mm Hg, with hypotension defined as MAP less than 60 mm Hg.10

Both hyper- and hypotension should be avoided. Higher afterload from
poorly controlled hypertension leads to decreased flow through the LVAD
and is associated with an increased risk of stroke, thromboembolic events,
and aortic insufficiency.11 In cases of hypotension, vasopressors and
inotropes may be used in consultation with a heart failure cardiologist, but
ultimately the cause of hypotension should be addressed.



Anticoagulation
All LVAD patients are anticoagulated with antithrombotic and antiplatelet
agents. Aspirin and warfarin are used in the outpatient setting, with typical
target international normalized ratio (INR) of 2 to 3. Intravenous
unfractionated heparin and enoxaparin are used as bridge therapies for
procedures or subtherapeutic INR. In cases of heparin-induced
thrombocytopenia, direct thrombin inhibitors replace heparin.6 Direct oral
anticoagulants such as apixaban have not been formally studied in LVAD
patients.

Cardiopulmonary Resuscitation
There is a theoretical concern that standard chest compressions could
dislodge the LVAD cannula, though two small studies showed no cannula
dislodgement after cardiopulmonary resuscitation (CPR).12,13 Because LVAD
patients are often pulseless, assessing cardiac arrest can be challenging, and
blood pressure should be measured using a Doppler probe. Indications for
chest compressions include hypotension with unresponsiveness or no flow
through the LVAD, and CPR follows usual advanced cardiac life support
(ACLS) guidelines. Similarly, there are no contraindications to external
defibrillation or cardioversion.

LEFT VENTRICULAR ASSIST DEVICE COMPLICATIONS
Right-Sided Heart Failure
Right ventricular failure usually occurs in the first few weeks following
LVAD implantation, though late right ventricular failure can occur. There are
two major mechanisms for right ventricular failure. First, when the LVAD
offloads the left ventricle, the interventricular septum shifts to the left,
changing the shape of the right ventricle and reducing its contractility.
Second, when cardiac output from the left ventricle improves with LVAD,
the right ventricle must be able to match that cardiac output. This may be
difficult because many patients have concomitant right ventricular
dysfunction and also because long-standing left ventricular failure can lead
to pulmonary hypertension with resultant increased afterload on an already



compromised right ventricle.14 Management of right ventricular failure in an
LVAD recipient is beyond the scope of this chapter.

Pump Thrombosis
LVAD pump thrombosis is the formation of thrombus on the impeller. LVAD
power spikes and laboratory signs of hemolysis suggest pump thrombosis,
with lactate dehydrogenase more than 2.5 times the upper limit of normal
considered diagnostic.15 Other laboratory markers include hemoglobinuria
and elevated plasma-free hemoglobin. Pump thrombosis can also be
diagnosed with an echocardiogram by demonstrating failure to decompress
the left ventricle with increasing pump speeds or, in rare cases, by directly
visualizing a thrombus with contrast-enhanced computed tomography (CT)
imaging. Medical management includes intravenous anticoagulation with
unfractionated heparin or direct thrombin inhibitors, or even thrombolysis.
Surgery to exchange the LVAD may be indicated. Stenting can be done if the
thrombus is in the outflow cannula.11

Gastrointestinal Bleeding
LVAD patients are prone to gastrointestinal (GI) bleeding because of
systemic anticoagulation and a propensity to develop arteriovenous (AV)
malformations, thought to be due to acquired von Willebrand syndrome
because of increased clearance of von Willebrand factor related to higher
shear stress in the LVAD,16 similar to the pathophysiology of aortic stenosis–
related GI bleeding. This may be particularly common with coincident CKD.
Management is similar to the general population, with careful risk
assessment of anticoagulation utilization.11,16 Octreotide and thalidomide are
emerging as potential therapies for refractory cases.

Stroke
LVAD patients are at high risk for both ischemic and hemorrhagic stroke.
Observational data suggest lower ischemic stroke risk with MAP less than
85 mm Hg as well as with use of antiplatelet agents and warfarin.11,17 The
most recent 2019 European Association for Cardio-Thoracic Surgery
(EACTS) guidelines recommend against systemic thrombolytics in LVAD



patients with acute ischemic stroke because of an unacceptably high
bleeding risk.11 Hemorrhagic stroke results in a 1-month survival of 45% and
1-year survival of 30%.18 Management is challenging, but typically involves
reversal of anticoagulation.11

Device Infections
Pump-related infections are the most common device-related complication
after the initial implantation period.2,3 Device infections can involve any part
of the LVAD and may result from infection elsewhere seeding the device or
may enter via the driveline. Skin flora, such as Staphylococcus aureus and
Staphylococcus epidermidis, accounts for over half of all infections.19,20

Treatment can be challenging, with prolonged treatment and sometimes
lifelong suppressive therapy required.19

LEFT VENTRICULAR ASSIST DEVICES AND THE KIDNEY
The interaction between the mechanical circulatory support provided by an
LVAD and kidney function is complex. While the majority of patients have
improved kidney function following LVAD implantation, over time this
improvement is not sustained (Visual Abstract 41.3).

Acute Kidney Injury and Acute Dialysis
LVAD patients are at high risk for acute kidney injury (AKI) and may
require kidney replacement therapy. AKI most often occurs in the
perioperative and immediate postoperative period following LVAD
implantation because of hemodynamic insults. Other AKI etiologies include
any cause of shock, right heart failure, and pump thrombosis. Mortality is
high among patients who develop AKI, reaching 75% in those requiring
dialysis.21,22 It is unclear if kidney failure itself causes increased mortality
risk or if kidney failure is a marker of multiorgan failure.23 If
hemodynamically unstable, continuous kidney replacement therapy may be
the initial modality, prior to transitioning to intermittent hemodialysis (IHD)
or peritoneal dialysis.



Maintenance Dialysis
Although many LVAD recipients who require acute kidney replacement
therapy will die, some will have recovery of kidney function, whereas others
will require maintenance dialysis. IHD is the most frequently used
maintenance modality, but peritoneal dialysis and daily home hemodialysis
are also options.23-25 The latter two modalities may be preferable given lower
ultrafiltration rates with resultant lower cardiac demand, particularly for
those with right ventricular failure.

Catheters are most frequently used for hemodialysis access in LVAD
patients receiving dialysis despite the high risk for infection and complexity
of bloodstream infections should they occur. Frequent catheter use reflects
the often acute nature of kidney injury as well as potentially limited vein
options because of procedures such as implantable cardiac devices with
transvenous leads and peripherally inserted central catheter (PICC)
placement for home inotropes. These procedures can damage vessels,
limiting AV fistula and graft options.26 If there are adequate vessels, an AV
fistula or graft should be considered; several reports describe successful AV
fistula creation in LVAD patients, even those without pulsatile flow,27-29

underscoring the importance of vein-sparing strategies in LVAD patients at
risk for kidney failure.

Erythropoiesis-stimulating agents (ESAs) are often avoided in LVAD
patients because of concern for increased risk of pump thrombosis, based on
an observational report of a dose-dependent increased risk of LVAD
thrombosis in ESA recipients with mean estimated glomerular filtration rate
(eGFR) >60 mL/min/1.73 m2 and without severe anemia.30 Given the
limitations of this report, it appears reasonable to consider ESA use in LVAD
patients with advanced kidney disease per current guidelines for kidney
failure populations, avoiding high-dose ESA administration. Care should be
individualized to each patient, weighing the potential risks and benefits.

Although many critically ill LVAD patients requiring kidney replacement
therapy will initially be started on continuous kidney replacement therapy
once hemodynamically stable, LVAD patients often will transition to IHD.
Particularly among those patients who remain critically ill in the intensive
care unit (ICU) setting, establishing and achieving a “dry weight” may be a
challenge. This is particularly notable given the cachexia that often occurs
with prolonged hospitalization.
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Volume assessment incorporates not only physical examination findings
but also data that may be available from existing right heart catheters and
data derived from the LVAD itself. As discussed earlier, blood pressure can
be monitored through an arterial line if present or via the Doppler pressure.
Pulsatility index can be used in conjunction with these methods to help
determine volume status but should not be used as the sole means of
assessing volume status. Recall that pulsatility index reflects the magnitude
of difference between the maximum and minimum LVAD flows over time.8

Higher preload can cause left ventricular distension leading to a higher
pulsatility index, thus suggesting hypervolemia; conversely, hypovolemia
can cause a lower pulsatility index.31 However, other factor such as high
afterload can cause high pulsatility index. Right ventricular failure,
tamponade, or pump thrombosis can cause low pulsatility index irrespective
of volume status.31,32 Recognizing these clinical factors that may impact the
pulsatility index and incorporating this with other existing data may help
optimize volume status.

CONCLUSIONS
Critically ill LVAD patients are complex, often have multiple organ
involvement, including acute kidney disease or CKD, and require a
multidisciplinary approach. A heart failure cardiologist with expertise in
LVAD patients should always be involved. LVAD patients with concurrent
kidney disease, particularly those on dialysis, have poor outcomes.
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Acute Kidney Injury in Liver Disease
Yan Zhong, Claire Francoz, Francois Durand, and Mitra K.
Nadim

INTRODUCTION
Acute kidney injury (AKI) is a common complication seen in cirrhotic
patients, occurring in approximately 50% of hospitalized cirrhotic patients.
In the setting of cirrhosis, vasoconstriction within the kidney along with
changes in systemic circulation (hypotension) result in decreased blood flow
to the kidneys and are central to the development of AKI. Early recognition
and diagnosis of AKI etiology are crucial in identifying appropriate
therapeutic measures.

PATHOPHYSIOLOGY
Current advances in our understanding of the pathophysiology of
hepatorenal syndrome (HRS) suggest the involvement of systemic
inflammation and intrarenal circulatory changes in parallel with systemic
and splanchnic circulatory changes (Figure 42.1).1,2 In decompensated
cirrhosis, the increased cardiac output no longer meets the demand of
systemic vasodilation effect, resulting in low effective volume and
subsequent activation of renin-angiotensin-aldosterone system (RAAS),
sympathetic nervous system (SNS), and vasopressin. As liver failure
proceeds with unchecked systemic vasodilation, the potent vasoconstriction
effect from RAAS, SNS, and vasopressin overrides the vasodilation effect of
prostaglandins, causing circulatory failure within the kidney.



FIGURE 42.1: Mechanisms contributing to acute kidney injury (AKI) in decompensated
cirrhosis. In decompensated cirrhosis several factors such as sepsis, gastrointestinal (GI)
bleeding, hypovolemia from diuretics, and diarrhea result in decreased effective volume and
profound splanchnic/systemic vasodilation, resulting in subsequent activation of renin-
angiotensin-aldosterone system (RAAS), sympathetic nervous system (SNS), and arginine
vasopressin (AVP). Together with insufficient increase in cardiac output, the potent
vasoconstrictor systems cause circulatory failure within the kidneys leading to the
development of hepatorenal syndrome (HRS). In addition, systemic inflammation induced by
gut bacterial translocation results in activation of circulating proinflammatory cytokines as
well as increased levels of vasoactive factors. These inflammatory mediators may lead to
further impairment of circulatory dysfunction, aggravating the development of HRS.

Alterations of gut permeability, a characteristic feature of portal
hypertension, facilitate translocation of bacteria and bacterial products,
which result in increased levels of circulating proinflammatory cytokines as
well as increased levels of vasoactive factors. These inflammatory mediators



may lead to further impairment of circulatory dysfunction, aggravating the
development of HRS.2

ASSESSMENT OF KIDNEY FUNCTION
Serum creatinine (sCr) remains the basis of existing clinical definitions of
AKI and is a key component in the Model for End-Stage Liver Disease
(MELD) score. However, in patients with cirrhosis, sCr overestimates
glomerular filtration rate (GFR) because of a combination of decreased
creatine production by the liver, protein calorie malnutrition, muscle
wasting, and large volume of distribution in the setting of fluid overload.
Thus, sCr within the normal range does not exclude kidney impairment.
Cystatin C is less affected by age, gender, and muscle mass compared with
sCr and appears to detect AKI earlier than sCr. However, it remains costly
and not widely available. The clearance of inulin or radioisotopes is
considered the gold standard for GFR assessment. Nevertheless, they are not
routinely used in clinical practice and have not been rigorously studied in
patients with advanced cirrhosis and ascites. When properly performed,
timed urinary collection of creatinine and urea overcomes some of these
limitations. However, these are subject to inaccurate or incomplete
collection, primarily because of increased tubular secretion of creatinine as
GFR declines.

In patients with cirrhosis, the precision of all estimated GFR (eGFR)
equations is poor and tends to overestimate true GFR, especially in patients
with GFR less than 40 mL/min. Modified Diet in Renal Disease 6 (MDRD-
6) equation has been shown to be the most accurate creatinine-based
equation in cirrhosis.3 More recently, however, in a single-center study of
over 10,000 iothalamate samples, GRAIL equation (glomerular filtration rate
assessment in liver disease; www.bswh.md/grail) demonstrated more
precision and less bias compared with MDRD-6 equation in patients with
low GFR and correctly classified 75% of the cohort as having a measured
GFR less than 30 mL/min/1.73 m2 versus 52.8% in MDRD-6 (p < 0.01).4

DEFINITION OF ACUTE KIDNEY INJURY AND
HEPATORENAL SYNDROME

http://www.bswh.md/grail


In 2010, the Acute Disease Quality Initiative (ADQI) proposed a new
definition for AKI in patients with cirrhosis, which was based on the Acute
Kidney Injury Network (AKIN) criteria.5 In 2015, the International Club of
Ascites (ICA) revised the definition of AKI on the basis of the Kidney
Disease Improving Global Outcomes (KDIGO) sCr criteria alone and
included changes to the definition of baseline sCr and HRS.6 According to
the ICA criteria, the most recent sCr value within the past 3 months should
be considered as baseline sCr. As a result of the change in definition of AKI,
the definition of HRS was also modified and, instead of the traditional
definition of using a fixed sCr cutoff value greater than 1.5 mg/dL, it is
defined on the basis of KDIGO definition of AKI for sCr. Other criteria for
HRS, which is unchanged from previous criteria, include (a) no response
after 2 consecutive days of diuretic withdrawal and plasma volume
expansion with albumin, (b) absence of shock, (c) no current or recent use of
nephrotoxic drugs, (d) no signs of structural kidney injury as indicated by
proteinuria (>500 mg/d), microhematuria (>50 red blood cells per high-
power field), and/or abnormal kidney ultrasonography. In addition, the acute
form of HRS, previously HRS-1, has been renamed AKI-HRS and the more
chronic form, previously HRS-2, has been renamed chronic kidney disease
(CKD)-HRS. Although oliguria was not included in the current definition of
AKI in patients with liver disease, urine output has been found to be a
sensitive and early marker for AKI and to be associated with adverse
outcomes in critically ill patients.7 A recent international consensus meeting
on the management of critically ill cirrhotic patients has recommended that
regardless of any rise in sCr, oliguria (urine output <400 mL/24 hr) should
be considered as AKI in patients with cirrhosis until proven otherwise.8

ETIOLOGY OF KIDNEY DYSFUNCTION
The most common causes of AKI in hospitalized patients are prerenal
azotemia (majority because of hypovolemia-induced AKI and only one-third
because of HRS), followed by acute tubular necrosis (ATN). The cause of
AKI is generally distinguished by the preceding history as well as urinalysis
and response to diuretic withdrawal and volume challenge. A trial of volume
expansion should be initiated, both as a potential therapeutic measure and as
a diagnostic tool (in differentiating HRS-AKI from other forms of prerenal
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azotemia). Fluid choices include blood (in cases of GIB), isotonic crystalloid
(in cases of diarrhea or overdiuresis), and albumin (in cases of HRS, SBP, or
unknown precipitant) (Figure 42.2). However, these criteria may be
misleading in certain circumstances such as presence of CKD or recent
diuretic use. Recent studies have suggested the use of urine biomarkers, in
addition to urine microalbuminuria or fractional excretion of sodium, to
enable differentiation between HRS versus ATN.9,10 However, in all these
studies, the diagnosis of ATN was based on nonspecific criteria without a
gold standard (biopsy) and therefore should be interpreted with caution. In
addition to the above-mentioned causes of AKI, patients with liver disease
may present with a variety of specific conditions affecting the kidneys that
should be considered when evaluating patients with AKI (Table 42.1).

FIGURE 42.2: Algorithm for evaluation and management of acute kidney injury (AKI). ACS,
acute coronary syndrome; BPH, benign prostatic hyperplasia; GI, gastrointestinal; HRS,
hepatorenal syndrome; RF, kidney failure; KRT, kidney replacement therapy; sCr, serum
creatinine.

Renal Conditions Associated With Liver Disease

Liver Disease Renal Condition

Hepatitis C MPGN; membranous nephropathy; cryoglobulinemia;



tubulointerstitial nephritis; fibrillary GN; IgA nephropathy

Hepatitis B Membranous nephropathy; FSGS; MPGN; polyarteritis
nodosa; IgA nephropathy

Alcoholic cirrhosis IgA nephropathy

Primary biliary cirrhosis Distal RTA; tubulointerstitial nephritis; ANCA positive
vasculitis; anti-GBM disease; membranous nephropathy;
microscopic polyangiitis

Primary sclerosing
cholangitis

Membranous nephropathy; MPGN; ANCA positive vasculitis

Nonalcoholic
steatohepatitis (NASH)

Diabetic nephropathy

Autoimmune hepatitis Immune complex GN; RTA

Hyperbilirubinemia Bile cast nephropathy

ANCA, antineutrophil cytoplasmic antibody; FSGS, focal-segmental glomerulosclerosis;
GBM, glomerular basement membrane; GN, glomerulonephritis; IgA, immunoglobulin A;
MPGN, membranoproliferative glomerulonephritis; PCKD, polycystic kidney disease; RTA,
renal tubular acidosis.

PREVENTION OF ACUTE KIDNEY INJURY
It is important to identify and remove potential precipitating agents in the
development of AKI/HRS and to prevent factors that further impair
circulatory status and reduce kidney perfusion. Cautious use of diuretics,
albumin infusion during large-volume paracentesis (6-8 g/L of ascitic fluid
removed over 5 L), antibiotic prophylaxis following GI bleeding, early
administration of broad-spectrum antibiotics have all been shown to reduce
the incidence of HRS. Long-term administration of albumin in patients with
decompensated cirrhosis has been shown in a large randomized controlled
trial to be associated with reduced rates of spontaneous bacterial peritonitis
(SBP), bacterial infections other than SBP, HRS-1, kidney dysfunction as
defined by sCr greater than 1.5 mg/dL, and improved survival.11

TREATMENT OF ACUTE KIDNEY INJURY
Volume expansion is crucial not only in the treatment but also in the
differential diagnosis of etiology of AKI. The type of fluid needed for
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resuscitation should be tailored on the basis of the cause of AKI and volume
status of the patient (Figure 42.2). It is imperative to exercise caution when
administrating fluids in cirrhotic patients with AKI to avoid development of
fluid overload and pulmonary edema.

Pharmacologic Therapy
Once a diagnosis of HRS is made, the goal of medical therapy is to improve
systemic hemodynamics with vasoconstrictors and restore effective
circulatory volume with albumin (Table 42.2). It is recommended to use
concentrated albumin 1 g/kg with a maximum of 100 g initially followed by
doses of 20 to 40 g/d. Choice of vasoconstrictors is guided by location of
hospitalized patients (ICU vs general ward) and availability because
terlipressin is currently not available in many countries, including the United
States. Several randomized controlled trials have shown that the combination
of terlipressin and albumin (given at an initial dose of 1 g/kg of 20%-25%
albumin, followed by daily doses of 20-50 g) was more effective than
albumin alone in HRS reversal (Visual Abstract 42.1 and 42.2). For
critically ill patients and those in the ICU, combination treatment with
norepinephrine (goal 10-15 mm Hg increase in mean arterial pressure) and
albumin may be used. However, no significant difference has been noted
comparing terlipressin with noradrenaline.12 For patients on the ward,
especially in countries where terlipressin is not available, a combination of
midodrine 7.5 to 12.5 mg orally thrice daily (an orally administered alpha-
adrenergic agonist) and octreotide 100 to 200 μg subcutaneously thrice daily
(a long-acting somatostatin analog) may be used to reduce portal
hypertension and splanchnic vasoconstriction. Predictors of response include
increase in mean arterial pressure of greater than 5 mm Hg, initiation of
vasoconstrictors when sCr is less than 5 mg/dL, and serum bilirubin less
than 10 mg/dL. Treatment with vasoconstrictors should be discontinued if
there is no improvement in sCr after 5 to 7 days, in patients initiated on
kidney replacement therapy (KRT), or in those who exhibit side effects.

Vasoconstrictors for the Treatment of Hepatorenal
Syndrome
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Time-Limited Trial of Kidney Replacement Therapy
Initiation of KRT in patients who are not transplant candidates, especially
those with HRS, has been controversial. However, the severity of illness and
number of organ failure in patients with acute on chronic liver failure have
been shown to be more predictive of mortality than etiology of AKI.13,14 As
such, the authors believe that a trial of KRT in selected patients should be
considered regardless of transplant candidacy or etiology of AKI. The
initiation of KRT should be made on clinical grounds (Table 42.3) and
should be considered in the broader clinical context, for therapeutic and/or
supportive treatment of “non-kidney” indications, before overt complications
from AKI have developed, and the threshold for initiation should be lowered
when AKI occurs as part of multiorgan failure.8,15 Continuous KRT should
be preferred to other modalities in patients with severe hemodynamic
instability.

Considerations for Initiation of Kidney
Replacement Therapy in Patients With Liver

Disease

Acute kidney injury
Fluid overload with or without pulmonary edema with failure to achieve negative fluid
balance
Patients at risk of developing fluid overload (e.g., need for massive blood products,
TPN, high-volume antibiotics)
Severe/life-threatening electrolyte and acid-base abnormalities
Diuretic resistant/intolerant



1.

2.
3.

4.

5.

6.

7.

8.

9.
10.

11.

12.

13.

14.

15.

Uremic complications—pericarditis, bleeding, pericardial effusion, encephalopathy
Hyperammonemia (>100-120 mmol/L) with or without hepatic encephalopathy in setting
of fulminant liver failure

TPN, total parenteral nutrition.
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Abdominal Compartment Syndrome
Anis Abdul Rauf, Joel M. Topf, and Emily Temple-Woods

INTRODUCTION AND DEFINITIONS
Abdominal compartment syndrome is characterized by elevated pressure in
the abdomen with consequent end-organ damage and is an important cause
of morbidity and mortality in patients with intra-abdominal pathology and
trauma. Kidney failure is characteristic of the syndrome along with
cardiovascular collapse.5

The World Society of the Abdominal Compartment Syndrome (WSACS)
has established consensus definitions of intra-abdominal pressure (IAP),
intra-abdominal hypertension (IAH), and abdominal compartment syndrome
(ACS).1

Measurement of IAP is performed using an intravesical pressure catheter.1

IAP measurements are affected by patient positioning, respiratory cycle, and
abdominal muscle contractions; therefore, IAP must be measured in the
midaxillary line when the patient is supine, at end-expiration, without
abdominal muscle contractions.1-3

In the normal state, IAP averages 5 to 7 mm Hg, rising to 10 mm Hg in
the critically ill.1,4 IAH is defined as sustained or repeated pressures of more
than 12 mm Hg, and ACS occurs when IAP exceeds 20 mm Hg and there is
a concomitant organ failure (e.g., new acute kidney injury [AKI]). The
abdominal perfusion pressure (APP) is equal to the mean arterial pressure
(MAP) minus the IAP; an APP less than 60 mm Hg is not necessary to
diagnose ACS but is a supporting finding.1

In critically ill adult patients, IAH is associated with increased morbidity
and mortality because of subsequent multiple organ failure, particularly



cardiovascular collapse and AKI.5 In a meta-analysis of 1,669 patients from
19 distinct centers, Malbrain and colleagues demonstrated that IAH is an
independent predictor of mortality in critical illness (relative risk [RR] =
1.85; 95% confidence interval [CI]: 1.12-3.0; p = 0.01).6 The earliest
manifestation of IAH is AKI.5,7

ETIOLOGY AND PATHOPHYSIOLOGY
The causes of IAH and subsequent ACS are categorized by the underlying
pathophysiology:

1. Diminished compliance of the abdominal compartment;
2. Increased intra-abdominal or intraluminal contents;
3. Third-spacing or other body water imbalances;
4. Increased thoracic pressure.1

The abdomen can be thought of as a simple compartment with partially
compliant borders at the diaphragm and anterior abdominal wall. Any
condition that decreases the compliance of the diaphragm or the anterior
abdominal wall will increase IAH.8 As volume in the abdomen begins to
increase, the abdominal wall begins to compensate by stretching, ultimately
changing the shape of the abdomen in the coronal section from an oval to a
circle. Once the rectus abdominis and its attendant fascia are maximally
stretched, further increase in the abdominal volume leads to rapid increase in
IAP.4

The most common cause of IAH and ACS is abdominal adipose tissue and
severe edema. Abdominal fat (visceral or subcutaneous) and edema cause
the compartment to assume a circular coronal section even at normal IAPs,
allowing a brisk progression from normal IAP to frank ACS. Eschars and
adhesions decrease overall compliance by preventing the compartment from
changing shape in response to increased intracompartmental volume.
Similarly, diaphragmatic flattening secondary to chronic obstructive
pulmonary disease (COPD) decreases the cephalad compliance of the
compartment.4

The thoracic compartment and abdominal compartment are separated by
the diaphragm, and increases in IAP will decrease the thoracic compliance
and increased thoracic pressure will decrease abdominal compliance. Many
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critically ill patients have increased thoracic pressure because of ventilatory
demands. Risk factors for the transmission of high thoracic pressure to the
abdominal compartment include use of positive pressure ventilation, high
positive end-expiratory pressure (PEEP), auto-PEEP, and elevation of the
head of the bed by more than 30 degrees.9,10

At the vascular level, IAH is characterized by an initial compression of
microvasculature, largely affecting the capillaries. As pressure builds up in
the capillary beds, venous flow is impaired and arterial flow decreases. As
IAP rises, the inferior vena cava (IVC) is compressed in the abdomen,
resulting in further venous congestion. The transmission of pressure from the
abdominal compartment to the thoracic compartment via the diaphragm also
causes direct compression on the heart, causing tamponade-equivalent
physiology (impaired filling and decreased contractility). All of these
mechanisms result in visceral ischemia. Furthermore, venous congestion in
both the splanchnic and portal circulation leads to edema and increases intra-
abdominal volume, further increasing IAH in a positive feedback loop.5

Risk Factors
Table 43.1 demonstrates several established risk factors for the development
of ACS.

Risk Factors for the Development of ACS



DIAGNOSIS
The diagnosis of IAH and ACS depend on consistent and timely
measurement of IAP, not physical exam or lab findings.1,15 IAH and ACS do
not have any consistent physical signs or lab abnormalities beyond those
derangements that typically indicate end-organ damage. Furthermore,
WSACS recommends serial measurement of IAP (every 4 hours) in patients
at risk and in those who have an elevated IAP.1 Measurement of femoral
venous pressure (FVP) is not an adequate substitute for intravesical
measurement of IAP, but FVP or intragastric manometry can be used as an
estimate when intravesical measurement is contraindicated.8,16

Signs of IAH and ACS are manifestations of end-organ failure. In
critically ill patients, with multiple etiologies of organ damage, other
pathophysiologic processes may obscure signs of ACS.



PREVENTION
In a patient with IAH who has not yet progressed to ACS, early intervention
to reduce IAP and thereby optimize perfusion to the abdominal viscera is
essential. Monitoring and minimizing fluid excess can help prevent increases
in IAP. WSACS recommends a goal IAP of less than 15 mm Hg.1 APP may
be a superior predictor of survival and surgical intervention than IAP.5,17

Fluid Balance
Avoiding excessive resuscitation and hewing to goal-directed fluid
resuscitation principles can prevent fluid-based iatrogenic ACS.1,8 Increased
IAP causes IVC compression, mimicking the appearance of hypovolemia.
Similarly, decreased thoracic compliance will cause an increase in pulse
pressure variation (PPV), which could be mistaken for fluid-responsive
hypotension. Therefore, in cases where there is known IAH, PPV and IVC
diameter are not reliable indicators of hemodynamic status and can be
misinterpreted, leading to fluid overload.8

Zero to negative fluid balance by day 3 of admission with the use of
hypertonic fluids and colloids in cases where fluid resuscitation is indicated
may prevent the development or worsening of IAH.1 In service of
maintaining a zero to negative fluid balance, judicious diuresis or
hemodialysis with high ultrafiltrate is also recommended.1,8

Abdominal Wall Compliance
Increasing the compliance of the abdominal wall can lower IAH. High
abdominal muscle tone, which may be due to pain and anxiety, can increased
IAP. Therefore, relief of symptoms, including sedation and neuromuscular
blockade, can substantially increase abdominal wall compliance.1,8

Body positioning can also contribute to IAH, particularly elevating the
head of the bed over 30 degrees and prolonged hip flexion. Abdominal
binders are associated with increased IAP and are contraindicated in IAH.1,4,8

In the setting of postoperative IAH, an escharotomy to increase wall
compliance may be indicated.1



Use of the Open Abdomen
Prophylactic use of the open abdomen may be indicated in trauma patients or
postoperative patients with ACS. This may be needed in those with extreme
intraoperative visceral or retroperitoneal swelling. In these cases, negative
wound pressure systems can be used for temporary closure, but these
patients require multiple repeat procedures every 48 hours.8 The
prophylactic open abdomen is contraindicated in septic patients.

Enteral and Intraperitoneal Volume
Acutely increased enteral volume is a risk factor for developing IAH and
ACS. Depending on whether the increased volume is in the upper or lower
gastrointestinal (GI) tract, mechanical decompressive treatment or use of
prokinetic drugs may be useful.8

Nasogastric (NG) tubes are appropriate when other indications are
present; there is no evidence for the efficacy of upper GI decompression as
prophylaxis for IAH.1,4,18 Enemas and rectal tubes can be used to decompress
the lower GI tract.1,5 Minimizing or discontinuing enteral feeding is also
appropriate.5 Colonoscopic decompression can be used in cases of Ogilvie
syndrome or pseudo-obstruction; it is also useful when prokinetic agents
have failed to produce substantial enteral decompression.1,4

Neostigmine is a potentially appropriate agent for the treatment of colonic
ileus in the setting of IAH.19 Other prokinetic agents include cisapride,
metoclopramide, and erythromycin.1,4 Paracentesis is not superior to
decompressive laparotomy; however, removal of space-occupying lesions in
the abdomen (e.g., hematoma over 1 L in volume) can be therapeutic.1,4,8

Ventilator Management
Because intrathoracic pressures are transmitted via the diaphragm to the
abdominal compartment, appropriate management of airway pressures can
be an important adjunct to preventing ACS. Notably, though the presence of
PEEP in mechanically ventilated patients will increase IAP, it is not clear at
what point this becomes clinically relevant.8



NATURAL HISTORY AND SEQUELAE
Left untreated, the natural history of ACS tends toward unavoidable death.
Even when promptly and appropriately treated, IAH has a number of clinical
sequelae, all of which can be characterized as different forms of end-organ
damage.

Gastrointestinal and Hepatobiliary
Compression of the enteric lumen occurs relatively early on in the
development of IAH provided that the ultimate cause of elevated IAP is not
increased enteric volume. Edema of the bowel wall occurs as a sequela of
ischemia because of splanchnic vascular resistance or positive fluid balance.
The liver is similarly affected, with direct compression and vascular
compression causing ischemia.5,8

Kidney
The etiology of AKI with ACS is multifactorial. Increased high pressure in
the renal veins impedes glomerular blood flow and activates the renin-
angiotensin-aldosterone system, causing vasoconstriction. Increased IAP is
transmitted to the renal parenchyma and tubules, further damaging the
kidneys.5,8

Respiratory
As IAP increases, the pressure is transmitted to the thoracic compartment,
reducing pulmonary compliance by approximately 50% and increasing
plateau, peak, and mean airway pressures, reducing tidal volume. It also
causes a loss of functional residual capacity by direct compression of the
lung parenchyma. The sum of these effects is a significant ventilation-
perfusion mismatch.5,8

Cardiovascular
The increased pulmonary pressures of ACS increase right ventricular
afterload and decreases pulmonary venous return, impairing cardiac output.



Compression of the IVC decreases preload, further decreasing cardiac
output.8 Compression of the IVC causes high pressures in the lower
extremity venous system and increased arterial resistance, reducing blood
flow to the lower extremities.8

Neurologic
Increases in IAP are associated with increased intracranial pressure (ICP)
and a concomitant decrease in cerebral perfusion pressure (CPP).20 This is
thought to be the result of caval compression causing high pressures in the
jugular vein and therefore cerebral vascular congestion.8

TREATMENT
Cases of primary ACS—that is, those caused by a primary abdominopelvic
pathology—may occur despite the clinician’s best efforts at prevention. In
these cases, the WSACS recommends urgent decompressive laparotomy
with delayed closure and negative pressure wound care system placement
rather than conservative measures.1 The treatment of ACS is decompressive
laparotomy.8 A protocol for dealing with increased IAP and steps for medical
management are described in Figures 43.1 and 43.2.



FIGURE 43.1: IAH/ACS management algorithm.
Adapted from Kirkpatrick AW, Roberts DJ, De Waele J, et al. Intra-abdominal hypertension
and the abdominal compartment syndrome: updated consensus definitions and clinical
practice guidelines from the World Society of the Abdominal Compartment Syndrome.
Intensive Care Med. 2013;39(7):1190-1206. doi:10.1007/s00134-013-2906-z. © 2014 World
Society of the Abdominal Compartment Syndrome. All rights reserved.



FIGURE 43.2: IAH/ACS medical management algorithm. ACS, abdominal compartment
syndrome; IAH, intra-abdominal hypertension.
Adapted from Kirkpatrick AW, Roberts DJ, De Waele J, et al. Intra-abdominal hypertension
and the abdominal compartment syndrome: updated consensus definitions and clinical
practice guidelines from the World Society of the Abdominal Compartment Syndrome.
Intensive Care Med. 2013;39(7):1190-1206. doi:10.1007/s00134-013-2906-z. © 2014 World
Society of the Abdominal Compartment Syndrome. All rights reserved.

In cases where surgical management is not possible, medical measures of
prevention may also be employed toward treatment. In these cases, APP is
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the most appropriate indicator of resuscitative success, superior to MAP or
IAP alone, arterial pH, base deficit, lactic acid, and urinary output.
Cheatham et al., performed multivariate regression analysis of APP as an
endpoint in a prospective study of 149 surgical intensive care unit (SICU)
and trauma patients and found it to be superior to these other resuscitative
endpoints for predicting survival in patients with IAH (p = 0.002).17 The
importance of APP as a treatment target opens up the viability of increasing
MAP through the use of pressors to temporarily manage ACS. Some experts
suggest targeting an MAP of 60 mm Hg + IAP.21

When choosing to manage ACS with decompressive laparotomy or
paracentesis, there is a possibility of hypotension and cardiovascular
collapse because of the sudden decrease in abdominal pressure. This occurs
because of the sudden drop in systemic vascular resistance (SVR) and the
critically ill patient’s inability to compensate appropriately. An element of
reperfusion injury is also hypothesized to be contributory in any
decompressive mode of treatment or resuscitation in these patients.8
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Contrast-Associated Acute Kidney Injury
Winn Cashion and Steven D. Weisbord

INTRODUCTION
Acute kidney injury (AKI) is a widely recognized complication of
intravascular iodinated contrast media exposure. Contrast-associated AKI
(CA-AKI) typically manifests as a small, transient decrease in kidney
function that develops within 4 days of contrast administration. CA-AKI
associates with serious adverse outcomes, including death and long-term loss
of kidney function; however, a causal connection remains unproven. This is
important considering growing evidence that clinically indicated, potentially
life-saving angiographic procedures are underutilized in patients with
chronic kidney disease (CKD) and acute coronary syndrome (ACS), likely
because of concern by providers of precipitating CA-AKI. As patients
hospitalized in the intensive care unit (ICU) frequently require contrast-
enhanced imaging for diagnostic and therapeutic purposes, ICU providers
should have a sound understanding of the risk factors for, outcomes
associated with, and empiric evidence for the prevention of this iatrogenic
complication.

PATHOPHYSIOLOGY AND INCIDENCE OF CONTRAST-
ASSOCIATED ACUTE KIDNEY INJURY
Effects of intravascular contrast administration that are believed to underlie
the pathophysiology of CA-AKI include mismatch of oxygen supply and
demand in the renal medulla where the partial pressure of oxygen is
particularly low, direct epithelial cell toxicity, and oxygen free radical



generation that augments tubular epithelial injury (Figure 44.1). The
incidence of CA-AKI varies on the basis of the patient population being
studied, type of procedure performed, and the threshold increase in serum
creatinine (sCr) used to define AKI. Among patients with stage 3 and 4
CKD, Weisbord et al found that CA-AKI, defined by an sCr increase of 25%
or more, developed in 13.2%, 8.5%, and 6.5% following nonemergent
noncoronary angiography, coronary angiography, and contrast-enhanced
computed tomography (CT), respectively.1 Among patients hospitalized in a
surgical ICU, Valette et al found that CA-AKI developed in up to 19% of
patients, whereas 10% of all patients required kidney replacement therapy.2

Case and colleagues’ review of epidemiologic research reported that the
incidence of CA-AKI ranged from 11.5% to 19% in ICU patients.3

Interpreting the incidence of CA-AKI requires recognition that increments in
sCr may occur simultaneously yet independently of iodinated contrast
administration. Bruce et al found that among CKD patients (defined as CKD
stages 1 to 5, including many patients with estimated glomerular filtration
rate [eGFR] >60 mL/min/1.73 m2), the incidence of AKI following CT
without contrast (8.8%) was comparable to that following contrast-enhanced
CT (9.7% with iso-osmolar iodixanol and 9.9% with low-osmolar iohexol).4

A series of more recent observational studies have questioned the
nephrotoxicity of iodinated contrast and raised the possibility that changes in
kidney function in patients undergoing contrast-enhanced procedures,
including in the ICU, are often due to factors other than intravascular
contrast.5-9 A meta-analysis by McDonald et al of 13 studies found that the
risk of AKI following contrast-enhanced radiographic procedures was
comparable to the risk following non–contrast-enhanced radiographic
procedures (relative risk = 0.79; 95% confidence interval [CI]: 0.62-1.02).10

In an observational study of 6,877 ICU patients, this same group found no
difference in AKI risk among those who received contrast (odds ratio [OR] =
0.88; 95% CI: 0.75-1.05) after propensity score adjustment.11

Methodological limitations of this research include its observational design
and likely unmeasured confounding. Nonetheless, these studies highlight the
fact that baseline fluctuation in sCr and causal factors unrelated to iodinated
contrast should be considered when estimating CA-AKI incidence,
particularly if defined by small sCr changes.



FIGURE 44.1: Pathophysiology of contrast-associated acute kidney injury (CA-AKI) involving
medullary hypoxia, direct tubular toxicity, and the injurious effects of reactive oxygen species.

RISK FACTORS FOR CONTRAST-ASSOCIATED ACUTE
KIDNEY INJURY
Risk factors for CA-AKI are categorized as patient related and procedure
related (Table 44.1). Underlying kidney impairment is the principal patient-
related risk factor.12 Diabetes amplifies the risk if CKD is present but does
not appear to increase the risk in patients with normal kidney function.
Absolute or effective intravascular volume depletion may magnify the effect
of contrast-induced renal vasoconstriction and increase CA-AKI risk.13,14

Similarly, the use of selective and nonselective nonsteroidal anti-
inflammatory medications, which inhibit the production of vasodilatory
renal prostaglandins, may increase CA-AKI risk.15 The use of large volumes
of contrast increases risk, although the threshold amount beyond which at-
risk patients are likely to experience kidney injury has not been definitively
determined.16-19 Repeated receipt of intravascular contrast over a short period
of time also confers increased risk. Low-osmolal contrast is less nephrotoxic
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than high-osmolal contrast; however, at present, it is generally believed that
there are no notable differences in risk of CA-AKI comparing iso-osmolal to
low-osmolal contrast.20 Finally, the risk appears to be higher following intra-
arterial compared with intravenous (IV) contrast exposure.

Contrast-Associated Acute Kidney Injury Risk
Factors

Patient Associated Procedure Associated

Impairment in kidney function, acute or
chronic

High-osmolal contrast

Diabetes mellitusa Large volume of contrast

Reduced intravascular volume Repeated contrast procedures

Concomitant nephrotoxic medications

aAugments risk in patients with underlying impairment in kidney function.

OUTCOMES ASSOCIATED WITH CONTRAST-
ASSOCIATED ACUTE KIDNEY INJURY
A multitude of studies have reported that CA-AKI is associated with
increased risk for short- and long-term mortality (Table 44.2).17,21-25

McCullough et al found that among patients undergoing percutaneous
intervention, those who developed CA-AKI were considerably more likely
to experience in-hospital death (7.1% vs 1.1%, p < 0.0001).17 Solomon et al
demonstrated an approximate 3-fold higher risk of death, stroke, myocardial
infarction, and/or end-stage kidney disease (ESKD) at 1 year among patients
who developed postangiography CA-AKI, compared with patients without
CA-AKI.26

Contrast-Associated Acute Kidney Injury (CA-
AKI) and Mortality



CA-AKI is also associated with prolonged hospitalization. Adolph et al
found that patients with CA-AKI were hospitalized an average of 2 days
longer than those without CA-AKI.27 Prolonged hospitalization with CA-
AKI leads to greater than $10,000 in increased costs according to a decision
analysis by Subramanian et al.28 CA-AKI is also associated with a more
rapid rate of progression of underlying CKD.29-32 Goldenberg et al
demonstrated that patients who manifested transient CA-AKI experienced a
larger loss of kidney function 2 years following angiography than patients
without CA-AKI (∆eGFR −20 ± 11 vs −6 ± 16 mL/min/1.73 m2, p = 0.02).30

Others have documented accelerated CKD progression in CA-AKI
patients.29,32 It is important to recognize that the causal nature of the



associations of CA-AKI with serious, adverse outcomes and increased costs
remains unproven. Rather than being a mediator of such outcomes, CA-AKI
may simply be a marker of patients more susceptible to these outcomes
through greater hemodynamic instability and diminished kidney reserve.
Recognizing this possibility is important given multiple publications
documenting the underutilization of clinically indicated and potentially life-
saving angiographic procedures in patients with CKD and ACS, likely due to
provider concern about precipitating CA-AKI. This practice, known as
“renalism,” was initially described by Chertow et al in a study of more than
57,000 patients with acute myocardial infarction in which those with CKD
were approximately 50% less likely to undergo coronary angiography than
were those without CKD.38 These findings were recapitulated in multiple
other publications.39-42 Although presumably well intentioned, the practice of
“renalism” may be iatrogenic given observational data demonstrating a
survival advantage in those with CKD who undergo coronary angiography
and revascularization, as well as American Heart Association/American
College of Cardiology clinical practice guidelines that support the use of
invasive coronary care in many CKD patients with ACS.38,41,43-45 In this
context and with the recognition that CA-AKI has not been causally linked
to adverse outcomes and, even if a causal connection indeed exists, that the
net benefit of the contrast-based cardiac intervention may outweigh the renal
risks, it is important that contrast-enhanced procedures are performed when
clinically indicated, albeit with the implementation of evidence-based
preventive care.

PREVENTION OF CONTRAST-ASSOCIATED ACUTE
KIDNEY INJURY
Once determined that a procedure with intravascular iodinated contrast is
required, focus should turn to implementing evidence-based preventive care.
Prior research has investigated four principal preventive approaches: (a)
kidney replacement therapies to remove intravascular contrast; (b)
identifying less nephrotoxic contrast media; (c) use of medications that
counteract the nephrotoxic effects of contrast; and (d) providing IV fluid to
mitigate the adverse renal hemodynamic effects and direct tubular toxicity of
contrast. Prophylactic hemodialysis has been shown to be potentially



TA B L E  4 4 . 3

deleterious and is not a recommended preventive approach.46 Data on the use
of continuous kidney replacement therapy are conflicting with insufficient
evidence to support this strategy. Over several decades, the chemical
properties of iodinated contrast have evolved. Older “high-osmolal” agents
were associated with a significantly elevated risk for CA-AKI compared
with “low-osmolal” contrast. Conversely, trials and meta-analyses
comparing low- and iso-osmolal contrast have been conflicting. As such,
clinical practice guidelines from the American College of
Cardiology/American Heart Association and European Society of Urogenital
Radiology recommend the use of either low- or iso-osmolal contrast.47,48

Multiple pharmacologic agents have been evaluated for CA-AKI
prevention. Some were found to be ineffective and in some cases potentially
deleterious (e.g., dopamine), whereas data on other agents are mixed, with
some studies demonstrating benefit and others no effect (Table 44.3).
Conflicting findings of numerous clinical trials and meta-analyses assessing
the effect of N-acetylcysteine (NAC) resulted in prolonged uncertainty on
the benefit of this vasodilatory antioxidant. The recently published
Prevention of Serious Adverse Events Following Angiography
(PRESERVE) trial, which enrolled 4,993 patients undergoing nonemergent
angiography, demonstrated that compared with oral placebo, 5 days of oral
NAC (600 mg twice daily) was not associated with a reduction in 90-day
death, need for dialysis, or persistent impairment in kidney function (OR =
1.02; 95% CI: 0.78-1.33) or CA-AKI, defined as an increase in sCr of
greater than or equal to 25% or 0.5 mg/dL at 4 days following angiography
(OR = 1.06; 95% CI: 0.87-1.28). Hence, there is presently no role for NAC
or other pharmaceutical interventions for the prevention of CA-AKI (Visual
Abstract 44.1).

Pharmacologic Agents Previously Tested for
Contrast-Associated Acute Kidney Injury

Prevention

Ineffective Indeterminate Effectiveness

Furosemidea Atrial natriuretic peptide

Dopaminea Theophylline/aminophylline



Fenoldopama Atorvastatin/rosuvastatin

Calcium channel blockers Prostaglandin analogs

N-acetylcysteine Allopurinol

Acetazolamide

aPotentially deleterious.

Recent research on IV fluid composition and the prevention of CA-AKI
has focused on the comparative effects of isotonic sodium bicarbonate and
isotonic sodium chloride. The initial trial by Merten et al enrolled 119
patients and showed a lower incidence of CA-AKI with IV isotonic
bicarbonate compared with IV isotonic saline (1.6% vs 13.6%, p = 0.02).49

This finding resulted in a proliferation of clinical trials and meta-analyses,
some reporting a lower incidence of CA-AKI with IV sodium bicarbonate
and others demonstrating no difference.27,31,50-64 To definitively address the
persistent clinical equipoise on the role of IV sodium bicarbonate, the
PRESERVE trial randomized high-risk patients to receive IV isotonic
sodium bicarbonate (N = 2,511) or IV isotonic sodium chloride (N = 2,482)
before, during, and following angiography.65 Compared with IV sodium
chloride, sodium bicarbonate did not result in a decrease in 90-day death,
need for dialysis, or persistent impairment in kidney function (OR = 0.93;
95% CI: 0.72-1.22) or in the incidence of CA-AKI (OR=1.16; 95% CI: 0.96-
1.41).65 Thus, given present data, IV isotonic crystalloid should be
considered the standard of care IV fluid intervention for the prevention of
CA-AKI and associated adverse outcomes.

Current Recommendations for the Prevention of
Contrast-Associated Acute Kidney Injury
For patients deemed at risk for CA-AKI, options for alternative imaging
techniques that do not require iodinated contrast but that provide comparable
diagnostic yield should be considered. Among those requiring intravascular
contrast, nonsteroidal anti-inflammatories should be discontinued before
contrast administration and held until CA-AKI has been ruled out. The
lowest required volume of either low- or iso-osmolal contrast should be
used. Isotonic IV sodium chloride should be administered before, during,



and after the procedure provided there is low risk for physiologically
detrimental volume overload (e.g., patient already in decompensated heart
failure before IV fluid load).65 For those who are hospitalized undergoing
nonemergent procedures, regimens that are appropriate include 1 mL/kg/hr
for 12 hours preceding, during, and following the procedure or 3 mL/kg/hr
for 1 hour before, 1 to 1.5 mL/kg/hr during, and 4 to 6 hours following
contrast exposure. The Prevention of Contrast Renal Injury with Different
Hydration Strategies (POSEIDON) trial demonstrated that administering IV
fluid to patients undergoing coronary angiography with elevated left
ventricular end-diastolic pressure is both effective and safe.66 Therefore,
isotonic IV sodium chloride should be administered to patients with
nondecompensated heart failure, albeit with careful monitoring for the
development of pulmonary congestion. Available data do not support the
discontinuation of diuretics or renin-angiotensin-aldosterone axis inhibitors
before contrast administration. Furthermore, there are insufficient data at
present to support the routine use of statins to mitigate the risk of CA-AKI.
In patients at risk for CA-AKI, including those receiving appropriate
preventive care, it is essential to assess sCr 48 to 96 hours following contrast
administration to determine whether CA-AKI has developed, thus alerting
the physician to provide supportive kidney care.

NEPHROGENIC SYSTEMIC FIBROSIS
Phenotype of Nephrogenic Systemic Fibrosis and
Gadolinium Toxicology
Nephrogenic systemic fibrosis (NSF, previously known as nephrogenic
fibrosing dermatopathy) is characterized by fibrosis of the skin and
connective tissues and can involve internal organs. The condition is
associated with the administration of gadolinium-based contrast media in
patients with severe impairment in kidney function in the setting of magnetic
resonance imaging (MRI).67,68 Gadolinium interferes with calcium metabolic
and signaling pathways, and NSF is characterized histologically by
fibroblast and macrophage infiltrates.69,70 Gold standard diagnosis requires
skin and soft tissue biopsy and clinical/histologic correlation.71

Free gadolinium itself is highly toxic. In gadolinium-based contrast agents
(GBCA), the gadolinium is complexed to a linear (group I) or macrocyclic



(group II) ligand, which very avidly binds gadolinium.70 Before the
recognition of NSF, gadolinium-enhanced MRIs were a preferred imaging
modality in patients with kidney disease owing to concern about
precipitating AKI with the administration of iodinated contrast media in this
population.70

Epidemiology of Nephrogenic Systemic Fibrosis
To date, a small number of NSF cases have been reported in the literature,
with few cases documented since 2009 when the association with GBCA
was established.72 The vast majority of NSF cases have occurred in patients
with ESRD, stage 5 CKD, or severe AKI, although rare cases in CKD stage
4 have been documented.68,73 Conversely, partial or complete NSF resolution
has been reported following AKI recovery or kidney transplantation.74,75

Despite gadolinium having been used since 1988, NSF was not
recognized until 2000 in a Lancet publication of 15 cases traced as far back
as 1997.76,77 The association with gadolinium was first suggested in 2006.78

Onset of NSF symptoms typically occurs within weeks to months of
gadolinium exposure, although cases as soon as the day of MRI and as late
as years later have been reported.70

The Food and Drug Administration (FDA) issued a boxed warning of
gadolinium risk in 2007, with a subsequent drop in the number of new NSF
cases being reported.79 For example, a 2019 systematic review of 173
publications and 639 patients with biopsy-confirmed NSF found that only 7
of the 639 cases occurred with gadolinium administered after 2008.72 There
is evidence that the risk for NSF is strongly dependent on the type of
gadolinium exposure; macrocyclic (group II) formulations have been
empirically shown to be at much lower risk. A 2020 meta-analysis of nearly
5,000 patients with CKD stage 4 to 5 and group II GCA exposure observed
no subsequent NSF cases.80

Hemodialysis to Potentially Prevent Nephrogenic
Systemic Fibrosis
Among critically ill patients, the decision to use GBCA in the setting of
advanced CKD or AKI needs to be individualized on the basis of the need
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for the imaging procedure and the assessed risk for NSF. When alternative
imaging that does not require GBCA is available and considered to be
equivalent in diagnostic capacity, it should be strongly considered. Among
patients in whom contrast-enhanced MRI is required, judicious gadolinium
volumes and gadolinium formulations associated with lower rates of NSF
should be used. In the past, there were recommendations to provide three
daily hemodialysis (HD) sessions to patient who were administered a GBCA
in order to reduce the risk of NSF;72 however more recent guidance from the
National Kidney Foundation and the American College of Radiology no
longer support this practice.81 Further there are no sound data on the use of
hemodialysis among patients who are not on this therapy before GBCA
administration or among those receiving chronic peritoneal dialysis.

CONCLUSION
The risks and benefits of iodinated and gadolinium contrast must be
balanced in individual patients. The administration of intravascular iodinated
contrast media is associated with AKI, an observation that has likely
contributed to the underutilization of indicated, contrast-requiring diagnostic
and therapeutic procedures in CKD patients. However, the causal nature of
these associations remains unproven and foregoing these procedures may
have harmful clinical implications. Therefore, patients with clinical
indications for procedures that require intravascular iodinated contrast who
are at increased risk for CA-AKI should undergo these procedures, albeit
with the implementation of evidence-based preventive care. The cornerstone
of prevention is periprocedural isotonic IV crystalloid. Additional well-
designed research is needed to determine if (and the extent to which) CA-
AKI mediates serious, adverse outcomes and, if so, to identify other
effective preventive care for this iatrogenic condition. The indication for
gadolinium-enhanced MRI, the specific gadolinium formulation, and the
contrast volume should be chosen to maximize MRI diagnostic yield while
minimizing NSF risk.
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Hypertensive Emergency
Waleed E. Ali and George L. Bakris

INTRODUCTION
Severe and major blood pressure (BP) elevations in adults are characterized
and defined based on the evidence of acute target organ damage.
Hypertensive emergencies, defined as a systolic BP greater than 180 mm Hg
and/or diastolic BP greater than 120 mm Hg with signs or symptoms of
acute end-organ damage.

By contrast, hypertensive urgencies are relatively or completely
asymptomatic despite BP elevation being in the same range. The treatment
approach is different where hypertensive emergencies require immediate
medical attention and treatment with intravenous (IV) antihypertensive
agents under close monitoring to ensure fast but controlled BP reduction in
order to protect target organ function. Hypertensive urgencies need gradual
BP reduction over longer time and ensuring adequate follow-up to improve
long-term hypertension control. This chapter discusses the pathogenesis,
epidemiology, and diagnostic approach of hypertensive emergencies and
urgencies and presents current pharmacologic options for the treatment of
these conditions.

A hypertensive emergency is defined as an acute increase in BP associated
with severe potentially life-threatening target organ damage, such as
coronary ischemia, dissecting aortic aneurysm, pulmonary edema,
hypertensive encephalopathy, cerebral hemorrhage, and eclampsia. In this
condition, hospitalization and admission to an intensive care unit (ICU) are
often required for prompt BP control within minutes to 1 hour using
parenteral drug therapy to limit end-organ damage.1



Hypertensive urgency is present in a clinical setting of significant BP
elevation without acute target organ dysfunction. Such patients require
neither hospitalization nor acute lowering of BP and can safely be managed
in the outpatient setting to gradually lower BP within hours with oral
antihypertensive drug therapy.2-4

ETIOLOGY AND PATHOGENESIS
Hypertensive emergencies and urgencies, that is, hypertensive crises, are
associated with adverse outcomes and higher rate of rehospitalizations and
utilization of the health care system. In this context, understanding the
etiology and risk factors is a first step in reducing health care burden.5 Box
45.1 illustrates the most common etiologies of hypertensive crises. Several
studies have evaluated characteristics of both the health care system and
patients’ behavior to address risk factors associated with hypertensive crisis.
It was reported that male sex, older age, and history of cardiovascular
comorbidities increase the likelihood of hypertensive crisis.6 Poor access to
health care and lack of insurance were also found to be strong predictors in
inner-city minority populations where financial challenges contribute to poor
BP control and subsequently hypertensive crisis.6,7

Box 45.1 Common Triggers of Hypertensive Crisis

Acceleration of chronic hypertension

Cardiovascular Conditions
Acute myocardial ischemia/infarction caused by coronary artery disease
Acute aortic dissection
Severe hypertension after coronary bypass or other vascular surgery

Kidney Conditions
Acute or rapidly progressive glomerulonephritis
Kidney-vascular hypertension
Kidney crises from scleroderma or collagen vascular disease

Neurologic Conditions
Hypertensive encephalopathy
Intracerebral hemorrhage
Subarachnoid hemorrhage
Acute head trauma



Excess Circulating Catecholamine Conditions
Pheochromocytoma crisis
Interactions of tyramine-containing foods with monoamine oxidase inhibitors
Rebound hypertension after sudden withdrawal of centrally acting α2-agonists
(clonidine, methyldopa, or other)
Use of sympathomimetic drugs (phencyclidine, phenylpropanolamine, cocaine, or
other)
Automatic hyperreflexia after spinal cord injury

Pregnancy-Related Condition
Preeclampsia and eclampsia

In some hypertensive crisis, a triggering factor or an underlying condition
is the clear cause of acute BP elevation (Box 45.1). However, in some cases,
it may be difficult to differentiate whether BP elevation is the cause or the
result of a hypertensive crisis. For example, in a patient with intracerebral
hemorrhage, an acute marked BP increase may be the primary cause;
alternatively, a hemorrhage of other etiology (i.e., coagulation deficit) may
have occurred, followed by BP elevation to preserve cerebral tissue blood
supply. Thus, a careful diagnostic evaluation of hypertensive emergencies
and urgencies is essential to guide proper treatment.

The precise pathogenesis of the hypertensive crisis is complex and
incompletely understood. However, at least two integrated mechanisms are
proposed to play a major role in the pathophysiology of the hypertensive
crisis. The first mechanism, believed to play a central role, is the failure of
the intrinsic capacity of blood vessels to dilate or to constrict in response to
changes in perfusion pressure, so-called autoregulation. Thus, arteries from
normotensive individuals can maintain flow over a wide range of mean
arterial pressures, 70 to 150 mm Hg, associated with systolic BP of around
90 to 180 mm Hg. Chronic BP elevations, however, cause compensatory
changes in the arteriolar circulation and allow hypertensive patients to
maintain normal perfusion at higher BP levels.8,9 Over time, these
compensatory mechanisms may lead to a progressive inability of the
arterioles to autoregulate properly.4,10,11

The second mechanism involves the activation of the renin-angiotensin
system (RAS) following kidney dysfunction and small arteriolar
nephrosclerosis as a result of chronically elevated BP. This, in turn, promotes



further vasoconstriction and thus generates a vicious cycle of endothelial
vascular injury and sustained elevation in BP. Consequently, these harmful
events increase tissue ischemia and ultimately lead to fibrinoid necrosis
(Figure 45.1).4,9

FIGURE 45.1: Hypertensive nephrosclerosis with fibrinoid changes—consequences of years
of poorly controlled hypertension. A: Effects of long standing very high blood pressures. B:
Fibrinoid necrosis.

Studies that examined the histologic and pathologic changes of patients
with hypertensive emergency–related nephropathy demonstrated
characteristic structural kidney changes described as concentric
subendothelial edematous thickening (onion skin appearance) of small
arteries. Fibrinoid necrosis and thrombotic microangiopathy of small
arteries, albeit prevalent in many pathologic processes, are less common in
hypertensive emergencies.10

EPIDEMIOLOGY
Despite the importance and clinical implications of hypertensive crisis, the
exact incidence and burden of the disease remains controversial and varies
with the population under study. Previous reports estimated 1% to 2% of
individuals with hypertension develop hypertensive emergencies at some
point in their lives.12,13 A recent study investigated the incidence of
hypertensive emergency in the emergency department (ED) nationwide in
the period from 2006 through 2013.14 The authors reported an increase in the
total number of hypertensive emergencies by 16.2% per year from 2006 to
2013. In this study, among the diagnosis of acute organ damage, heart failure



was the most common presentation followed by stroke and cerebrovascular
complications.

Conversely, hypertensive urgencies are much more common and
accounted for 5% of patients presenting to the ED, either because of
uncontrolled BP or for some other reasons. One study found that
hypertensive urgencies were prevalent in 5% of patients in the outpatient
setting.15 In contrast to hypertensive emergencies, no study has concluded
that hypertensive urgencies pose a similar acute risk over short-term follow-
up. However, severely uncontrolled BP over extended period portends
adverse cardiovascular and kidney outcomes.16 In a study of 120 patients
with malignant hypertension and a median follow-up of 67 months, 24% of
the patients developed end-stage kidney disease (ESKD) and started dialysis
and another 7% had an estimated glomerular filtration rate (eGFR) decline
of 50% or more.17

DIAGNOSTIC EVALUATION
The primary goal of the diagnostic process is differentiation of a true
hypertensive emergency from a hypertensive urgency, because of the
different therapeutic approaches. To that goal, the diagnostic evaluation
should focus on targeted clinical history, attentive physical exam, and some
laboratory examinations to differentiate the two disorders and to identify and
rapidly assess the type and severity of ongoing target organ damage (Box
45.2). In some hypertensive emergencies, the history (e.g., acute head
trauma, preeclampsia, scleroderma) or overt symptoms and signs (e.g.,
chest/back pain, dyspnea, throbbing abdominal mass) may guide the
diagnosis, whereas in other cases (e.g., severe hypertension with altered
mental status), the evaluation is more comprehensive.

Box 45.2 Diagnostic Evaluation for Hypertensive Emergencies
and Urgencies

History

Symptoms, previous diagnoses, and treatment of cardiac, cerebral, kidney, and visual
damage
Intake of pressor agents: sympathomimetics, illicit substances



Physical Examination

Repeated blood pressure measurements (first measurement in both arms)
Cardiac
Pulmonary
Neurologic
Optic fundi

Laboratory and Imaging Studies

Complete blood count (red cells, platelets, white cells), urinalysis, creatinine, urea,
electrolytes
Plasma renin activity, aldosterone, and catecholamines if secondary hypertension is
suspected
Electrocardiography
Chest radiograph
Kidney ultrasound
Brain CT scan or MRI
Echocardiography (transthoracic, transesophageal)
Thoracoabdominal CT scan or MRI

CT, computed tomography; MRI, magnetic resonance imaging.

Signs of secondary hypertension should not be missed in this initial
examination. For example, an abdominal bruit may indicate renovascular
hypertension; a palpable abdominal mass suggests abdominal aneurysm or
polycystic kidneys; a radial-femoral pulse delay suggests aortic coarctation;
abdominal striae and central obesity are observed with Cushing syndrome;
and exophthalmos may indicate hyperthyroidism. Patients with features of
hemolytic anemia and thrombocytopenia should be evaluated for causes of
thrombotic microangiopathy.

The initial laboratory studies are important valuable methods to
investigate and document acute organ damage. The laboratory examinations
should include: (1) a complete blood count with peripheral smear, to look for
a fragmented red blood cell, suggesting microangiopathic hemolytic anemia,
(2) a complete metabolic panel (creatinine and urea concentration, and
electrolyte values), and (3) urinalysis with focus on red blood cell products
and casts, an important finding in acute glomerular and tubular injury.4,18 If a
secondary form of hypertension is suspected, samples for plasma renin
activity, aldosterone concentration, and plasma free catecholamines and
metanephrines should also be drawn before initiation of treatment.



Electrocardiography to rule out myocardial ischemia and left ventricular
strain or hypertrophy, as well as chest radiography, should be performed in
symptomatic patients.18 Kidney ultrasound is also useful to rule out
abnormalities such as differences in size or perfusion, especially in patients
with altered kidney function or with abnormalities on urinalysis.

Head imaging in emergency settings is best performed with computed
tomography (CT) as it provides a definite diagnosis in the setting of acute
neurologic symptoms related to hypertensive emergencies.
Echocardiography, thoracoabdominal CT or MRI, or abdominal ultrasound
may be needed in patients with suspected aortic dissection or
pheochromocytoma.

TREATMENT
General Principles for Managing Hypertensive
Emergencies
There is no evidence from randomized controlled trials (RCTs) to support
that treatment of hypertensive emergency reduces morbidity or mortality;
however, left untreated it carries a 1-year mortality rate of 79% and a median
survival of 10.4 months.19 Moreover, clinical experience demonstrates that
the treatment of hypertensive emergency could limit or prevent further target
organ damage. Although therapy with parenteral antihypertensive agents
may be initiated in the ED, patients with a hypertensive emergency should
be admitted to an ICU for continuous BP monitoring, clinical surveillance,
and continued parenteral administration of an appropriate agent (Tables 45.1
and 45.2). The need for gradual and tightly controlled BP reduction requires
the use of short-acting IV drugs (Table 45.1), the effects of which can be
promptly reversed if the response is excessive. Previous systematic reviews
and meta-analyses showed minor differences in the degree of BP lowering
and no differences in morbidity or mortality among these agents, because of
the relative paucity of large RCTs with appropriate follow-up.20,21 Table 45.1
provides pharmacologic characteristics and adverse effects of agents that
have been used in the treatment of hypertensive emergencies. Table 45.2
includes a general guide for the use of these drugs according to the type of
hypertensive emergency.1



TA B L E  4 5 . 1 Pharmacologic Agents for Treatment of
Hypertensive Emergencies



TA B L E  4 5 . 2 Management of Specific Types of Hypertensive
Emergencies



Understanding of autoregulation is crucial for therapeutic decisions. In
most patients with a hypertensive emergency, the BP-blood flow curve is
shifted to the right, maintaining reasonable tissue perfusion at higher BP
levels.9 A sudden lowering of BP into a “normal” range could, therefore,
lead to inadequate tissue perfusion and ischemic events.22 Clinical data
document that lowering BP in hypertensive emergencies is beneficial:
papilledema and exudates regress, hypertensive encephalopathy vanishes,
pulmonary edema resolves, and kidney function improves. However, there is
also evidence that abrupt lowering of BP can be harmful. For example, the
use of sublingual nifedipine with potent but unpredictable BP lowering may
shunt blood away from the penumbra of the brain (ischemic penumbra),
resulting in a vascular infarct.23,24 Thus, the goal of antihypertensive therapy
is not to normalize BP rapidly but to prevent target organ damage by
gradually reducing BP while minimizing the risk of hypoperfusion.

With the exception of situations requiring rapid BP reduction, the mean
BP in most patients with a hypertensive emergency should be reduced
gradually by no more than 20% to 25% within the first hour, then to 160/100
to 110 mm Hg over the next 2 to 6 hours.7,12,25 Reduction of diastolic
pressure to less than 90 mm Hg or by 35% of the initial mean BP has been
associated with major organ dysfunction, coma, and death. If the degree of
BP reduction is well tolerated, and the patient is clinically stable, further



gradual reductions toward levels below 140/90 mm Hg should be
implemented within the next 24 to 48 hours.

An important consideration before initiation of IV therapy is an
assessment of the patient’s volume status. With the exception of patients
presenting with volume overload and pulmonary edema, several patients
with hypertensive emergency may be volume depleted because of pressure
natriuresis, and diuretics are not typically recommended; rather, fluid
administration may help restore organ perfusion and prevent a precipitous
fall in BP.4 However, cautious use of diuretics could be considered after
prolonged use of IV vasodilating agents (except fenoldopam) that typically
cause water retention and resistance to further reduction in BP levels.

Major exceptions to these treatment recommendations include (a) patients
with acute stroke. In ischemic stroke, there is no clear evidence to support
immediate BP lowering, except for patients who are eligible for treatment
with thrombolytic therapy or presented with extreme hypertension. In these
scenarios, early initiation of treatment is recommended to avoid hemorrhagic
transformations26; (b) patients with hemorrhagic stroke require a different
approach and more intensive BP lowering. The Intensive Blood Pressure
Reduction in Acute Cerebral Hemorrhage Trial (INTERACT2) in patients
with recent hemorrhagic stroke showed that lowering systolic BP to less than
140 mm Hg within an hour is safe and may improve functional outcome,27

leading to change in relevant guidelines7; and (c) patients with acute aortic
dissection should have their systolic BP lowered to levels between 100 and
120 mm Hg.12,18

After the BP is reduced to safe levels over a sufficient period, typically 12
to 24 hours, allowing reestablishment of autoregulation, oral therapy can be
started with continuous tapering of parenteral BP medications to avoid
rebound hypertension. Typically, a calcium channel blocker (CCB), α- and
β-blocker, or RAS blocker can be used, depending on the suspected cause
and possible ongoing investigations for secondary hypertension.11

Treatment of Hypertensive Urgencies
Although hypertensive urgencies are particularly common, quality studies on
the value of extensive diagnostic testing for target organ damage, the need of
hospitalization, the type of treatment, and the optimal follow-up in



asymptomatic patients with BP elevation are clearly missing.28 All patients
with hypertensive urgency should be provided a quiet room in which to rest
because this maneuver was associated with BP fall of greater than or equal
to 20/10 mm Hg in one-third of such patients.29

As there is no proven benefit from rapid BP reduction in asymptomatic
patients without evidence of acute target organ damage, there is evidence of
harm including the development of stroke and even death. Thus, most agree
that BP lowering should occur over a period of hours to days. BP reduction
to levels below 160/100 mm Hg may be accomplished within 2 to 4 hours in
the ED with the oral drugs described later. The most important aspect of
treatment of hypertensive urgency is not achieving a BP goal but rather
ensuring adequate follow-up, generally within 1 week, to an appropriate site
of care for chronic hypertension in order to optimize care and improve BP
control of uncontrolled hypertensive patients.4,18,22 There are data, however,
suggesting that most of these patients do not receive medications or
instructions in the emergency room as traditionally described in the literature
and providers overestimate how often they refer patients for follow-up,
resulting in questionable improvement in long-term outpatient BP control.28

Another major factor to consider before prescribing medication is the
assessment of pain. Patients with severe pain not secondary to cardiac or
cerebral origin should be given analgesics first to improve pain. If such
patients present with hypertensive urgency and are given acute acting
medications such as clonidine or labetalol, they could become hypotensive
once pain is alleviated with nonsteroidal agents, opioids, or steroids.

The choice of drugs for the treatment of hypertensive urgencies is much
broader than for emergencies because almost all antihypertensives lower BP
effectively over a reasonable time (Table 45.3). Keep in mind that the drugs
used should be ones associated with good adherence, affordable, and most
likely the patient will take. Hence, clonidine, captopril, and labetalol, which
must be taken three times a day, are not ideal agents. Use of once-daily
calcium antagonists with a once-daily angiotensin receptor blocker and
diuretic in combination in low to moderate doses is reasonable for discharge
with a follow-up appointment within 2 to 3 weeks by a primary care
physician.



TA B L E  4 5 . 3 Pharmacologic Agents for Treatment of
Hypertensive Urgencies

Angiotensin-converting enzyme (ACE) inhibitors must be used with
caution because they can cause or exacerbate kidney impairment in the
occasional patient with critical renal artery stenosis.9,18 Furosemide can also
effectively lower BP if elevated pressure is related to volume overload,
especially if kidney dysfunction is present. However, a common physiologic
response of the kidney to elevated BP is natriuresis, so many patients,
especially those with normal kidney function, are volume depleted rather
than volume expanded.4,18 Further, furosemide is not considered a drug of
choice for primary hypertension because of its short duration of action.

As noted earlier, sublingual or oral short-acting nifedipine, although once
frequently used, is now contraindicated secondary to a higher incidence of
stroke, myocardial infarction, and death related to precipitous hypotensive
episodes after ED release.23,24 An exception to this rule is possibly pregnant
patients with acute BP elevations, where oral nifedipine was shown to
reduce BP faster than IV labetalol and without safety concerns in
randomized studies.30 Longer-acting CCBs, such as once-daily nifedipine or
nifedipine XL, amlodipine, and sustained-release isradipine, do not have a
role in reducing BP in the ED. However, these and long-acting agents from
other major antihypertensive classes are valuable tools for long-term BP
control. The most important aspects of management in these patients have
already been discussed.
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Acute Kidney Injury in Burns Patients
Anthony P. Basel, Garrett W. Britton, and Kevin K. Chung

INTRODUCTION
The care of critically ill burn patients is both complex and challenging. The
severely burned are a particularly vulnerable population owing to the nature
of burn injury. Burn intensive care unit (ICU) patients are at risk for
developing recurrent shock throughout their course, each episode increasing
the risk for organ failure and mortality. The successful management of burn
injury comprises largely of multiorgan support while protecting the patient
from further insult until the burn wounds are healed. Because of the complex
pathophysiology and constant threat, burn injury is associated with
staggering morbidity and mortality, particularly in patients who developed
acute kidney injury (AKI). In the past, AKI associated with burn trauma
portended an estimated mortality of 50% to 100%, with the highest mortality
experienced by those who required kidney replacement therapy (KRT).1,2

This chapter provides insight into the occurrence of AKI in the burn
population, highlights the concept of functional injury versus cellular
damage, provides an overview in the resuscitation of burn trauma, and
discusses the application of KRT and other extracorporeal modalities
specific to severely burn patients.

PREVALENCE, STAGING, AND IMPACT
Over the last decade, validated and standardized definitions of AKI have
been applied within the burn population, revealing 20% to 40% of burn
patients admitted to the ICU develop some degree of AKI compared to 1%



to 2% of burn patients not requiring ICU-level care.3-5 When the Risk, Injury,
Failure, Loss, and End-Stage Renal Disease (RIFLE) system and the Acute
Kidney Injury Network (AKIN) criteria have been applied in head-to-head
studies, it was found that some degree of AKI was present in 24% and 33%
of ICU burn patients, respectively.4,6 Interestingly, the application of the
AKIN criteria identified a cohort of patients that were otherwise missed by
application of the RIFLE system owing to small changes in serum creatinine.
The importance of detecting early-stage AKI is delineated by the associated
increased length of stays, increases in mortality, and to guide specific
therapies. The Kidney Disease: Improving Global Outcomes (KDIGO)
definition of AKI is even more specific than the AKIN criteria, again owing
to smaller changes in serum creatinine over a larger period of time. KDIGO
has yet to be validated in the burn population but research is ongoing.7,8

In the burn population, AKIN stage I has been shown to be associated
with 8% to 12% mortality, whereas AKIN stages II and III are associated
with 15% to 19% and 53% to 57% mortality, respectively.6 Burn patients
requiring some form of KRT experienced the highest mortality (62% to
100%).4,9

EARLY DETECTION OF ACUTE KIDNEY INJURY
(FUNCTIONAL VS CELLULAR DAMAGE)
The limitations of serum creatinine and urine output for the assessment of
AKI are well known, and the introduction of novel biomarkers for the
detection of renal cellular injury has changed the paradigm of AKI detection.
The utility of many novel serum and urine biomarkers has been assessed
with respect to their ability to predict development of AKI by formal criteria
as discussed in Chapter 16. Plasma and urine neutrophil gelatinase–
associated lipocalin (NGAL) have been shown to outperform serum cystatin
C and serum creatinine alone for the prediction of developing AKI in the
burn population.10,11 Many other biomarkers have been assessed for the
detection of AKI in the burn population with mixed results, and research is
ongoing.
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The largest contributor to mortality among burn patients is the extent of
injured and unhealed wound burden.12 The goal of early resuscitation for the
severely burned patient is optimizing perfusion to preserve end organ
function and microcirculation to the wound beds. Aggressive goal-directed
resuscitation and reversal of shock allow patients to receive surgical
intervention earlier when the wound beds are largest and capable of
accepting grafted tissue.13

Many formulae have been utilized to predict the adequate volume of
resuscitation needed during the first 24 to 48 hours after burn injury. At the
US Army Institute of Surgical Research (USAISR), the “Rule of 10s” was
developed from the principle that all of the other calculations used to
estimate fluid resuscitation are applied as starting rates and that ongoing
titrations should be made based on patients’ response. The Rule of 10s
estimates starting fluid rate in milliliters per hour by multiplying the affected
total body surface area (TBSA %), to the nearest 10%, by 10 and adding 100
mL/hr for every 10 kg for those patients above 80 kg.14 Following the initial
rate, additional fluid administration is individualized based on the clinical
scenario and guided by various endpoints of resuscitation such as urine
output and serum lactate. The treating clinician, however, must remain
vigilant to avoid over-resuscitation. A resuscitation volume larger than 250
mL/kg applied over a 24-hour period (the Ivy Index) is often cited as a
runaway resuscitation and increases the risk of abdominal compartment
syndrome.15 Adjunctive therapies used to prevent a runaway resuscitation
and decrease morbidity and mortality include colloid resuscitation by which
5% albumin dosed at one-third the hourly rate of the crystalloid infusion is
initiated.16,17 Another adjunct that is coming back in favor and currently
being studied is the use of plasma resuscitation to limit fluid creep in burn
resuscitation.18 Lastly, high-dose vitamin C is thought to restore endothelial
glycocalyx and limit edema formation and intravascular fluid loss.19 Of note,
oxalate nephropathy has been reported with use of high-dose vitamin C.20

AKI prevention in burn trauma centers on early and aggressive
resuscitation and avoidance of kidney insult. Early detection of AKI is
paramount to the management of burn victims. We believe a theragnostic
approach utilizing novel biomarkers would allow clinicians to tailor
therapies in a more patient-specific manner. Identifying high-risk patients
could prevent unnecessary exposure to nephrotoxins such as intravenous



contrast and certain antimicrobial agents and perhaps ultimately provide
early identification of those who would benefit from KRT.

Kidney Replacement Therapy
Historically, the need for KRT in patients with severe burns portended a
reported mortality rate as high as 100%.5 Intermittent hemodialysis (IHD) is
challenging to implement, because of the often tenuous hemodynamic status
of these patients.21 As technology has advanced and different methods of
KRT have been implemented, improvement in patient outcomes has been
observed.

Continuous Kidney Replacement Therapy
Continuous kidney replacement therapy (CKRT) has been adopted widely
over the last decade in the burn community. It is well known and
documented that continuous therapies are much better tolerated and thus
more desirable for patients who are hemodynamically unstable. This makes
CKRT an ideal modality for the burn patient particularly in the post-
autografting period as to maintain adequate perfusion to the vulnerable
newly grafted tissue.1,21,22 The USAISR group revealed a significant
reduction in 28-day mortality when comparing continuous venovenous
hemofiltration (CVVH) versus historical controls, who largely did not
receive any KRT (38% vs 71%, p = 0.011).23 The largest multicenter
observational trial that included eight different burn centers and 170 patients
treated mostly with CKRT demonstrated the lowest in-hospital mortality
reported to date at 50%, with a less than 10% need for long-term KRT
among survivors.22 Based on the aforementioned data, CKRT seems safe,
effective, and should be considered standard care in critically ill burn
patients with AKI who are hemodynamically unstable.

Initiation of Continuous Kidney Replacement Therapy
The traditional indications for KRT have been known to manifest quickly
and sometimes unexpectedly to the novice burn clinician. Early initiation of
CKRT remains controversial as studies in medical and surgical ICUs have
been mixed in regards to its benefit.24-26 Though readers are referred to



chapter 30 on the timing of KRT, they should keep in mind that it is likely
inappropriate to extrapolate these findings to the care of burn patients with
AKI. An early and aggressive approach to the initiation of CVVH appeared
to improve outcomes compared to those in the historical control who died
prior to meeting any traditional criteria.23 In the recent multicenter
observational study, half of the patients were initiated on KRT with AKIN
stage II or less. In fact, 6% of patients did not meet any criteria for AKI.22

The synthesis of these aforementioned data suggests early and aggressive
application of KRT may be beneficial in burn patients with AKI.

Continuous Kidney Replacement Therapy Dosing
A dose of 20 to 30 mL/kg/hr is considered standard in the general ICU
population with AKI requiring CKRT.27,28 High-volume hemofiltration
(HVHF) as a therapy for both renal and extrarenal manifestations of AKI in
septic shock remains controversial in the general ICU population. Where
small single-center studies have touted the potential benefits of modulating
hemodynamics, immune system responses to sepsis, removal of toxins, and
other inflammatory mediators contributing to organ failure in septic shock,
larger trials have failed to show benefit.29-32

HVHF has shown promise in critical care burn patients with AKI (Visual
Abstracts 46.1 and 46.2). This is likely due to the profound metabolic
disturbances seen in this special population. Most of the earlier reports of the
use of CKRT in the burn population used higher than normal replacement
doses (ranging from 30 to 120 mL/kg/hr).21,23 A recent multicenter
randomized controlled trial examined the impact of HVHF (70 mL/kg/hr vs
standard doses) in critically ill burn patients. Although it was terminated
because of slow enrollment, in the patients studied, vasopressor dependency
at 48 hours decreased in the HVHF group, whereas it did not in the control,
validating prior observations. No difference in inflammatory markers or
mortality was found.12,21,23 When considering HVHF, it is important to
consider its impact on drug pharmacokinetics and electrolyte abnormalities.
Also, it can be rather labor intensive for nursing and support staff given the
need for frequent replacement fluid bag changes. It is important to
incorporate a team dynamic to include pharmacy, extra support staff, and
protocols for drug and electrolyte monitoring and replacement.12



We cannot stress enough that using HVHF in the burn population is very
different than its controversial use in the general ICU population. HVHF
appears effective in expediting the reversal of shock and severe metabolic
derangements in the burn population. Further clinical trials are needed to
solidify its effects on outcomes like mortality. Either way, dosing of CKRT
should be individualized to each patient and their clinical circumstance.
CKRT doses higher than the typical 20 to 30 mL/kg/hr may be required for
burn patients with severe metabolic derangements secondary to AKI.
Consider using HVHF with doses of 70 mL/kg/hr for up to 48 hours in
patients suffering from burn shock and/or severe metabolic derangements.

EXTRACORPOREAL THERAPIES: A FUTURE OUTLOOK
Extracorporeal membrane oxygenation (ECMO) allows for both
oxygenation and carbon dioxide removal through blood flow across a
membrane and can provide partial or total pulmonary and/or cardiac support.
Our experience with ECMO in the burn population has been increasing.
Multiple groups have reported a favorable survival rate among critically ill
burn patients with severe acute respiratory distress syndrome (ARDS)
treated with ECMO.33,34 Small polymer gas-exchange filters known as
membrane lungs can attach to standard CKRT platforms, and although they
cannot provide oxygenation, they can provide greater than 50% carbon
dioxide removal at blood flows of 250 mL/min. This “partial lung support”
may be ideal for augmenting lung-protective strategies, allowing for
maximal reduction in tidal volumes in burn patients with severe inhalational
injury and ARDS.35 Blood purification has been shown to improve outcomes
in some forms of septic shock.36 Peng et al were able to show significant
decreases in levels of endotoxins in burn patients using blood purification.
Further studies are needed.37 As this field grows, it is rapidly expanding the
capabilities of the critical care team. Severely burn injured patients have
some of the severest multiorgan dysfunctions requiring multiple
extracorporeal therapies, yet survive to discharge and have functional and
fulfilling lives. As technologies advance, perhaps one day we will see a
multiorgan support therapy (MOST) that incorporates multiple
extracorporeal therapies onto a single circuit and system that can be
deployed in even remote or resource-limited areas.
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Trauma-Associated Acute Kidney Injury
Zane Perkins, Ryan W. Haines, and John R. Prowle

OUTLINE
Acute kidney injury (AKI) complicates around one in five critical illness
cases following major trauma. Major trauma often impacts younger patients
with less comorbidity and represents an abrupt transition from health to
critical illness. Consequently, AKI in these settings may have injury-specific
causes. As AKI is a marker of the severity of acute physiologic derangement
caused by injuries, it is strongly associated with the risk of death. The care of
trauma patients with or at risk of AKI requires consideration with regard to
cause and mechanism of AKI in this setting.

BACKGROUND
Trauma is a global public health problem. The World Health Organization
estimates that trauma causes 5.1 million deaths per year worldwide and is
responsible for over 80 million lost disability-adjusted life years (DALYs).1-3

Although the majority of trauma deaths occur rapidly after injury, because of
exsanguination or traumatic brain injury, an important group of potentially
preventable late deaths occurs, which are associated with prolonged critical
illness and multiorgan failure.4,5 In critically ill patients that survive their
initial injuries after trauma, AKI is common. In this setting, AKI, which
causes an abrupt decrease in kidney function, represents a heterogeneous
collection of underlying syndromes.6 Each case of AKI has a specific
etiology, pathogenesis, and treatment, which may result in renal dysfunction
that ranges from mild impairment to need for kidney replacement therapy



(KRT). Overall, trauma patients that develop AKI suffer higher mortality
rates and longer hospital admissions than those without AKI.7,8 In addition, it
remains unclear to what degree kidney function recovers after AKI, and
survivors may be prone to develop chronic kidney disease (CKD) and late
morbidity and mortality, something that may be of particular significance in
a younger population.9 As advances in trauma systems and care improve
immediate survival, the management of organ failure, including AKI, will
likely present a growing challenge to clinicians and place an increasing
demand on resources.

EPIDEMIOLOGY
The development and standardization of diagnosis and staging of AKI10 have
allowed more rigorous study of its epidemiology in trauma populations,
most thoroughly studied in populations of injured patients admitted to
critical care units. Two recent systematic reviews demonstrate a pooled
incidence of trauma-associated AKI in critically ill patients of approximately
20% to 24%.7,8 The majority (56% to 59%) of these AKI episodes are mild
(Stage 1), whereas 23% to 30% are moderate (Stage 2) and 14% to 18% are
severe (Stage 3). Overall, around 1 in 10 trauma patients who develop AKI
will require KRT.7,11

The reported incidence of AKI in the general trauma populations is more
difficult to determine. Issues include greater clinical (e.g., differences in
exposures and the distribution of risk factors in study populations) and
methodological (differences in diagnostic criteria and how baseline serum
creatinine is estimated) variability between studies. Two recent large
observational studies of injured patients in London11 and Paris12

demonstrated an overall AKI incidence of 13%. The majority (>95%) of
patients that developed AKI were admitted to a critical care unit, with
approximately 58% of AKI episodes mild (Stage 1), 23% moderate (Stage
2), and 19% severe (Stage 3). In addition, a recent analysis of almost 1
million trauma cases in the United States demonstrated a 0.68% incidence of
severe (Stage 3) AKI.13

The majority of cases (75% to 95%) of trauma-associated AKI develop
within 5 days of injury, with a median time from injury to meeting AKI
diagnostic criteria of 2 to 3 days.7,11,12



ETIOLOGY AND RISK FACTORS
Several pathophysiologic mechanisms may contribute to the development of
AKI in trauma patients. Because, in the vast majority of patients, AKI
develops within the first few days following trauma, this suggests that AKI
generally occurs as a direct sequelae of the traumatic injury rather than as a
result of other complications.7,11,12 These early causes of AKI include
hemorrhagic shock, rhabdomyolysis, direct kidney injury, a complication of
massive blood transfusion, and the systemic inflammatory response
following massive release of damage-associated molecular patterns.
Although less common, delayed causes of AKI are also important, as many
cases are potentially preventable. Late causes of AKI include exposure to
nephrotoxins and complications such as sepsis or abdominal compartment
syndrome.

Several clinical measures of these causal mechanisms demonstrate a
strong association with the development of AKI (Table 47.1). For example,
clinical markers of shock that are strongly associated with AKI include
prehospital and admission hypotension,7,11,12,14-16 tachycardia,12 raised
admission lactate,11,12,17 coagulopathy,14 hypothermia,17 acidosis,15 volume of
resuscitation fluid administered,18 volume of blood products
transfused,7,11,12,17,19-21 and vasopressor requirements.12,18 Furthermore, many
clinical variables associated with AKI may be markers of more than one
mechanism of AKI. For example, the presence of a significant abdominal
injury7,21 may indicate an increased risk of hypovolemic shock, direct kidney
injury, or abdominal compartment syndrome; and treatment with antibiotics
may indicate sepsis7 or, with certain antibiotics, exposure to nephrotoxins.11

Similarly, a high injury severity score (ISS)7,11,12,14,16,19 may act as a marker of
the degree of tissue injury or an increased risk of hemorrhage and
hypovolemic shock as well as exposure to massive transfusion. Blood
transfusion has been consistently demonstrated as one of the most important
risk factors for AKI in the trauma setting.7,11,12,20 The risk increases with each
unit of blood transfused in the first 24 hours following injury (adjusted odds
ratio 1.08),11,17,20 and transfusions of all components (red blood cells, plasma,
and platelets) are associated with an increased risk of developing AKI.12,21

Although the volume of blood transfusion is a surrogate marker of
hemorrhagic shock, studies have reported that the strong association of
blood transfusion with AKI over other measures of injury severity suggests
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additional transfusion-specific risk factors. These include exposure to
products of hemolysis, plasma-free heme and iron,22,23 and transfusion-
related immunosuppression.24 Overall, AKI is generally associated with the
presence of multiple potential causal insults, and it is often not possible to
differentiate the individual contribution of each factor.

Etiologic Factors and Pathogenesis of Acute
Kidney Injury After Major Trauma





Finally, exposure to iodinated contrast material is believed to be an
important cause of avoidable AKI and is something most polytrauma
patients are exposed to early in admission. However, there is only weak
evidence to support a clinically significant causal relationship between
contemporary low- or iso-osmolality contrast agents.25,26 Meta-analyses of
large mixed hospital populations demonstrate no significant difference in
rates of AKI, need for KRT, or survival between patients who underwent
procedures with intravenous (IV) contrast administration and those who
underwent procedures without.27,28 A recent meta-analysis in trauma
demonstrated similar results, with, in fact, a lower risk of AKI in trauma
patients who received contrast compared to those who did not.7 Certainly,
there is no current evidence to justify limiting the use of radiologic contrast
in necessary diagnostic and therapeutic procedures in trauma patients
because of concerns of contrast-associated AKI.

Baseline Risk Factors for Acute Kidney Injury
Although many trauma patients are young with few comorbidities, some
injured patients may have preexisting risk factors that increase AKI
susceptibility to a variety of causative insults. In the context of major
trauma, older age, diabetes mellitus, chronic hypertension, CKD, obesity,
and African race have all been described as risk factors for the development
of AKI.7,13,29 There is conflicting evidence on the effect of gender in the
trauma literature, with reports of greater risk in females,30 males,7,16 or no
effect.11,20 Importantly, confounding variables such as mechanism of injury
are unevenly distributed between male and female patient groups.

PATHOPHYSIOLOGY
As trauma-associated AKI is a complex heterogeneous condition with
multiple etiologic factors, a number of distinct pathophysiologic
mechanisms may be involved in its development (Table 47.1). Broadly,
these may be divided into alterations in systemic and glomerular
hemodynamics resulting in decreased filtration and/or ischemic kidney
injury and local and systemic release of damage-associated molecular
patterns, nephrotoxins and inflammatory mediators resulting in a local



inflammatory response to endothelial injury, microcirculatory dysfunction,
and tubular cell injury. Interaction between these various mechanisms is
complex and occurs at the level of the microcirculation, on the whole organ,
the nephron unit, and in the microcirculation. An overview of these
processes is given in Figure 47.1; in any individual patient, differing
mechanisms may apply to differing degrees and at varying stages in the
evolution of AKI.6 Understandably, given this complexity, intervention at
any given downstream pathway in isolation may not significantly affect the
overall course of illness.

FIGURE 47.1: Principal pathophysiologic mechanisms of acute kidney injury following
trauma. DAMP, damage-associated molecular pattern; GFR, glomerular filtration rate.
Reproduced with permission from Perkins ZB, Haines RW, Prowle JR. Trauma-associated
acute kidney injury. Curr Opin Crit Care. 2019;25(6):565-572.
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There are a few studies that provide prospective evidence regarding the
management of trauma-associated AKI. Inferences can be made from studies
examining AKI settings, including postoperative AKI; however, trauma-
associated AKI has unique aspects and often involves a more heterogeneous
group of critically ill patients.31 There is, however, a well-established
evidence base regarding the initial management of major polytrauma that has
evolved over the last 20 years. In the time course of a trauma patient’s
journey from prehospital management to immediate life-saving surgery,
modern trauma management including permissive hypotension, early use of
blood products, and damage control surgery have been consistently
demonstrated to improve prehospital and in-hospital mortality.32,33 Thus,
these necessary management steps take precedence over any AKI-specific
approaches, at least initially. In developed trauma systems, hypotensive
resuscitation has been shown to be associated with improved survival, and a
recent meta-analysis reported no increase in the incidence of AKI when this
strategy was applied,34 suggesting this approach is generally safe for the
kidney. There are little data examining blood pressure targets beyond 24
hours of traumatic injury; therefore, clinicians caring for patients after major
trauma adhere to general, recommended perfusion parameters, often a mean
arterial pressure (MAP) of more than or equal to 65. Vasopressors are
regularly used in this phase of illness, and ongoing research is awaited to
help guide the choice of vasopressors both after major trauma and in other
intensive care unit (ICU) settings.

Importantly, although current AKI guidelines such as those from the
Kidney Disease: Improving Global Outcomes group provide guidance on
best supportive care for the prevention and management of AKI, their
constituent elements are generally only suggestions with, on the whole, low-
quality evidence in support.35 This requires clinicians to adapt these
measures appropriately to individual patients and clinical scenarios, which is
generally after the initial 24 hours of trauma management, often when
patients are managed in critical care.

Volume and choice of fluid therapy are important factors in the
management of trauma patients both in early resuscitation and in later stages
of management. Commonly, blood products are the preferred resuscitation
choice and crystalloids are avoided.36 As discussed previously, high-volume
transfusion requirement is consistently associated with AKI after trauma.



Restrictive versus liberal transfusion targets, when patients are
hemodynamically stable, have been shown to be safe in other critically ill
cohorts such as cardiac surgery,37 and such strategies could be examined in
trauma; however, in general, the volume of transfusion is driven by severity
of the hemorrhage and ongoing bleeding rather than the level of transfusion
target.

Modern trauma management restricts the use of crystalloid therapy in the
prehospital and acute resuscitation setting because of the adverse effect of
hemodilution on coagulation, continued hemorrhage, and oxygen delivery.36

Recent observations have shown increased mortality in patients with more
liberal use of crystalloids during the first 24 to 48 hours of admission in
adult38 and pediatric trauma patients.39 Furthermore, there is growing
evidence that more restrictive use of fluid throughout the time course of
critical illness might be beneficial,40,41 with more liberal fluid administration
over the first 7 days of trauma admission being associated with longer
duration of mechanical ventilation and ICU stay.42 The adoption of more
restrictive use of fluid and impact on morality and AKI is being tested in
multicenter randomized controlled trials (RCTs) in patients with septic
shock. If ongoing studies confirm observational associations, the application
of fluid restriction to trauma patients will need appropriate investigation.
Finally, when fluid is required, the use of balanced crystalloid solutions
compared to normal saline, especially when larger volumes are required, is
seen as a safer option in general critical care patients,43,44 and this is likely to
extend to the trauma population.

Rhabdomyolysis is a specific AKI etiology that is common in trauma
patients. Current renal management follows general rhabdomyolysis
protocols (see Chapter 47). Importantly, prevention and/or mitigation of AKI
associated with rhabdomyolysis first involves recognition and treatment of
the underlying cause (such as relief of compartment syndrome), whereas
maintenance of urine output to dilute nephrotoxic exposure to myoglobin
should be regarded only as an adjunct to removal of the source if possible.

Kidney Replacement Therapy
Optimal timing of KRT initiation in critical illness in general remains
controversial, with continued uncertainty despite recent RCTs,45,46 and little
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evidence exists to guide us in the management of trauma-associated AKI.
Not infrequently, very early KRT to combat the metabolic impact of massive
transfusion is required, potentially at higher than standard protocol clearance
rates to achieve electrolyte homeostasis. Later in the clinical course, when
AKI is overt, optimal timing of KRT is uncertain, and this is discussed in
more detail in Chapter 30.

CONCLUSION
Trauma-associated AKI is common, predictable, and associated with poor
patient outcomes. Overall, it is generally multifactorial in nature, with
specific risks for immediate, early, or late AKI occurring in combination.
These risk factors may interact in a complex fashion. Given this interplay of
causative factors, the management of AKI risk in the trauma patient should
focus on both optimal management of the primary source of injury and
avoidance of secondary injury—particularly through minimizing avoidable
nephrotoxin exposure and prevention of important complications such as
sepsis.
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Neurologic Emergencies in the Intensive
Care Unit
Fernando D. Goldenberg, Christopher Kramer, Christos
Lazaridis, and Hussain Aboud

INTRODUCTION
Acute kidney injury (AKI) and chronic kidney disease (CKD) have the
potential to directly or indirectly adversely impact the function of the entire
neuroaxis, from the brain down to the peripheral nerves. Moreover, the
various treatments of both AKI and CKD, including dialysis and kidney
transplantation, have the potential to independently induce or exacerbate
neurologic injury.1,2 Some of these associated conditions are emergencies
and require prompt recognition and timely management to potentially avoid
permanent neurologic damage and resultant disability (see Table 48.1).3,4

Neurologic Emergencies Associated With Kidney
Disease and Dialysis



Conversely, AKI is one of the most commonly encountered pathologies in
neurocritical care, with an incidence of 5.3% to 15%. The common co-
occurrence of acute brain and kidney injury is associated with staggering
consequences, including a higher rate of other in-hospital complications,
hemorrhagic conversion of ischemic stroke, poorer neurologic outcome, and
increased mortality relative to patients who sustained an acute brain injury
without AKI. Although sepsis is the most common cause of AKI in the
neurointensive care unit, CKD is a prominent independent risk factor for the
development of AKI as well.2,4-7

In this chapter, we will explore the most common ways kidney
dysfunction and its treatment may acutely and adversely affect the nervous
system.



UREMIC ENCEPHALOPATHY
Encephalopathy is commonly encountered in patients with kidney
dysfunction and can be precipitated by a variety of causes. These causes
include the accumulation of toxins in kidney failure, imbalance of excitatory
and inhibitory neurotransmitters, significant disruption in the metabolism of
certain endogenous compounds as well as decreased transport functions, and
increased permeability of the central nervous system leading to neuronal
dysfunction. Furthermore, metabolites of certain drugs may be increased in
uremia because of the inhibition of the organic anion transporter (OAT)
importantly, plasma levels of opiates may increase because of decreased
excretion.8 Other causes of encephalopathy in kidney failure may include
thiamine deficiency, osmolar shifts in the setting of dialysis, cerebral
ischemia related to hypotension from dialysis, cerebral vasogenic edema
(posterior reversible encephalopathy syndrome or PRES) secondary to
hypertension, or electrolyte and acid-base abnormalities.9-12 The precipitation
of encephalopathy is more common in patients with AKI than CKD because
of the rapidity of onset and relative lack of time for neural compensatory
mechanisms to buffer the insult.

Symptoms and signs common to all patients with encephalopathy include
changes in attention and level of alertness ranging from agitation to
obtundation, alteration in cognition (including disorientation, perseveration,
decreased executive functioning, and impaired memory), psychomotor
disturbances (e.g., asterixis, myoclonus, paratonia), emotional dysregulation,
and circadian rhythm disturbance. Uremic encephalopathy, hypertensive
encephalopathy/PRES, and various electrolyte disturbances can also be
associated with a lowering of the seizure threshold. In this chapter, we will
focus on uremic encephalopathy, one of the most common forms of
encephalopathy encountered in the acute setting.7,8

Uremic encephalopathy is not usually encountered until the glomerular
filtration rate (GFR) drops to less than 15 mL/min, though more rapid
declines in GFR may result in more severe symptoms or clinical
manifestations at higher baseline GFRs. The precipitation of uremic
encephalopathy is thought to result from the accumulation of hundreds of
endogenous toxic metabolites in addition to hormonal disturbances and
neurotransmitter imbalances. Urea, guanidine compounds, myo-inositol, uric
acid, and other molecules are examples of some of the implicated toxic



molecules that have been found to be highly increased in serum,
cerebrospinal fluid (CSF), and brain in patients with uremic encephalopathy.
Activation of the excitatory N-methyl D-aspartate (NMDA) neurotransmitter
receptor and concomitant inhibition of the inhibitory gamma-aminobutyric
acid type A (GABA(A)) neurotransmitter receptors have also been
encountered in patients with uremic encephalopathy and may also explain
the higher frequency of seizures in these patients.11,12 Additionally, inhibition
of transketolase, a thiamine-dependent enzyme of the pentose pathway that
is important for the maintenance of myelin, is more common in uremic
patients. Finally, hormonal disturbances, including increased insulin
resistance and significant reduction of insulin clearance when GFR is less
than 20 mL/min, increased parathyroid hormone, increased prolactin levels,
and decreased luteinizing hormone production, may also contribute to
uremic encephalopathy.12,13

Psychomotor symptoms, including tremor, myoclonus, and asterixis, are a
very common feature of uremic encephalopathy, but are not specific for the
disease.7-9 Asymmetry in the motor examination, gaze deviation, or other
focal neurologic findings can be rarely encountered, though they often
fluctuate in severity and side. These symptoms may improve with dialysis
though mandatory workup should exclude other causes for focal neurologic
deficits, including stroke. Electroencephalogram (EEG) usually
demonstrates background slowing, theta and delta wave bursts, and many
times triphasic waves, all of which are nonspecific and may not immediately
recover after hemodialysis. Brain magnetic resonance imaging (MRI) can be
normal but may show increased T2 signal in the basal ganglia (see Figure
48.1), though diffusion restriction and T2 hyperintensities can also be
sometimes seen in the cortex and subcortex. Many of these imaging findings
resolve after resolution of AKI.14



FIGURE 48.1: Axial MRI of the brain, FLAIR sequence demonstrating the “lentiform fork
sign,” T2 hyperintensity in the external capsule (red arrow), the external medullary lamina
(white arrow), and the internal medullary lamina (yellow arrow) that outline several nuclei
(putamen and globus pallidum) within the basal ganglia. FLAIR, fluid-attenuated inversion
recovery; MRI, magnetic resonance imaging.

When consistent with the goals of care, solute removal is the treatment for
uremic encephalopathy and should result in normalization of clinical
findings with the exception of patients with CKD who may have subtle
residual long-term cognitive deficits. However, a lag of 1 to 2 days is
common from the initiation of dialysis to clinical improvement. The failure
of a patient with suspected uremic encephalopathy to improve several days
after dialysis should prompt consideration of an alternative mechanism of
encephalopathy.

DIALYSIS DISEQUILIBRIUM SYNDROME
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Dialysis disequilibrium syndrome (DDS) most commonly manifests as acute
encephalopathy following (or during) conventional hemodialysis where
sudden and marked osmotic shifts result.15-17 The symptoms of DDS range
from nausea and cramps to encephalopathy, seizures, coma, cerebral edema,
brain herniation, and potentially death (Figure 48.2). The signs and
symptoms associated with DDS present a temporal relationship to the
development of cerebral edema and to the dialysis procedure.

FIGURE 48.2: Clinical spectrum of dialysis disequilibrium syndrome (DDS).

Symptoms are most likely to appear toward the end of the dialysis session,
as they reflect the changes in urea that occur earlier in the treatment. There is
no threshold urea reduction ratio below which DDS is less likely as
reductions as low as 17% have been associated with DDS.15

The main precipitating factors of DDS are described in Table 48.2.15,18,19

Risk Factors for Developing DDS

First dialysis treatment
Children
Elderly
High BUN (e.g., >175 mg/dL or 60 mmol/L)
Hypernatremia
Hyperglycemia
Metabolic acidosis
Preexisting neurologic disorders
Preexisting cerebral edema and/or increased BBB permeability

BBB, blood-brain barrier; BUN, blood urea nitrogen; DDS, dialysis disequilibrium syndrome.
Modified from Mistry K. Dialysis disequilibrium syndrome prevention and management. Int J
Nephrol Renovasc Dis. 2019;12:69-77 and Agarwal R. Dialysis disequilibrium syndrome.
UpToDate. https://www.uptodate.com/contents/dialysis-disequilibrium-syndrome

https://www.uptodate.com/contents/dialysis-disequilibrium-syndrome


Although the pathophysiology of DDS is likely multifactorial, the most
popular pathophysiologic explanation is the reverse urea hypothesis.
According to this hypothesis, urea is unable to move freely between the
extra- and intracellular spaces in neuronal tissue because of the presence of
tight junctions and other components of the blood-brain barrier (BBB).

When urea is rapidly removed from the plasma water during intermittent
dialysis, urea molecules are slow to move out of the cells (including
neurons), and CSF which results in a temporary increase in intracellular urea
concentration relative to plasma (it can take up to 12-24 hours for the urea in
the brain to equilibrate with blood). Given that the water movement through
aquaporins is about 20 times faster than urea transport, water will move
along the concentration gradient generated by the difference in urea
concentration, passing into the brain and leading to the development of brain
swelling and eventual increase in the intracranial pressure (ICP) (Figure
48.3).20-23 In an elegant study, Walters et al imaged the brain of kidney
patients before and immediately after dialysis and control subjects and
demonstrated that those with kidney disease had an increase in cerebral
volume following dialysis that averaged 32.8 mL (corresponding to 3% of
the brain volume). Patients with the highest predialysis urea and greatest
absolute reductions in urea typically developed more cerebral edema.24



FIGURE 48.3: The reverse urea hypothesis. Under normal conditions (A), the extracellular
and intracellular concentrations of water (blue teardrop) and urea (orange triangles) are
maintained in a state of equilibrium across the cell membrane by urea transporters (green
squares) and aquaporin channels (purple cylinders). As urea accumulates in kidney failure



(B), the cell adapts by decreasing the number of urea transporters and increasing the
number of aquaporin channels. As a result of dialysis, urea is rapidly cleared from the
extracellular space. However, the downregulation of urea transporters slows the diffusion of
urea out of the intracellular space and water, facilitated by the upregulated aquaporin
channels, rushes into the relatively hypertonic intracellular space, and results in cell swelling
(C).
Adapted from Patel N, Dalal P, Panesar M. Dialysis disequilibrium syndrome: a narrative
review. Semin Dial. 2008;21(5):493-498. doi:10.1111/j.1525-139X.2008.00474.x

Another pathophysiologic explanation for DDS is the idiogenic osmole
hypothesis. Idiogenic osmoles are osmotically active particles created by
brain cells in the context of hypernatremia and hyperglycemia (e.g., taurine,
glycine, inositol).25 In 1973, Arieff et al proposed that they would also
develop during rapid hemodialysis in dogs, leading to the development of
cerebral edema,26 although it seems unlikely that the generation of idiogenic
osmoles plays a significant role in the development of DDS associated with
CKD.27

Another potential contributor to cerebral edema formation is the high
dialysate bicarbonate concentration. The rapid increase in blood pH during
dialysis generates a disequilibrium. As bicarbonate is charged, it can only
slowly cross lipid-rich cell membranes, although in plasma bicarbonate
reacts with hydrogen ions to form water and carbon dioxide, which can then
rapidly cross cell membranes. Once the water and carbon dioxide are inside
brain cells, they generate hydrogen ions, creating a paradoxical intracellular
acidosis, increasing intracellular osmolarity further and promoting water
entry and cerebral edema.28,29

Recognition of patients at high risk for DDS is essential as alterations in
the dialysis prescription can reduce the incidence of DDS (see Table
48.3).18,19 The development of acute encephalopathy during dialysis,
especially in high-risk patients, should be followed by immediate cessation
of dialysis. After assuring patency of the airway and cardiopulmonary
stability, administration of osmotherapy with hypertonic saline and/or
mannitol should be emergently considered especially in patients that
demonstrate acute clinical signs of increased ICP or brain herniation such as
stupor or coma, acute pupillary abnormalities, and motor posturing response
(either flexor/decorticate or extensor/decerebrate motor posturing). Brain
imaging (usually noncontrast computed tomography [CT] scan of the brain
is sufficient as a first step) should be rapidly obtained to assess for the
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presence of cerebral edema and to rule out other possible acute neurologic
injuries. Invasive monitoring of ICP is very rarely required but could be
considered in addition to more aggressive ICP-reducing therapies in
exceptional cases without contraindications. Notation of the dialysis settings
and pre- and postdialysis labs, in addition to clinical response to therapy and
overall clinical trajectory, should guide the next treatment. Patients with
severe DDS may need continuous kidney replacement therapy (CKRT)
initially as part of their management to further minimize osmolar shifts
while providing the needed clearance and ultrafiltration.18,19,30-33 See Figure
48.4 for a case example of DDS.

Methods Used to Reduce Risk of DDS During
Dialysis

Using dialyzer membrane with smaller surface area
Using slower blood flow rates (50-200 mL/min) or CKRT
Reducing dialysis session time (2 hr); increasing frequency of dialysis, if necessary
Increasing osmotically active material in the serum through sodium modeling and giving
mannitol infusion during the second hour of dialysis
Increasing sodium concentration in dialysate (143-146 mEq/L)
Reducing bicarbonate concentration in the dialysate
Maintaining hemodynamic stability during dialysis
Providing solute clearance as needed and use isolated ultrafiltrate for fluid removal
when feasible
Cooling dialysate to 35°C

CKRT, continuous kidney replacement therapy; DDS, dialysis disequilibrium syndrome; HD,
hemodialysis.



FIGURE 48.4: A and B: Axial noncontrast computerized tomography (CT) of the head in a
patient with dialysis disequilibrium syndrome (DDS). A 56-year-old man with history of
hypertension (HTN), diabetes mellitus (DM), end-stage kidney disease (ESKD) on dialysis
presents w/encephalopathy after missing the last three doses of dialysis. Blood urea nitrogen
(BUN) on admission: 212 mg/dL, Cr: 10.2 mg/dL, K1: 6.6 mEq/L, Na1: 138 mEq/L, HCO3: 14
mEq/L. He undergoes dialysis and becomes acutely comatose with fixed and dilated pupils.
Emergently intubated for airway protection; head CT demonstrates diffuse cerebral edema
with obliteration of all the cerebral sulcus and basilar cisterns as well as bilateral
uncal/downward transtentorial herniation (A). He receives aggressive osmotherapy with
rapid return of pupillary reactivity. Postdialysis pertinent labs: BUN: 94 mg/dL, Na: 136
mEq/L, HCO3: 20 mEq/L. Repeat CT of the head performed 20 hours after the first one
demonstrates complete resolution of the cerebral edema (B). Over the course of 2 days the
patient returned to his neurologic baseline function.

KIDNEY REPLACEMENT THERAPY IN THE SETTING OF
REDUCED CEREBRAL COMPLIANCE OR INCREASED



INTRACRANIAL PRESSURE
The cranial vault is a fixed space inside which normally resides brain tissue,
CSF, and blood. The sum of volumes of these three noncompressible
intracranial components is constant and is known as the Monro-Kellie
hypothesis. An increase in one of the components should cause a decrease in
one or both of the remaining two. Compensatory mechanisms allow for
some displacement of CSF and/or blood outside of the intracranial space,
creating space to accommodate an increased volume of some of the other
components. Those compensatory mechanisms are limited and allow
accommodation for just small-volume additions. Therefore, the addition of a
significant acute space-occupying lesion, whether it is a hematoma,
vasogenic or cytotoxic edema, or excess CSF because of obstructed
drainage, has the potential of increasing the pressure inside of the rigid
cranium (ICP).34 The relationship between the volume of the space-
occupying lesion and the degree to which it increases the ICP is not linear
and becomes logarithmic after the compensatory mechanisms have been
exhausted—initially, CSF and some blood can be diverted outside of the
skull to accommodate the presence of a new lesion without increasing the
ICP. However, as CSF and the intracranial blood volume only comprise
approximately 20% of the total intracranial content, there becomes a point
where the compensatory mechanisms become overwhelmed as the lesion
continues to expand. When this happens, even small increases in the volume
of an intracranial lesion will result in a relatively large increase in ICP. A
sudden and sustained spike in ICP can potentially result in global brain
ischemia by opposing the pressure driving blood flow into the brain, the
mean arterial pressure (MAP), thereby reducing the cerebral perfusion
pressure (CPP), which is the net blood pressure perfusing the brain (CPP =
MAP − ICP).35 Additionally, ICP gradients generated by a space-occupying
mass can lead to brain herniations around rigid openings and fibrous bands
that divide it into its various compartments, causing further compression and
potentially local ischemia.

As all forms of KRT have the potential to precipitate brain edema, as
discussed in the DDS section, so too can it cause or worsen elevated ICP. It
is relatively uncommon for patients with DDS to have severely elevated ICP
because of diffuse brain edema from large osmotic shifts; however, patients
with acute brain injury and compromised cerebral compliance who require



dialysis commonly develop intracranial hypertension during dialysis,36-38 as
only a relatively small increase in brain edema will translate to a large ICP
spike.

Other dialysis-related issues can also potentially result in secondary brain
injury in these patients—patients with acute brain injury are often managed
with high serum sodium targets as a result of osmotherapy, which can be
acutely reduced with dialysis. A relatively rapid drop in the serum sodium
can precipitate an ICP crisis, compromise brain perfusion, and eventually
induce brain herniation. Given that many patients that suffer intracranial
hypertension have been receiving hypertonic saline solutions and are already
hypernatremic, special emphasis should be placed on maintaining those
serum sodium levels during and after KRT and avoiding significant
fluctuations. Standard commercially available premixed replacement fluid
used for CKRT contains a sodium concentration of 140 mEq/L, which is
usually lower than the serum sodium in this group of patients. Therefore,
continuous postfilter infusion of 3% hypertonic saline solution (Na+

concentration of 513 mEq/L) is suggested to maintain or induce
hypernatremia. There is a formula that allows for determining the 3% NaCl
infusion rate = (target serum Na+ − 140 mEq/L)/(513 mEq/L − 140 mEq/L)
× desired clearance (L/hr - replacement fluid / dialysate flow rate). This
formula applies when aiming at inducing hypernatremia and not necessarily
when the same degree of an already established hypernatremia needs to be
maintained. Also, this formula considers only the flow rate of either
replacement or hemodialysis fluid and the one of hypertonic saline. The
separate effect of all other intravenous fluids that contribute to the final
electrolyte and water delivery must also be considered. We recommend that
serum Na+ concentration in these circumstances should be checked every 4
to 6 hours and corrected accordingly.39,40

Additionally, thrombocytopenia and inhibition of platelet aggregation are
common complications of AKI, dialysis, and kidney disease, which can be
problematic in patients with intracranial hemorrhage. Although platelet
dysfunction has been described in these patients, the roles of quantification
of the defect and corrective measures in patients with intracranial bleeding
have not been investigated exhaustively. In patients who require a surgical
intracranial procedure and present evidence of platelet dysfunction, attempts
at correction can be done using desmopressin. The effect of desmopressin



usually lasts 4 to 8 hours and tachyphylaxis typically develops after the
second dose.

Furthermore, hospitalized patients with acute brain injury have high rates
of deep venous thrombosis and thromboembolism, which can be further
exacerbated by the need for large-bore central venous access for KRT. As the
venous drainage of the brain occurs predominantly through the internal
jugular (IJ) veins, any impediment to this drainage can result in increased
ICP from the ensuing backup of blood inside the skull. For this reason, IJ
lines, which are commonly used in other settings, are typically avoided if a
temporary dialysis catheter is needed.

Finally, a sudden drop in the MAP associated with dialysis can result in a
decrease in CPP and potential cerebral ischemia, even if the ICP is in the
normal range. In patients in whom cerebral autoregulation is preserved,
drops in the MAP will promote cerebral vasodilatation in order to maintain a
normal cerebral blood flow (CBF). That vasodilatation leads to an increase
in the intracranial blood volume (one of the three intracranial components)
that can promote or exacerbate intracranial hypertension, compromising the
CPP even further.

In a small retrospective study comparing intermittent hemodialysis (IHD)
with CKRT in patients with acute brain injury, ICP was elevated with both
modalities; however, the ICP peak was reached earlier with IHD in
comparison with CKRT (75 vs 375 minutes after initiation of the treatment,
respectively).41 However, in the majority of the literature and our own
experience, the use of CKRT has been associated with less frequent and less
severe elevations of the ICP in patients with acute brain injury and ICP
monitoring. We suggest using CKRT in those patients with suspected low
cerebral compliance or elevated ICP. The latest guidelines for the
management of severe traumatic brain injury use a threshold of 22 mm Hg
of ICP to indicate treatment of intracranial hypertension.42

Additionally, dialysate with the highest sodium concentration should be
utilized and the administration of hypertonic saline should be initiated or
increased if there is a desire to maintain the serum sodium level higher than
the dialysis bath.

There are no clear guidelines on when to transition from CKRT to IKRT
in patients with acute brain injury. Under ideal circumstances, that transition
can be tried while an ICP monitor is still in place and once the intracranial
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hypertension has resolved and the cerebral compliance is permissive.
Transitioning under those conditions will allow the clinician to observe the
clinical and ICP behavior as well as the patient’s tolerance to that change
and also act immediately if ICP elevations are detected. We suggest a careful
and conservative approach whenever possible.
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Rhabdomyolysis
Maria Clarissa Tio and Gearoid M. McMahon

INTRODUCTION
Rhabdomyolysis is a syndrome due to skeletal muscle necrosis and the
subsequent release of intracellular contents into the circulation. Patients present
with altered electrolytes, increased creatine kinase (CK), lactate dehydrogenase
(LDH), alanine aminotransferase (ALT), aspartate aminotransferase (AST), and
myoglobin. Myoglobin is a 17-kDa oxygen carrier1 that is implicated in the
pathogenesis of rhabdomyolysis-associated acute kidney injury (AKI).2-4

Rhabdomyolysis was first reported in 1940 by Bywaters and Beall, who detailed
the clinical course of four patients crushed by collapsed buildings during World
War II.5 These four victims, rescued at various time points, presented with
significant limb trauma, volume depletion, shock, nausea, vomiting, fevers,
serum chemistry abnormalities, and swollen limbs, with impairments in
sensation, temperature, and pulsation. Notably, all four of them developed
oligoanuria, three were reported to have electrocardiogram changes (such as
widened QRS, Q waves, T-wave changes, and bundle branch block), and all died
with “nitrogen retention.” Autopsies showed pigmented casts obstructing the
renal tubules. Moreover, the authors noted the similarity between this pathology
and with those who had received mismatched blood transfusions or who had
eclampsia. In the 1970s, nontraumatic causes of rhabdomyolysis were also
recognized.6,7

PATHOPHYSIOLOGY OF ACUTE KIDNEY INJURY IN
RHABDOMYOLYSIS
The mechanism by which rhabdomyolysis leads to AKI is not certain; therefore,
several processes have been implicated, including vasoconstriction within the
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kidney and ischemic tubular injury, cast formation, and myoglobin-induced direct
tubular toxicity (Table 49.1).2,3,8,9 Renal vasoconstriction is universal in patients
with rhabdomyolysis and results from a combination of systemic and local
factors. Volume depletion as a result of edema and third spacing in necrotic
muscles leads to the activation of the renin-angiotensin system and sympathetic
nervous system. Muscle necrosis releases endogenous toxins and cytokines into
the circulation, contributing to renal vasoconstriction, whereas locally, myoglobin
appears to scavenge nitric oxide, an endogenous vasodilator.8,10,11

Potential Mechanisms of Rhabdomyolysis-Induced
Acute Kidney Injury

Vasoconstriction within the
Kidney and Ischemic
Tubular Injury

Cast Formation Myoglobin-Induced Direct
Tubular Toxicity

Muscle necrosis leads to third
spacing, release of endotoxins
and cytokines, and volume
depletion.
Hypovolemia results in the
activation of RAAS, leading to
renal vasoconstriction.
Hastens cast formation and
worsens the myoglobin-
induced tubular toxicity

Results from the interaction of
Tamm-Horsfall proteins with
myoglobin. Formation of casts
is enhanced by renal
vasoconstriction and low
tubular pH.
Cast formation leads to
tubular obstruction, thus
increasing intraluminal
pressure and decreasing
glomerular filtration.

Heme component of
myoglobin is implicated in
ischemic tubular injury, ATP
depletion, oxidative stress,
and lipid peroxidation.
Myoglobin-induced tubular
toxicity is exacerbated by
hypovolemia and aciduria.

ATP, adenosine triphosphate; RAAS, renin-angiotensin-aldosterone system.

Brown pigmented casts were noted in autopsy specimens from the first
identified patients with rhabdomyolysis. These acellular casts result from the
precipitation of myoglobin with Tamm-Horsfall proteins. For this to occur, there
needs to be an increase in myoglobin concentration in the renal tubules (usually
as a result of volume depletion with consequent reduced renal blood flow and
increased production by damaged skeletal muscle cells) and an acidic urinary
environment that favors precipitation.3,4,9 These casts cause kidney injury by two
mechanisms: tubular obstruction leading to a reduction in glomerular filtration
rate (GFR) and direct tubular toxicity contributing to the development of acute
tubular necrosis.8,12,13 It is unclear if myoglobin itself is directly nephrotoxic, but
some studies have suggested that there may be some direct myoglobin-induced
tubular toxicity through lipid peroxidation, inflammation, and oxidative
injury.8,14,15
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ETIOLOGIES OF RHABDOMYOLYSIS
Table 49.2 lists the eight major categories of injury that lead to rhabdomyolysis.2-

4,9 The outcome of rhabdomyolysis is highly dependent on the underlying cause,
and thus establishing the etiology at the time of presentation is key to help
determine the need for aggressive fluid management. New causes of
rhabdomyolysis are being identified regularly with the development of synthetic
recreational drugs and new tools in diagnosing genetic and metabolic diseases.

Common Causes of Rhabdomyolysis

Physical causes Endocrinopathies and
rheumatologic causes

Infections

Crush syndrome
Trauma
Strenuous/prolonged
exercise
Alcohol withdrawal syndrome
Overuse of involuntary
muscles—seizures and
status asthmaticus
Severe agitation
Electrocution

Adrenal insufficiency
Hypothyroidism
Hyperaldosteronism
Diabetic ketoacidosis
Hyperosmolarity
Dermatomyositis
Polymyositis

Influenza A and B viruses
Coxsackievirus
Epstein-Barr virus
Herpes virus
Human immunodeficiency
virus
Legionella
Streptococcus pyogenes
Staphylococcus aureus
Clostridium
Salmonella
Falciparum malaria

Muscle ischemia/hypoxia Changes in body temperature Electrolyte abnormalities

Limb occlusion from
prolonged immobilization
Pressure-related muscle
injury in obese patients or
nonobese patients
undergoing prolonged
surgeries
Arterial or venous
thrombosis
Diffuse vascular occlusion
(e.g., sickle cell, vasculitis)
Compartment syndrome
Carbon monoxide exposure
Cyanide exposure

Hypothermia
Heat stroke
Malignant hyperthermia
Neuroleptic malignant syndrome
(quetiapine, aripiprazole)

Hypophosphatemia
Hypokalemia
Hypocalcemia
Hyponatremia

Genetic defects and
disorders of metabolism

Drugs and toxins

Disorders of glycolysis or
glycogenolysis

Statins and fibrates, especially
when taken with cytochrome



Disorders of lipid metabolism
Mitochondrial disorders
G6PD deficiency
Myoadenylate deaminase
deficiency
McArdle disease

P450 inhibitors such as
cyclosporine, warfarin,
amiodarone, azole antifungals,
and calcium channel blockers
Propofol
Daptomycin
Alcohol (immobilization,
malnutrition, electrolyte
abnormalities)
Heavy metals
Heroin
Cocaine
Amphetamine/methamphetamine
Bath salts (mephedrone,
methylenedioxypyrovalerone)
Organic toxins from bees,
wasps, hornets, ants,
centipedes, scorpions, brown
recluse spiders

G6PD, glucose-6-phosphate dehydrogenase.

CLINICAL FEATURES
Although rhabdomyolysis is classically characterized by the triad of muscle pain,
weakness, and dark urine, less than 50% of cases present with muscle pain.
Moreover, objective physical examination findings, such as muscle tenderness
and swelling, are seen in less than 10% of cases. When swelling of the muscles
does occur, it is usually seen after fluid administration.16

Rhabdomyolysis is diagnosed by an increase in the serum CK, myoglobin, and
other muscle enzymes. Owing to its slow clearance and degradation, CK is a
more reliable marker of the presence and extent of muscle injury compared to
myoglobin.2 A specific CK cutoff value has not been established; however, an
arbitrary value used in the diagnosis of rhabdomyolysis is a CK level 5 times the
upper limit of normal.4,16-18 It should be noted that CK is a poor predictor of AKI
in rhabdomyolysis. Levels greater than 40,000 U/L are associated with an
increased risk of AKI19; although AKI can be seen at lower levels, this is often in
the context of other systemic disorders, such as sepsis or recent surgery, and is
not necessarily primarily due to myoglobin-induced kidney injury.

The metabolic derangements seen in rhabdomyolysis are a consequence of the
release of intracellular contents of necrotic muscle and their accumulation in the
setting of reduced clearance secondary to kidney failure. These include
hyperkalemia, hyperphosphatemia, hyperuricemia from nucleoside release,
hypermagnesemia, elevated LDH, and high anion gap metabolic acidosis (lactic



acid, phosphates, and other organic anions).2-4 Interestingly, the development of
hypocalcemia in these patients is independent of kidney function, but rather a
consequence of calcium binding to damaged muscle. This has important clinical
implications because as the injury resolves, calcium is released from the muscle,
which can lead to significant hypercalcemia and even metastatic calcification.
This is exacerbated by an increase in 1,25-dihydroxyvitamin D production.20,21

Thus, overly aggressive calcium supplementation during the hypocalcemic phase
should be avoided.2

A urine dipstick test (UDT) is a useful screening test for rhabdomyolysis. Over
80% of cases have been reported to be positive for blood in the UDT.7,22 The
peroxidase agent reacts with heme, a compound contained in both hemoglobin
and myoglobin, leading to a false-positive test for the presence of blood.23 In a
retrospective study of 1,796 patients with rhabdomyolysis, 85% had a blood-
positive UDT, whereas only half had red blood cells (RBCs) identified on urine
sediment analysis.22 Thus, it is an excellent screening test for rhabdomyolysis,
and a blood-positive UDT in the absence of RBCs should prompt further
investigation. From a diagnostic perspective, UDT can be a reliable predictor of
the absence of myoglobinuria.23

Although myoglobin in the urine can be detected and quantified, its clinical
utility is unclear, especially in its role in AKI prediction, and so routine testing is
not recommended.24 Pigmented casts are classically seen in the urine sediment,
particularly in patients with significant AKI, but are not specific for the diagnosis
of rhabdomyolysis. They may have a role in predicting prognosis in patients with
AKI.25

PROGNOSIS
The outcomes of rhabdomyolysis vary widely from being benign and
asymptomatic to life-threatening electrolyte abnormalities, such as AKI,
including the need for kidney replacement therapy (KRT), and death. Among
hospitalized patients with rhabdomyolysis, 13% to 50% develop AKI, 4% to 13%
require KRT, and 1.7% to 46% die during the hospitalization.4,9,17,19,26-28 In-
hospital mortality rates are significantly higher in rhabdomyolysis patients who
develop AKI compared to those who remain AKI free (22%-62% vs
7%-18%).19,28 Although an elevated CK suggests the presence of rhabdomyolysis,
the degree of its elevation alone is a weak predictor of the development of AKI
and the need for KRT16,17,28 and may also be dependent on the clinical context. In
a study of exercise-induced rhabdomyolysis among 203 healthy volunteers
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tasked to perform 50 maximal eccentric contractions of the elbow flexor muscle,
the mean CK 4 days following exercise was 6,400 U/L, and no kidney
impairment was found even among participants with CK levels above 10,000
U/L.29

The Rhabdomyolysis Risk Score is a risk prediction score for the composite
outcome of KRT and in-hospital mortality (Table 49.3). Important clinical
variables that predict these outcomes include age, female sex, etiology of
rhabdomyolysis, initial creatine, initial CK within 72 hours of admission, and
serum concentrations of phosphate, calcium, and bicarbonate. With a score of 5
as the cutoff, the McMahon score has a 97% negative predictive value and 29.6%
positive predictive value for the composite outcome of KRT and death. Every 1
point increase in the score is associated with almost 1.5 times the increase in
odds of developing these outcomes.19 This score was validated in a retrospective
study of patients with rhabdomyolysis in the intensive care unit (ICU) setting and
found that a score of 6 on admission was 83% sensitive and 55% specific for the
prediction of need for KRT.28

The Rhabdomyolysis Risk Score

Variable Score

Age, in years

>50 to <70 1.5

>70 to <80 2.5

>80 3

Female sex 1

Initial creatinine

1.4-2.2 mg/dL (124-195 µmol/L) 1.5

>2.2 mg/dL (>195 µmol/L) 3

Initial calcium <7.5 mg/dL (<1.88 mmol/L) 2

Initial CPK >40,000 U/L 2

Origin not seizures, syncope, exercise, statins, or myositis 3

Initial phosphate

4.0-5.4 mg/dL (1.0-1.4 mmol/L) 1.5

>5.4 mg/dL (>1.4 mmol/L) 3



Initial bicarbonate <19 mEq/L (19 mmol/L) 2

A score of <5 confers a 2.3% risk of death or KRT requirement, whereas a score>10 confers a
61.2% risk of death or KRT.
CPK, creatine phosphokinase; KRT, kidney replacement therapy.
Source: McMahon GM, Zeng X, Waikar SS. A risk prediction score for kidney failure or mortality in
rhabdomyolysis. JAMA Intern Med. 2013;173(19):1821-1828.
doi:10.1001/jamainternmed.2013.9774

MANAGEMENT
Medical Management
The cornerstones of medical management include cessation or reversal of the
cause of rhabdomyolysis to prevent further skeletal muscle injury, prevention of
kidney injury, and treatment of life-threatening metabolic complications.
Aggressive resuscitation with intravenous fluids is vital because patients with
rhabdomyolysis are usually significantly volume depleted from water
sequestration into injured muscles.3 At present, there is no clear evidence of
which resuscitation fluid is more superior in rhabdomyolysis. A 0.9% saline
(normal saline or NS) is generally administered to aim for a urine output greater
than 200 mL/hr, in order to prevent AKI by preventing cast formation.

A small randomized controlled trial (RCT) of 28 patients with rhabdomyolysis
who ingest doxylamine compared the use of lactated Ringer (LR) versus NS for
resuscitation and found that the NS group required more sodium bicarbonate
supplementation for acidosis and diuretic augmentation. No participant required
KRT.30 There are theoretic benefits from urinary alkalization in patients with
rhabdomyolysis. Data from animal models suggest that the nephrotoxic effects of
myoglobin are enhanced when the urine is acidic, leading to increased cast
formation,14 increased oxidative stress and lipid peroxidation,31 and myoglobin-
induced vasoconstriction.32 In humans, however, an RCT of 98 patients with
doxylamine-induced rhabdomyolysis, given either NS or bicarbonate, did not
find a difference in AKI incidence between the two groups.33 Alkalization also
has significant potential adverse consequences, the most important of which is
worsening of hypocalcemia by increasing protein binding.9 There is also a risk of
increased calcium phosphate deposition in the kidney.3,34,35 Taken together, we do
not feel that alkalization should be used as a first-line treatment in severe
rhabdomyolysis, because it likely has little effect in less severe cases where the
potential for adverse effects is lower. The combined use of sodium bicarbonate
and mannitol has also been studied in rhabdomyolysis because mannitol is a



known osmotic diuretic with antioxidant properties2,3; however, whether this
combination prevents AKI is uncertain.36-40 Moreover, mannitol is known to be
nephrotoxic at high levels through vasoconstriction and tubular toxicity.3,41,42

A 2013 review by Sever and Vanholder43 on the management of crush victims
in mass disasters recommended NS as the fluid of choice, given its efficacy in
volume expansion and wide availability. Fluid administration should be initiated
during the period of extrication if possible, with recommended infusion rates of
1,000 mL/hr for the first 2 hours. If the extrication procedure takes longer than 2
hours, the volume of fluids should be reduced to at least 50% thereafter. Exact
infusion rates may vary depending on the clinical situation and degree of urine
output, but total fluid resuscitation of 3 to 6 L/d is reasonable if close monitoring
cannot be done.43,44 Although the authors recommended against the use of LR and
other potassium-containing fluids in crush injuries, given the victims’ higher risk
of developing fatal hyperkalemia, it has not been shown that LR is a cause of
increased potassium levels in these patients.43,45

Loop diuretics have also been used to augment urinary flow to prevent
myoglobin precipitation; however, there is no clear evidence that they
specifically reduce the risk of AKI.3 Indications for their use in rhabdomyolysis
are no different than its role in managing volume overload in other causes of
AKI.3

KIDNEY REPLACEMENT THERAPY
Initiation of KRT is indicated when refractory hyperkalemia, metabolic acidemia,
or volume overload has occurred. Most studies of KRT in rhabdomyolysis have
focused on myoglobin clearance.

Conventional hemodialysis is ineffective and inefficient in removing
myoglobin owing to the following reasons: (a) myoglobin is a charged molecule
with a nonspherical shape; (b) it has a large molecular weight of 17 kDa, and
thus, convection is the preferred method for its removal; and (c) it is distributed
in two pools in humans—the intravascular compartment and muscle tissues. In
the past, older cellulose membranes were relatively impermeable to myoglobin,
however modern high-flux dialyzers do not have this issue.46,47 Micro-crimping, a
technique that results in a more wavy hollow fiber, increases myoglobin
clearance by 30% to 60% in in vitro studies.48

Continuous kidney replacement therapy (CKRT) addresses the limitations of
intermittent hemodialysis in myoglobin clearance. An early study of CKRT
demonstrated a myoglobin clearance of 4.6 mL/min, with myoglobin removal
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rate of 0.08 g/treatment hour.49,50 Since then, various filters have been developed
and studied. Naka and colleagues used a novel super high-flux (SHF) membrane
with a molecular cutoff point of 100 kDa for a patient with an initial serum
myoglobin concentration of 100,000 µg/L, which resulted in a myoglobin
clearance of up to 30.5 to 39.2 mL/min (with replacement fluid rates of up to 3-4
L/hr) and myoglobin removal rates of 0.18 to 0.21 g/treatment hour. A problem
with SHF filters is the loss of serum albumin (69 kDa), which necessitates
albumin replacement (100 g over 24 hours for this patient). The possible loss of
protein-bound drugs and clotting factors is also a concern.51 Premru and
colleagues used a high cutoff (HCO) hemofilter (45 kDa cutoff) for
hemodiafiltration lasting 6 to 12 hours per treatment in a case series of six
patients with AKI from rhabdomyolysis. Their results showed efficient
myoglobin clearance of 81 mL/min, with as high as 5 g of myoglobin removed in
a day. Aggressive albumin replacement was necessary, and the authors noticed a
significant rebound in serum myoglobin, as high as 244% of the post-
hemodiafiltration myoglobin level.52

At present, there are no established RCTs that compare immediate- and long-
term outcomes between early and late KRT initiation in rhabdomyolysis. Data on
head-to-head comparisons among KRT modalities have also been sparse. A meta-
analysis of RCTs and quasi-RCTs for CKRT in rhabdomyolysis included only
three small studies from China, with a total of 101 participants. In this report,
although CKRT was associated with a significant decrease in serum myoglobin,
improvement in metabolic parameters (creatinine, blood urea nitrogen, and
potassium), shortened time in the oliguric phase, and reduced in-hospital stay, no
differences in mortality rates were seen. Moreover, the authors noted the overall
poor methodological quality in these studies and the inadequate assessment of
important clinical outcomes.53

Overall, based on current data on the management of rhabdomyolysis and
recognizing the absence of good clinical trials, our recommendations are
summarized in Table 49.4. Table 49.5 summarizes several of the key points from
the chapter.

The Authors’ Recommendations on the Management
of Rhabdomyolysis

Suggested Guidelines for the Management of Rhabdomyolysis

1. Assess likelihood of developing AKI based on the etiology of rhabdomyolysis and laboratory
abnormalities on admission.
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2. If the patient is at high risk for AKI, administer IV fluids to target a urine output of >200 mL/hr.
3. NS or LR is the fluid of choice. Bicarbonate should be reserved for patients with acidemia.
4. If bicarbonate is used, target a urine pH >6.5 and closely monitor for hypocalcemia.
5. Diuretics may be used for augmentation if the urine output is lower than the desired range

despite adequate volume resuscitation.
6. There is no clear current role for prophylactic dialysis for the prevention of rhabdomyolysis-

associated AKI, but in the event that KRT is needed, high-flux dialyzers are more efficient at
reducing myoglobin levels.

AKI, acute kidney injury; IV, intravenous; LR, lactated Ringer; KRT, kidney replacement therapy;
NS, normal saline.

Rhabdomyolysis Key Points

Rhabdomyolysis is due to the breakdown of striated skeletal muscles that results in the release
of intracellular components, leading to complications, including clinically significant electrolyte
abnormalities and AKI secondary to myoglobinuria.

Etiologies of rhabdomyolysis include trauma, exercise-induced, ischemia/hypoxia, electrical
injuries, genetic and metabolism disorders, infections, electrolyte abnormalities, and drugs and
toxins.

Myoglobin causes AKI through three mechanisms: (1) renal vasoconstriction exacerbated by
volume depletion, (2) heme-pigment cast formation resulting from the interaction of myoglobin
and Tamm-Horsfall proteins, and (3) direct heme toxicity through oxidative stress and lipid
peroxidation.

Rhabdomyolysis is both a clinical and biochemical diagnosis. An increase in the biomarker
creatinine kinase is used in its diagnosis, with the usual accepted cutoff value of >5 times the
upper limit of normal. Typical biochemical abnormalities in rhabdomyolysis include
hyperkalemia, hyperphosphatemia, hypocalcemia, elevated creatinine and blood urea nitrogen,
and a blood-positive UDT.

The Rhabdomyolysis Risk Score is a clinical calculator that predicts the need for KRT and in-
hospital mortality among hospitalized patients with rhabdomyolysis. A score of 5 or below
confers a low risk for a patient to need KRT or die. Every 1 point increase in the score is
associated with almost 1.5 times the increase in odds of developing these outcomes.

Rhabdomyolysis is managed medically until a need for KRT arises, when medical management
has failed. Medical management consists of aggressive fluid repletion. At present, no studies
have shown a clear superiority of one fluid composition over the other. The use of mannitol has
been controversial as well.

At present, there are no large randomized controlled trials that compare KRT modalities for
rhabdomyolysis. Myoglobin can only be removed via hemofiltration owing to its charge, shape,
and size. High-flux dialyzers presently used for intermittent hemodialysis are compatible with
myoglobin removal. Continuous KRT modalities have the advantage of better myoglobin
clearance. SHF and high cutoff membranes have been studied and shown to be more efficient in
the removal of myoglobin, though a trade-off exists, given that these membranes result in a
significant loss in albumin and, possibly, other protein-bound drugs and clotting factors.
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Patients with cancer commonly develop acute kidney injury (AKI), which
portends a higher morbidity and mortality.1-4 There are a variety of
mechanisms by which cancer or its treatment may lead to kidney injury. The
malignancy may directly induce AKI through infiltration or external
compression of the kidney, or indirectly by paraneoplastic effects and
metabolic complications. Cancer therapies may directly injure kidney tissue
or may trigger systemic inflammation that leads to AKI. The severity of
kidney injury varies depending on the etiology. Those etiologies of cancer-
related AKI that lead to critical illness requiring intensive medical care are
discussed in this chapter.

CANCER AND KIDNEY INJURY
Kidney Infiltration of the Kidney
One mechanism of cancer-related AKI is direct infiltration of cancer cells
into kidney parenchyma, a relatively common finding in B-cell
lymphoproliferative disorders. AKI is seen in up to 85% of cases, most often
because of lymphomatous or leukemic infiltration of the kidney
interstitium.5,6 Infiltration can only be definitively diagnosed by kidney
biopsy, because urine studies and advanced imaging techniques have
inherent limitations in spatial resolution, leaving small foci of tissue
infiltration undetected. Massive nephromegaly seen on imaging may be a
tip-off to malignant infiltration. Early identification of cancer spread to the
kidney is paramount; although most reported cases of infiltration-related



kidney failure have achieved only partial recovery following cancer
therapy,6,7 there are some cases of complete kidney recovery following
prompt and successful treatment of the malignancy.8

Obstructive Nephropathy
With certain malignancies, obstructive AKI because of involvement of the
collecting system, ureters, bladder, and urethra may occur. Examples include
prostate cancer causing bladder outlet obstruction, bladder cancer
obstructing ureteral orifices, and cancer of the kidney, particularly in cases
of renal cell carcinoma following nephrectomy where unilateral ureteral
obstruction can cause fulminant AKI in the remaining kidney. In addition,
bulky lymphomas and solid-organ cancers in the abdomen or pelvis cause
extrinsic compression of the urinary outflow tract. Percutaneous
nephrostomy tubes, ureteral stents, or bladder catheter placement often
partially or completely restores kidney function. Hydronephrosis should
prompt immediate intervention to relieve obstruction, although the absence
of hydronephrosis does not rule out malignant obstruction in all cases,
because cancer can encase the collecting system and prevent its dilatation.

Myeloma Light-Chain Cast Nephropathy
Multiple myeloma (MM) is a common cause of AKI and can be life-
threatening.9 MM is associated with kidney injury through various
mechanisms, including common paraneoplastic effects occurring from
monoclonal immunoglobulin and light-chain (LC) production, metabolic
disturbances (hypercalcemia, tumor lysis syndrome [TLS]), and drug-
induced nephrotoxicity.10 Paraprotein production can induce injury in the
vascular, glomerular, and tubulointerstitial compartments of the kidney.10 As
LC cast nephropathy is the most common kidney lesion, it is the focus of
this section.

LC cast nephropathy occurs because of aggregation of LCs and
uromodulin, which is due to a binding site on LCs that interacts with a
carbohydrate moiety on uromodulin and leads to precipitation of insoluble
casts within the tubular lumens.11 Cast formation stimulates a monocytic
reaction in the interstitium, causing further injury to the tubulointerstitium.10

This may result in tubular obstruction, tubular rupture with resulting atrophy,



and tubulointerstitial inflammation. In this setting, AKI develops. In the
absence of effective therapy, dialysis requirement and chronic kidney disease
(CKD) may result. Thus, early, effective therapy is crucial to salvaging
kidney function.

Therapy for AKI from cast nephropathy hinges primarily on effective
eradication of the malignant clone. A number of drugs (proteasome
inhibitors, steroids, cyclophosphamide, others) are effective and can reverse
or stabilize kidney function.9,10 Extracorporeal removal of LCs with
plasmapheresis to treat cast nephropathy is fraught with mixed data, and the
modality is considered second line. In view of this, high cutoff hemodialysis
(HCO-HD), which more efficiently removes LCs, was studied in two
randomized controlled trials.12,13 Patients with dialysis-requiring AKI from
cast nephropathy were randomized to either standard myeloma therapy alone
or standard therapy plus HCO-HD. The EuLITE (Visual Abstract 50.1) and
MYRE (Visual Abstract 50.2) trials showed no benefit for the primary end
point (freedom from dialysis) or mortality, although there was a signal for
AKI recovery at 6 and 12 months in the MYRE trial. Thus, the utility of this
modality remains unproven.

METABOLIC COMPLICATIONS OF CANCER AND KIDNEY
INJURY
Hypercalcemia
Hypercalcemia is a common complication of cancer, occurring in up to 30%
of all malignancies.1,14 Symptoms of hypercalcemia are nonspecific and
often go unnoticed until they become severe (see Chapter 22).14,15

Malignancy-related hypercalcemia may arise because of tumor invasion of
bone causing osteolysis and calcium release, malignancy-generated active
vitamin D (lymphomas) causing excess gut absorption of calcium, and
malignancy-secreted parathyroid hormone–related protein (PTHrP), which
acts to increase calcium release from bone and increase gut absorption.14

Hypercalcemia exerts deleterious effects on the kidney by reducing
glomerular filtration rate (GFR) through direct renal vasoconstriction,16,17

while also activating the calcium-sensing receptor on the thick ascending
limb of the loop of Henle (inactivates NA-K-2Cl cotransporter), which leads
to significant natriuresis and AKI from volume depletion.18 Hypercalcemia
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also impairs water reabsorption in the distal nephron (disturbs antidiuretic
hormone [ADH] effect), contributing to more fluid loss and hypernatremia.14

These effects reduce GFR and further impair urinary calcium excretion,
exacerbating hypercalcemia.

The mainstay of acute hypercalcemia treatment is aggressive volume
expansion with intravenous saline, with the goal of restoring a euvolemic
state and improving the GFR. Loop diuretics were previously recommended
as an adjunct to saline; however, they are now recognized as retarding efforts
at volume expansion and, therefore, should not be used unless the patient is
hypervolemic.19 If saline cannot be safely administered because of anuric
AKI and/or significant hypervolemia, HD with a low calcium bath may be
required. When bone calcium release is the culprit, therapy must be directed
at inhibiting osteoclastic bone resorption (Table 50.1; Figure 50.1).
Calcitonin, the bisphosphonates, and denosumab (reviewed in Chapter 22)
may be employed to reduce calcium release from bone. Severe AKI
contraindicates zoledronate therapy, whereas pamidronate can be used at a
lower dose (60 mg) with a longer infusion time (4-6 hours). The anti–
receptor activator of nuclear factor kappa-B ligand (RANKL) antibody
denosumab is an excellent alternative when AKI is present, in that it is
highly effective and safe in those with impaired kidney function. When
hypercalcemia is due to malignancy-related excess active vitamin D,
corticosteroids are often effective.14

Treatment of Acute Hypercalcemia





FIGURE 50.1: Algorithm for the management of acute hypercalcemia. Initial assessment and
management of patients with acute hypercalcemia focus on neurologic status. In cases
where neurologic function is preserved or pharmacologically restored, further management
centers on volume expansion with saline (limited only in cases where the patient is at risk for
critical volume overload) and disruption of osteoclast activity. IVF, intravenous fluids; KRT,
kidney replacement therapy.
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Tumor Lysis Syndrome (TLS)
TLS is a constellation of specific metabolic derangements that arise when
tumor cells die and intracellular contents are released into the systemic
circulation. Characteristic findings include hyperkalemia,
hyperphosphatemia, hypocalcemia, and hyperuricemia, which range from
mild to severe and life-threatening. TLS is subcategorized as either
laboratory TLS (specified degrees of deviation of each metabolic
derangement, as well as criteria defining onset and duration) or clinical TLS
(laboratory TLS along with evidence of organ dysfunction).

The TLS definition initially put forth by Cairo and Bishop has been
modified over the years, but all versions distinguish laboratory from clinical
TLS, highlighting the fact that laboratory derangements may occur without
causing organ dysfunction, as summarized in Table 50.2.20-23 This is possible
because when hyperkalemia or hyperphosphatemia occurs with normal
kidney function, renal excretion of potassium and phosphorus restores serum
levels to the normal range and minimizes the risk of hypocalcemia.
Similarly, uric acid is excreted by the kidneys; however, with severe
hyperuricemia, volume depletion, and urine pH less than 7.0, uric acid
precipitates within tubular lumens, thus causing AKI from acute uric acid
nephropathy.

Definition of Tumor Lysis Syndrome

Laboratory Tumor Lysis Syndrome (LTLS)a Clinical Tumor Lysis Syndrome
(CTLS)b

Serum uric acid ≥ 8 mg/dL ( ≥476 µmol/L) or 25%
increase from baseline

Creatinine ≥1.5 times greater than
the institutional ULN if below the
age/gender-defined ULN, for
patients >12 yr of age

Serum potassium ≥ 6 meq/L ( ≥6 mmol/L) or 25%
increase from baseline

Cardiac arrhythmia/sudden death
not directly or probably attributable
to a therapeutic agent

Serum phosphorus ≥ 6.5 mg/dL (≥ 2.1 mmol/L) in
children, ≥ 4.5 mg/dL (≥ 1.45 mmol/L) in adults, or
25% increase from baseline

Seizure not directly or probably
attributable to a therapeutic agent

Serum calcium ≤ 7.0 mg/dL ( ≤1.75 mmol/L or 25%
decrease from baseline



Proposed Changes

Howard et al22

1. Require that two or more metabolic abnormalities be present simultaneously
2. Eliminate 25% increase in criterion
3. Expand definition of CTLS to include any symptomatic hypocalcemia

Wilson and Berns23

1. Eliminate requirement that the patient be initiated on chemotherapy, to include
spontaneous TLS

2. Change the CTLS criterion for creatinine range to an established definition inclusive of
patients with chronic kidney disease, such as an absolute creatinine increase of 0.3
mg/dL or a relative increase of 50% above baseline.

ULN, upper limit of normal.
aThe Cairo-Bishop definition of LTLS requires that two or more metabolic abnormalities are
present within the 3 days preceding or 7 days following the initiation of chemotherapy. The
required 25% change in metabolite serum concentration assumes the patient has received
adequate hydration and a hypouricemic agent.
bThe Cairo-Bishop definition of CTLS requires one or more clinical manifestations along with
criteria for LTLS.

In the setting of oliguric or anuric AKI, electrolyte derangements such as
hyperkalemia and hyperphosphatemia may be difficult to manage, leading to
life-threatening cardiac arrhythmias and hypocalcemic seizure. Intravenous
saline is employed to maintain high urine flow rates and prevent volume
depletion. Urinary alkalinization is no longer recommended because of the
risk of calcium phosphate and xanthine crystal precipitation within tubules.
Management of each specific electrolyte derangement is well described,24

with kidney replacement therapy (KRT) required in some cases (Figure
50.2). Allopurinol is used to prevent hyperuricemia, but rasburicase is often
required to rapidly and effectively correct hyperuricemia with TLS.24



TA B L E  5 0 . 3

FIGURE 50.2: Algorithm for the management of TLS-related electrolyte derangements.
When severe, hyperkalemia and hypocalcemia can cause life-threatening cardiac
arrhythmias and must be emergently addressed. Hyperphosphatemia itself is not acutely life-
threatening but can lead to hypocalcemia. ECG, electrocardiogram; IVF, intravenous fluids;
KRT, kidney replacement therapy; TLS, tumor lysis syndrome.

CANCER TREATMENT AND KIDNEY INJURY
Conventional chemotherapy is the first-line treatment for most cancers, but
for many advanced or chemotherapy-refractory malignancies,
immunotherapy has proven effective. In contrast to conventional
chemotherapy, immunotherapy utilizes the specificity of the patient’s own
immune system to launch a targeted attack on malignant cells. However, as
with conventional chemotherapy, immunotherapy also causes kidney injury
from off-target effects, which are primarily immune-related adverse events
(irAEs). Although conventional chemotherapies and other targeted cancer
agents cause kidney injury (Table 50.3), the discussion will be limited to the
potentially life-threatening irAEs associated with immune-checkpoint
inhibitors (ICPIs) and chimeric antigen receptor (CAR) T cells.

Anticancer Drug-Related Nephrotoxicity



Immune-Checkpoint Inhibitors
The tumor microenvironment confers tumor resistance to chemotherapy, so
new immunotherapies were developed by targeting specific components of
the microenvironment, such as tumor-infiltrating lymphocytes (TILs), the B
and T cells that surround and infiltrate tumors.25,26 Antigen-presenting cells
(APCs) use major histocompatibility complex (MHC) molecules to display
an antigen to T cells, which engages with the APC through an interaction
between a T-cell surface receptor and the MHC. Once the APC and T cell



are connected, a B7 ligand on the APC surface interacts with either a
stimulatory (CD28) or an inhibitory (cytotoxic T-lymphocyte antigen 4,
CTLA-4) receptor on the T-cell surface, determining the T-cell response
against that antigen. If CD28 is triggered, the T cell will be activated against
that antigen, whereas CTLA-4 binding will suppress T-cell activation.27,28

CTLA-4 acts in regional lymph nodes, whereas in peripheral tissues, T-cell
activation is inhibited by binding of the T-cell surface receptor programmed
death 1 (PD1) to APC surface ligand PD-L1.28-30 Although T-cell suppression
via CTLA-4 and PD1 is intended to prevent T cells from attacking healthy
tissue, tumor cells upregulate the expression of CTLA-4, PD1, and PD-L1 to
block the activation of T cells and stifle antitumor immune response.31,32

Overcoming this tumor-mediated T-cell suppression is the goal of novel
immunotherapy, such as the ICPIs. These drugs are monoclonal antibodies
that bind CTLA-4, PD1, or PD-L1 to block tumors from suppressing TIL
activity and proliferation. Preventing suppression augments the TIL-driven
anticancer response, frequently resulting in irAEs that affect the kidneys.
Early phase I and II trials of ICPIs estimated an incidence of AKI of 2.2%33;
however, as ICPI use became increasingly common, many case reports and
case series were published, and recent analysis suggests the true AKI
incidence may be as high as 29%.34 Making the diagnosis of ICPI-induced
AKI is difficult because the available literature includes reports that vary
widely with regard to the expected time lag between ICPI exposure and AKI
onset, as well as the expected clinical presentation.33-43 The most frequently
described kidney pathology is acute interstitial nephritis (AIN), whereas
acute tubular injury (ATI) and other kidney lesions are less common.38,41,43

Other kidney lesions include minimal change disease, membranous
nephropathy, immunoglobulin A (IgA) nephropathy, focal segmental
glomerulosclerosis, lupus nephritis, thrombotic microangiopathy, immune-
complex glomerulonephritis, and pauci-immune glomerulonephritis.33-43

Proton pump inhibitor (PPI) or nonsteroidal anti-inflammatory drug
(NSAID) use in patients taking ICPIs appears to increase the risk for AIN. A
speculated mechanism for ICPI-associated AIN is widespread T-cell
activation, leading to reduced immune tolerance to these medications.33,35,41,42

Development of AKI following ICPIs generally leads to ICPI cessation,
but optimal management should include careful perusal of medication lists
and, most importantly, a kidney biopsy. Corticosteroids are often employed



for AKI, which is either proven with biopsy as AIN or clinically diagnosed
as AIN.33,35,41-43 Either complete or partial remission is observed in up to 85%
of patients when drug withdrawal and corticosteroid therapy are
undertaken.41,42 In cases where ICPI-induced AKI leads to prolonged anuria
or acutely life-threatening electrolyte disturbances such as hyperkalemia,
HD may be necessary.

Chimeric Antigen Receptor T Cells
CAR T-cell therapy utilizes the patient’s own T cells, which are removed via
apheresis, whereupon a genetically engineered T-cell receptor is attached.
The CAR T-cell population is then exogenously expanded with interleukin-2
(IL-2) and infused into the patient. The CAR is designed with specificity for
a tumor antigen; therefore, following reinfusion, it binds the target antigen,
proliferates, secretes cytokines, and launches a cytotoxic response against
tumor cells.39,44 Successful antitumor response is achieved in many cases of
advanced malignancy; this is often accompanied by adverse events that
impact many organs, including the kidney.

The toxicity profile of CAR T-cell therapy includes cytokine release
syndrome (CRS) and hemophagocytic lymphohistiocytosis (HLH). These
syndromes, caused by widespread cytokine release and immune activation,
cause dysfunction of multiple organs and portend significant morbidity and
mortality if not rapidly treated.39,44 CRS is the most common irAE following
CAR T-cell therapy and usually manifests within days of T-cell infusion.
Severity is related to disease burden and the magnitude of CAR T-cell
expansion. CRS is characterized by high fevers, hypoxia, and hypotension
from vasodilatory shock, with widespread capillary leak and reduced cardiac
function (which reduces organ perfusion), leading to AKI and liver
dysfunction.45 Rampant activation of the immune system may lead to HLH,
which is characterized by high ferritin, low fibrinogen, cytopenias, and AKI
and can be fatal unless immune dysregulation is controlled. High levels of
IL-6 are a therapeutic target; the use of the anti–IL-6 antibody tocilizumab
has successfully reversed life-threatening CRS.46 Recent studies using
murine models of CRS suggest that pharmacologic blockade of IL-1 may
also have therapeutic potential, but this has yet to be evaluated in humans.47
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In addition to these cytokine-mediated toxicities, CAR T-cell therapy can
trigger autoimmune-mediated severe organ dysfunction known as on-target,
off-tumor toxicity, wherein a CAR binds a tumor antigen that happens to be
present in healthy tissue.39,45,48

CONCLUSION
AKI is commonly seen in the setting of cancer, whether secondary to the
tumor or to anticancer therapies. In some cases, the kidney damage may be
severe and require advanced life support, such as KRT. Identifying the
etiology of cancer-related AKI is paramount in determining the optimal
therapy.
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Caring for Patients After Acute Kidney
Injury
Michael Heung

BACKGROUND
Acute kidney injury (AKI) is one of the most common complications in the
health care setting, affecting up to one in five hospitalized patients, and is
associated with significant increased risk of hospital mortality.1 However, the
impact of AKI is felt far beyond the hospitalization phase. Survivors of an
AKI episode remain at higher risk for the development of chronic kidney
disease (CKD) and end-stage kidney disease (ESKD),2 recurrent AKI,3 major
adverse cardiovascular events,4 and long-term mortality5 (Table 51.1).
Therefore, an important goal of post-AKI follow-up care is to reduce the risk
for these complications.

Long-Term Complications Following Acute Kidney
Injury

Complication Notes

Kidney outcomes

CKD/ESKD May lead to new and/or progressive CKD
Risk progressively increases with greater severity
(stage) or AKI, but is present even for mildest
forms of AKI.

Proteinuria Strong risk factor for progressive CKD in the post-
AKI period



Recurrent AKI Occurs in up to 30% of AKI patients
Associated with worse outcomes

Cardiovascular outcomes

High blood pressure Animal models suggest possible salt-sensitive
hypertension with associated ongoing kidney injury
following AKI

Cardiovascular events (heart
failure, myocardial infarction,
stroke)

Strongest association observed is between AKI
and heart failure.

Long-term mortality AKI is associated with increased risk for all-cause
and cardiovascular mortality.
Care remains primarily supportive and focused on
modifiable risk factors.

Quality of life Reductions appear primarily related to limitations
in physical functioning, so attention should be paid
to rehabilitation needs.

AKI, acute kidney injury; CKD, chronic kidney disease; ESKD, end-stage kidney disease.

FOLLOW-UP AFTER ACUTE KIDNEY INJURY
A prerequisite to appropriate management of AKI survivors is to emphasize
the importance of follow-up care. Both the patients and the providers need to
be properly educated on the risk for complications after an episode of AKI.
The 2012 Kidney Disease Improving Global Outcomes (KDIGO) AKI
guidelines recommend that patients be evaluated 3 months after an episode
of AKI for resolution versus development or worsening of CKD.6 However,
rates of post-AKI nephrology follow-up appear to be poor, with less than
10% of patients referred in one study.7 In another study from Canada,
nephrologists were surveyed to determine which hypothetical AKI patient
scenarios should receive follow-up nephrology care; among actual patients
meeting these criteria, just 24% overall received such follow-up (Visual
Abstract 51.1).8 Notably, in another observational study, early (within 90
days) outpatient nephrology follow-up care after an episode of severe
(dialysis-requiring) AKI was associated with a reduction in mortality (Visual
Abstract 51.2).9
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The Acute Disease Quality Initiative (ADQI) held a conference on quality
of care in AKI in 2018 and recommended measuring rates of follow-up as a
potential quality measure for AKI care.10 Clearly, not all patients recovering
from an episode of AKI will require nephrology specialty care, and follow-
up can also be done by non-nephrologists, especially in less severe cases.
Health systems and clinical practices are encouraged to develop mechanisms
to monitor and ensure post-AKI follow-up care. Recently, some centers have
developed specific clinics dedicated to post-AKI care,11 and formal studies
are underway to evaluate the clinical impact of such an approach.

GENERAL ASPECTS OF FOLLOW-UP CARE
Several principles can be broadly applied to patients surviving an episode of
AKI (Table 51.2). First, kidney function monitoring is required, including
both an assessment of estimated glomerular filtration rate (eGFR) and
evaluation for albuminuria. The exact timing of this evaluation will depend
on the severity of the initial insult and the trajectory of kidney function
recovery. However, even patients with recovery to baseline kidney function
should have a kidney function assessment at least 2 to 3 months after the
acute episode (as discussed in the Kidney Outcomes section of this
chapter).12

Principles of Post–Acute Kidney Injury Care

Component Notes

Patient education Many patients with AKI are not aware of this
diagnosis or the risk of later complications.
Quality of life assessment
Education about “sick-day protocols” for holding
certain medications, such as diuretics and
ACEI/ARB, during acute illness

Kidney function assessment Monitor for kidney recovery vs new or progressive
CKD.
Both serum creatinine/eGFR and proteinuria
measurement are indicated.

Medication reconciliation Importance of avoiding nephrotoxin exposures to



the extent possible, such as NSAIDs

Medication adjustment For renally cleared drugs, either dose reduction (in
the setting of progressive CKD) or dose increase
(in the setting of kidney recovery) may be required.

Risk factor modification Blood pressure control
Cardiovascular risk assessment

AKI, acute kidney injury; ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin
receptor blocker; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate;
NSAID, nonsteroidal anti-inflammatory drug.

Second, both the patients and the providers should be educated regarding
the AKI episode and the potential downstream complications. Unfortunately,
a significant proportion of patients remain unaware of their AKI diagnosis
following a hospitalization—80% in a recent study.13 This knowledge is
fundamental to engaging patients in subsequent risk factor modification.

Third, the providers must carefully perform medication reconciliation, for
both prescribed and over-the-counter drugs. One aspect is education around
potential nephrotoxin exposure, particularly in patients with delayed kidney
function recovery or persistent CKD. For example, studies have shown that
regular nonsteroidal anti-inflammatory drug (NSAID) use is common even
among AKI survivors.14 Another aspect is ensuring appropriate dosing of
renally cleared medications. Dose reduction may be required with new-onset
or worsening CKD. Conversely, posthospitalization medication dosing
increases may be appropriate when further improvement in kidney function
occurs, in order to avoid underdosing.

KIDNEY OUTCOMES
Chronic Kidney Disease/End-Stage Kidney Disease
In recent years, there has been increasing recognition of the bidirectional
relationship between AKI and CKD.15 The risk for later complications
increases with the severity of the initial AKI insult,16 although even
relatively mild episodes of AKI are associated with significant increased risk
for subsequent CKD and ESKD.2 One study has developed a risk tool for
prediction of advanced CKD after an episode of AKI,17 providing an
opportunity for a risk-stratified approach to AKI follow-up. This tool



incorporates data that are readily available at the time of hospital discharge
(including demographic information, severity of AKI episode [by KDIGO
stage], and the degree of albuminuria) and generates a percentage estimate
for the development of eGFR less than 45 within 1 year after discharge. The
tool is freely available online at
https://qxmd.com/calculate/calculator_451/advanced-ckd-after-aki-risk-
index.

In addition to an overt decline in GFR, AKI has also been associated with
subsequent development of CKD in the form of new-onset or worsening
proteinuria.18 Furthermore, post-AKI proteinuria appears to be a strong
predictor for subsequent CKD progression. In the Assessment, Serial
Evaluation, and Subsequent Sequelae in Acute Kidney Injury (ASSESS-
AKI) study, higher post-AKI albuminuria was associated with a significant
increased risk for kidney disease progression (hazard ratio [HR] 1.53, 95%
confidence interval [CI]: 1.45-1.62).12 These findings emphasize the
importance of appropriate post-AKI monitoring of both kidney filtration
function and urinary protein excretion.

There remains debate regarding whether the link between AKI and CKD
is causal versus associative, such as simply an unmasking of underlying
subclinical CKD. Animal models have demonstrated a prolonged
inflammatory response after an episode of AKI, which can mediate chronic
damage,19 suggesting a pathophysiologic mechanism for the transition to
CKD. In addition, interventional animal studies have found that post-AKI
kidney damage can be mitigated by pharmacologic means targeting
inflammatory pathways.20,21 In one study, spironolactone was able to reduce
post-AKI CKD changes in rats, postulated secondary to reducing profibrotic
and inflammatory pathways mediated by transforming growth factor beta
(TGF-beta).21 Another study similarly showed that a dose of lithium, which
inhibits glycogen synthase kinase 3 beta, was able to reduce post-AKI
kidney tissue inflammation and promote repair.20 Together, these studies
support a causal connection between AKI and CKD and also provide a basis
for future mechanistic and interventional studies. However, multiple
different pathways have been implicated in the pathogenesis of AKI, and it
remains unclear which pathway may predominate, or whether the pathway
depends on the type of injury. Unfortunately, at present, there are no human

https://qxmd.com/calculate/calculator_451/advanced-ckd-after-aki-risk-index


clinical trials supporting therapies specifically for reducing the risk of CKD
following AKI.

For patients who do progress to CKD, standard CKD management
practices should be adopted, including focus on risk factor modification such
as blood pressure control. Appropriate monitoring and recognition can
provide the opportunity for early intervention, which is likely to yield the
greatest benefit.

Recurrent Acute Kidney Injury
Nearly 30% of patients surviving an episode of AKI will subsequently have
a recurrent hospitalization with AKI, and not surprisingly, recurrence is
associated with worse outcomes.3,22 Risk factors for recurrence include well-
established AKI risk factors, such as older age, diabetes, and worse baseline
kidney function. In addition, particularly high-risk groups for recurrent AKI
are those with significant underlying comorbidities, including heart failure,
cirrhosis, and acute coronary syndromes. Therefore, follow-up care of these
patients should emphasize interspecialty communication and coordination of
care because optimizing management of underlying conditions is likely to
reduce the chances of AKI recurrence.
A particular area of clinical uncertainty is whether renin-angiotensin system
(RAS) blockade should be used and when. In theory, RAS blockade could be
nephroprotective and beneficial for progression of CKD. But in the acute
setting of AKI, angiotensin receptor blockers (ARBs) and angiotensin-
converting enzyme inhibitors (ACEIs) are typically held to optimize
glomerular filtration. Resumption (or new initiation) of these therapies can
be associated with a reduction in filtration, which may confound the clinical
picture of recovering AKI, and there is concern they could contribute to
recurrent AKI. As such, it seems reasonable to wait for stability in kidney
function before starting or restarting RAS blockade, and this may occur in
the posthospitalization follow-up period. A retrospective cohort study
suggested that new initiation of RAS blockade after AKI was relatively safe
and not associated with an increased risk for recurrent AKI; patients treated
with RAS blockade experienced similar rates of recurrent AKI compared to
those not on RAS blockade (adjusted odds ratio [OR] 0.71, 95% CI:0.45-
1.12).23 An earlier retrospective study of post-AKI RAS blockade did show



increased risk for kidney-related rehospitalization (adjusted HR 1.28, 95%
CI: 1.12-1.46), but demonstrated lower risk for overall mortality (adjusted
HR 0.85, 95% CI: 0.81-0.89) in patients treated with RAS blockade
compared to those not treated (Visual Abstract 51.3).24 Taken together,
these studies suggest a reasonable safety profile for RAS blockade in the
post-AKI setting and potential long-term benefits. However, close
monitoring is warranted, and additional studies are needed to identify which
subgroups may benefit most or be at highest risk for complications.

One consideration is the employment of “sick-day protocols,” whereby
patients are educated to hold certain medications during periods of acute
illness,10 such as acute febrile episodes or gastrointestinal disease associated
with the risk of volume depletion (e.g., vomiting and/or diarrhea). In these
situations, patients are advised to temporarily discontinue diuretics and
ACEI/ARB, which may exacerbate a prerenal state and lead to recurrent
AKI. For patients with diabetes, metformin is also recommended to be held
because of the risks associated with AKI.

CARDIOVASCULAR OUTCOMES
Hypertension
One carefully conducted observational study found that AKI was
independently associated with increased risk of subsequently having an
elevated blood pressure (>140/90 mm Hg) in follow-up, and this finding
persisted whether or not patients had CKD.25 Hypertension may, in turn, be a
risk factor for CKD development or progression and certainly may play a
role in cardiovascular disease. As such, close monitoring for blood pressure
control is an important aspect of post-AKI care.

At present, there are inadequate data to recommend specific first-line
agents for the management of hypertension following AKI. However, animal
models of AKI have demonstrated a post-AKI predilection to salt-sensitive
hypertension and worsening kidney injury.19 Therefore, diuretic therapy may
be a reasonable option. In addition, as discussed earlier, the use of ACEI or
ARB may have theoretical benefits and appears to be a reasonably safe
option.



Major Adverse Cardiovascular Events
Observational studies have found an association between an episode of AKI
and subsequent increased risk for both cardiovascular mortality and the
development of cardiac complications. The strongest association is between
AKI and subsequent development of heart failure,4 but a meta-analysis
suggested overall increased risk for myocardial infarction and stroke as
well.26 The mechanisms for this increased risk remain uncertain, but appear
independent of shared risk factors. Proposed factors include the post-AKI
inflammatory state, neurohormonal activation (including both sympathetic
and RAS), and volume expansion.

In terms of management, there are no clinical trials that have specifically
examined therapeutic approaches to cardiovascular risk reduction in AKI
survivors. However, recognizing that these patients are at high risk for
events is a starting point, and aggressive risk factor modification (e.g., blood
pressure control) would seem appropriate.

MORTALITY
AKI is associated with high in-hospital mortality. Unfortunately, beyond the
initial hospitalization, AKI survivors remain at significantly increased risk of
long-term cardiovascular and all-cause mortality compared to those without
AKI.5,26 Care of this population remains primarily supportive in nature. The
focus of management should be on control of modifiable risk factors, such as
elevated blood pressure, blood sugar, and cholesterol, or weight loss when
appropriate. In patients with persistent CKD, statin therapy may be
appropriate.

QUALITY OF LIFE
Another underappreciated aspect of post-AKI care is the importance of
patient-reported outcomes. Early studies found a significant and prolonged
reduction in health-related quality of life (HRQOL) following an episode of
severe (dialysis-requiring) AKI.27 A more recent systematic review found
that severe AKI survivors do have significantly reduced HRQOL when
compared to the general population, but were comparable to other survivors
or critical illness.28 Reductions in HRQOL appear to be primarily related to



limitations in physical function. Therefore, physical disability should be
actively screened for among AKI survivors and consideration given to
rehabilitation needs.

ACUTE KIDNEY INJURY REQUIRING OUTPATIENT
DIALYSIS
One particularly vulnerable population is that of AKI patients who require
dialysis (AKI-D) and who remain dialysis dependent at the time of
discharge. Although some of these patients will have ESKD, a significant
proportion of AKI-D patients, ranging from 20% to 60%, may still recover
kidney function to the point of dialysis independence after hospital
discharge.29 As such, clinicians need to optimize management of these
patients to promote kidney recovery—a critical and highly patient-centered
outcome.

General principles for AKI-D patients are similar to the general AKI
population as outlined earlier, including education about the natural course
of AKI and avoidance of nephrotoxic insults. However, AKI-D patients face
an even greater adjustment following hospitalization owing to the new
dialysis requirements. Such patients generally have longer hospital stays,
which may have included intensive care, and, therefore, may not be as
prepared for the transition to the outpatient setting. Close attention and
reinforcement are needed, and the opportunity exists, given that they will be
seen frequently at the dialysis center. An important aspect of care should be
the regular (e.g., weekly) assessment of residual kidney function to monitor
for recovery.

Specific management recommendations for AKI-D outpatients focus on
dialysis prescription, with a goal of optimizing blood pressure stability. One
single-center retrospective study noted that greater episodes of intradialytic
hypotension were associated with lower likelihood of kidney recovery to
dialysis independence among patients with AKI requiring outpatient
dialysis.30 Although additional studies are needed to confirm these results,
the findings are certainly plausible. Intradialytic hemodynamic instability
has been associated with a variety of adverse outcomes, such as
cardiovascular events and mortality,31 presumably secondary to impaired
end-organ perfusion, and this could certainly translate to kidney ischemia,
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impairing kidney recovery in AKI patients. As such, it is important that
AKI-D patients have a more individualized approach to dialysis prescription
that contrasts with the protocol-driven approaches often employed for ESKD
patients on maintenance dialysis. Consistent with this approach, the recent
ADQI recommendations emphasize lower dialysis ultrafiltration rates and
even permissive mild hypervolemia in favor of optimizing intradialytic
hemodynamic stability.10

CONCLUSIONS
In recent years, there has been increasing recognition of the significant risk
for morbidity and mortality following an episode of AKI. Unfortunately,
there is a paucity of specific recommendations for management, as this
remains a relatively understudied area. Still, by focusing on basic principles
such as ensuring appropriate follow-up and risk factor modification, there is
ample opportunity to improve the survivorship of this vulnerable population.

Acknowledgment
No funding was received for this work.

References
Susantitaphong P, Cruz DN, Cerda J, et al. World incidence of AKI: a meta-analysis. Clin J Am
Soc Nephrol. 2013;8(9):1482-1493.
Heung M, Steffick DE, Zivin K, et al. Acute kidney injury recovery pattern and subsequent risk of
CKD: an analysis of veterans health administration data. Am J Kidney Dis. 2016;67(5):742-752.
Siew ED, Parr SK, Abdel-Kader K, et al. Predictors of recurrent AKI. J Am Soc Nephrol.
2016;27(4):1190-1200.
Go AS, Hsu CY, Yang J, et al. Acute kidney injury and risk of heart failure and atherosclerotic
events. Clin J Am Soc Nephrol. 2018;13(6):833-841.
Lafrance JP, Miller DR. Acute kidney injury associates with increased long-term mortality. J Am
Soc Nephrol. 2010;21(2):345-352.
Kidney Disease: Improving Global Outcomes (KDIGO) CKD Work Group. KDIGO 2012 clinical
practice guidelines for the evaluation and management of chronic kidney disease. Kidney Int.
2013;3(suppl 1):1-150.
Siew ED, Peterson JF, Eden SK, et al. Outpatient nephrology referral rates after acute kidney
injury. J Am Soc Nephrol. 2012;23(2):305-312.
Karsanji DJ, Pannu N, Manns BJ, et al. Disparity between nephrologists’ opinions and
contemporary practices for community follow-up after AKI hospitalization. Clin J Am Soc



9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

Nephrol. 2017;12(11):1753-1761.
Harel Z, Wald R, Bargman JM, et al. Nephrologist follow-up improves all-cause mortality of
severe acute kidney injury survivors. Kidney Int. 2013;83(5):901-908.
Kashani K, Rosner MH, Haase M, et al. Quality improvement goals for acute kidney injury. Clin J
Am Soc Nephrol. 2019;14(6):941-953.
Silver SA, Harel Z, Harvey A, et al. Improving care after acute kidney injury: a prospective time
series study. Nephron. 2015;131(1):43-50.
Hsu C-Y, Chinchilli VM, Coca S, et al. Post-acute kidney injury proteinuria and subsequent
kidney disease progression: the assessment, serial evaluation, and subsequent sequelae in acute
kidney injury (ASSESS-AKI) study. JAMA Int Med. 2020;180(3):402-410.
Siew ED, Parr SK, Wild MG, et al. Kidney disease awareness and knowledge among survivors of
acute kidney injury. Am J Nephrol. 2019;49(6):449-459.
Lipworth L, Abdel-Kader K, Morse J, et al. High prevalence of non-steroidal anti-inflammatory
drug use among acute kidney injury survivors in the southern community cohort study. BMC
Nephrol. 2016;17(1):189.
Chawla LS, Eggers PW, Star RA, et al. Acute kidney injury and chronic kidney disease as
interconnected syndromes. N Engl J Med. 2014;371(1):58-66.
Coca SG, Singanamala S, Parikh CR. Chronic kidney disease after acute kidney injury: a
systematic review and meta-analysis. Kidney Int. 2012;81(5):442-448.
James MT, Pannu N, Hemmelgarn BR, et al. Derivation and external validation of prediction
models for advanced chronic kidney disease following acute kidney injury. JAMA.
2017;318(18):1787-1797.
Hsu CY, Hsu RK, Liu KD, et al. Impact of AKI on urinary protein excretion: analysis of two
prospective cohorts. J Am Soc Nephrol. 2019;30(7):1271-1281.
Basile DP, Leonard EC, Tonade D, et al. Distinct effects on long-term function of injured and
contralateral kidneys following unilateral renal ischemia-reperfusion. Am J Physiol Renal Physiol.
2012;302(5):F625-F635.
Bao H, Ge Y, Wang Z, et al. Delayed administration of a single dose of lithium promotes recovery
from AKI. J Am Soc Nephrol. 2014;25(3):488-500.
Barrera-Chimal J, Perez-Villalva R, Rodriguez-Romo R, et al. Spironolactone prevents chronic
kidney disease caused by ischemic acute kidney injury. Kidney Int. 2013;83(1):93-103.
Holmes J, Geen J, Williams JD, et al. Recurrent acute kidney injury: predictors and impact in a
large population-based cohort. Nephrol Dial Transplant. 2020;35(8):1361-1369.
Hsu CY, Liu KD, Yang J, et al. Renin-angiotensin system blockade after acute kidney injury
(AKI) and risk of recurrent AKI. Clin J Am Soc Nephrol. 2020;15(1):26-34.
Brar S, Ye F, James MT, et al. Association of angiotensin-converting enzyme inhibitor or
angiotensin receptor blocker use with outcomes after acute kidney injury. JAMA Intern Med.
2018;178(12):1681-1690.
Hsu CY, Hsu RK, Yang J, et al. Elevated BP after AKI. J Am Soc Nephrol. 2016;27(3):914-923.
Odutayo A, Wong CX, Farkouh M, et al. AKI and long-term risk for cardiovascular events and
mortality. J Am Soc Nephrol. 2017;28(1):377-387.
Johansen KL, Smith MW, Unruh ML, et al. Predictors of health utility among 60-day survivors of
acute kidney injury in the Veterans Affairs/National Institutes of Health Acute Renal Failure Trial
Network Study. Clin J Am Soc Nephrol. 2010;5(8):1366-1372.
Villeneuve PM, Clark EG, Sikora L, et al. Health-related quality-of-life among survivors of acute
kidney injury in the intensive care unit: a systematic review. Intensive Care Med. 2016;42(2):137-



29.

30.

31.

146.
Heung M. Outpatient dialysis for acute kidney injury: progress and pitfalls. Am J Kidney Dis.
2019;74(4):523-528.
Pajewski R, Gipson P, Heung M. Predictors of post-hospitalization recovery of renal function
among patients with acute kidney injury requiring dialysis. Hemodial Int. 2018; 22(1):66-73.
Stefannsson BV, Brunelli SM, Cabrera C, et al. Intradialytic hypotension and risk of
cardiovascular disease. Clin J Am Soc Nephrol. 2014;9(12):2124-2132.

VISUAL ABSTRACTS

VISUAL ABSTRACT 51.1



VISUAL ABSTRACT 51.2

VISUAL ABSTRACT 51.3



SECTION X

Organ Transplantation



52

Perioperative Management of Kidney
Transplant Recipients
Hunter Witt, Jaime Glorioso, Elizabeth A. King, and
Jacqueline Garonzik Wang

INTRODUCTION
Kidney transplantation (KT) is the treatment of choice for suitable
candidates with end-stage kidney disease (ESKD). KT not only increases
patient survival but also improves quality of life and is more cost-effective
in comparison to dialysis.1-7 Despite more than 100,000 patients currently
awaiting KT, only approximately 20,000 KTs are performed annually,8

leading to organ shortage and unacceptable waitlist mortality.9-11 Because
kidney allografts represent a scare resource, it is imperative that we
optimize patient selection and maximize allograft longevity through
meticulous perioperative care. This chapter highlights the major principles
of perioperative care of the KT recipient, including expedited preoperative
evaluation at the time of organ offer and postoperative management.

PREOPERATIVE PATIENT ASSESSMENT
A successful KT begins with appropriate patient selection. Patients with
ESRD frequently have other medical comorbidities that must be evaluated
and optimized. A thorough history and physical examination are essential,
as is an exhaustive and comprehensive medical workup.12,13 Although the
complete preoperative assessment is outside the scope of this chapter, in
general, KT candidates should be evaluated for cardiopulmonary,



cerebrovascular, and peripheral vascular disease (PVD). All patients should
undergo a standard cardiopulmonary workup, including electrocardiogram,
chest X-ray, and echocardiogram. Patients with diabetes, those older than
50 years, or with personal or a strong familial history of cardiovascular
disease should have a cardiac stress test. Coronary angiography should be
performed in patients with any evidence or suggestion of ischemia.14-16

Further, candidates should be counseled on smoking cessation. Routine
laboratory testing includes a complete blood count (CBC) with differential,
comprehensive metabolic panel, and serologies. Cross-sectional imaging
should be considered in the elderly or those with PVD, in order to assess for
iliac artery calcifications that might preclude transplantation.17 Transplant
candidates should also undergo age-appropriate cancer screening.18,19

Often, the pretransplant workup is completed years prior to a recipient
receiving an organ offer and undergoing transplantation. Therefore, it is
imperative that each transplant center have an organized system for patient
evaluation, routine reassessment, and an electronic record that makes this
workup readily accessible when the recipient is called in for KT. Given the
significant time interval between evaluation and transplantation, many
aspects of the workup may have expired, or the patient’s clinical status may
have changed. Therefore, the following must be performed at the time of
organ offer by a clinician:

1. Updated history and physical examination, focused on factors that affect
peritransplant outcomes.
a. Determine the etiology of ESKD with specific attention to recurrent

diseases that may require additional perioperative therapies (i.e., focal
segmental glomerulosclerosis [FSGS]).

b. Recent/current infections (may be a contraindication to transplant)
c. Active chest pain or shortness of breath
d. Use of anticoagulation and last dosage
e. If indicated, dialysis type and dialysis access, with documentation on

examination of functioning access
f. Assessment of PVD in the lower extremities, including confirmation

of palpable femoral pulses for inflow of the graft (if there is any
concern, an up-to-date computed tomography scan should be ordered)



g. History of prior transplantation or prior surgeries and location of
previous scars

h. Quantification of daily urine output (if any). This information will be
useful when determining perioperative allograft function.

2. Confirm the patient has an up-to-date human leukocyte antigen (HLA)
sample for crossmatch (ensure no sensitizing events such as blood
transfusion since the last sample was provided)

3. Standard laboratory evaluation with specific attention to the following:
a. Potassium (to ensure they do not need dialysis prior to transplantation)
b. Hematocrit (as many patients with ESKD are anemic at baseline and

may require transfusion prior to, during, or after transplantation)
c. Coagulation tests (especially patients on blood thinners)
d. Active type and screen
e. Determination of histocompatibility

The goal of this assessment should be to determine whether the patient is
medically cleared for transplantation and if there is need for urgent
pretransplant dialysis or additional studies. Usually, the organ has already
been accepted and procured; therefore, time is of the essence to minimize
cold ischemia time on the allograft.

OPERATIVE DETAILS
The KT operation remains relatively unchanged from its inception. The
kidney is first prepared on the backtable. The kidney is evaluated for any
trauma, surgical damage, or abnormalities. The perinephric fat is removed,
and the vasculature is cleared of the surrounding tissue, taking care to ligate
lymphatics. Care must be taken to preserve the periureteral tissue to
maintain the blood supply to the ureter. The kidney vasculature is
anastomosed to the recipient’s external iliac vessels, which are most
commonly accessed via a retroperitoneal approach, thus decreasing the
likelihood of ileus or bowel injury. Occasionally, a transperitoneal approach
is required. Depending on hospital-specific protocols, some recipients may
receive intravenous heparin, Lasix, and mannitol prior to clamping of the



vessels and reperfusion of the organ. The kidney is reperfused, and a
ureterocystostomy is performed, frequently over a double-J stent.

IMMUNOSUPPRESSION
There are numerous intricacies to immunosuppression therapies based on
center- and surgeon-specific protocols, patient sensitization, and ongoing
clinical trials. The following are guidelines, based on frequently utilized
therapies, and not meant to be an exhaustive resource.

Induction Immunosuppression
Induction therapy is intense immunosuppressive therapy given at the time
of transplant to decrease the likelihood of rejection. Thymoglobulin (rabbit
antithymocyte globulin) is a T-cell-depleting therapy.20 This is a weight-
based therapy, and the total dosage is often based on recipient sensitization
and center-specific protocols. It is coadministered with steroids, which act
as an additional induction agent and mitigate the cytokine release seen with
thymoglobulin. A daily CBC should be closely monitored because
pancytopenia is often a limiting side effect. Other induction agents that are
sometimes employed include basiliximab, alemtuzumab, and OKT3.

Maintenance Immunosuppression in the Perioperative
Period
Maintenance immunosuppression consists of triple therapy, including a
calcineurin inhibitor, an antimetabolite, and steroid therapy.21-24 Tacrolimus
is a calcineurin inhibitor that requires drug level monitoring, given the side-
effect profile, drug-drug interactions, and variability in pharmacokinetics.24

Cyclosporine is a calcineurin inhibitor that is sometimes used as a second-
line agent for patients who do not tolerate the side effects of tacrolimus. The
most common antimetabolite used is one of the many formulations of
mycophenolate mofetil. Azathioprine is sometimes used for patients who do
not tolerate mycophenolate mofetil, those who are already on the drug for
other reasons, or women of childbearing age who are considering
pregnancy.25 In addition, most recipients are placed on prednisone for



maintenance immunosuppression, with some centers opting for steroid-free
or steroid-minimization protocols. Finally, some centers include
mammalian target of rapamycin (mTOR) inhibitors, sirolimus or
everolimus, in their maintenance immunosuppression regimens.

POSTOPERATIVE MANAGEMENT
Postoperative care of the transplant recipient can be challenging because
patient- and graft-related issues often have conflicting management. These
patients are monitored in either an intensive care unit or a step-down unit to
ensure frequent assessment of patient complaints, vitals, and fluid status. It
is important to be mindful of the fact that the combination of chronic
disease and intense immunosuppression can often obscure diagnosis of
postoperative complications. The major tenets of postoperative care are
highlighted in the subsequent section.

Perioperative Fluid Management
Management of volume status of a KT recipient can be challenging in the
postoperative period. Although they are often relatively volume overloaded,
KT recipients may have intravascular volume depletion from the stress
associated with surgery and allograft reperfusion. Further, the transplant
allograft performs better if the patient is adequately intravascularly
resuscitated; however, this often conflicts with tenets of volume
management in patients who are oliguric or anuric at baseline. Most centers
employ the following volume administration strategy in the perioperative
period to ensure adequate hydration for graft perfusion, while preventing
pulmonary and cardiac complications associated with significant volume
overload: the patient is placed on a small carrier fluid (e.g., 30 mL/hr of
half-normal saline and mL per mL replacement of urine output with normal
saline or half-normal saline).26 This allows the amount of fluid administered
to be proportional to the function of the graft. At 24 hours, fluid is dropped
to an hourly rate, based on output from the previous 24 hours. The primary
goal of perioperative fluid management is to ensure adequate graft
perfusion, while minimizing the risks of intravenous fluid, such as volume
overload and electrolyte abnormalities. Finally, serum potassium needs to



be monitored frequently, even in a KT recipient with immediate graft
function, as solute clearance often lags behind urine production. Although
temporizing measures can be employed for hyperkalemia, the best and most
appropriate treatment is often hemodialysis.27 Patients on peritoneal dialysis
who are at risk for delayed graft function should, therefore, be warned that
they may need temporary hemodialysis access placed in the postoperative
period.

Hemodynamic Considerations
Blood pressure management in the perioperative period is also complicated.
Patients with ESKD can present with a wide span of preoperative blood
pressures, ranging from patients who are severely hypertensive on multiple
medications to patients with severe autonomic dysfunction or hypotension
requiring midodrine.28 Further, general anesthesia, narcotics, and
thymoglobulin can potentiate hypotension, whereas pain and volume
overload can potentiate hypertension. It is recommended to hold
antihypertensives postoperatively to determine how the patient will respond
to thymoglobulin and general anesthesia and slowly reintroduce agents as
necessary, although there are limited data to support this practice. In the
perioperative period, the provider will want to prevent severe hypertension
(systolic blood pressure >180 mm Hg), while maintaining blood pressure
for adequate allograft perfusion.28

Catheter and Drain Management
Patients will have a urinary bladder catheter placed at the time of surgery.
This serves two purposes. First, it decompresses the bladder to allow the
ureterocystostomy to heal, and second, it allows for close urine output
assessment in the perioperative period. The duration of the catheter is often
dictated by the integrity of the bladder, which is assessed intraoperatively.
Some surgeons also perform the ureteral anastomosis over a stent to prevent
leakage or stricture.29 This is removed as an outpatient procedure
approximately 1 month after the transplant. Surgical drains allow the
surgeon to assess for urinary, lymphatic, or vascular leakage.



Graft Function
While the majority of recipients will have immediate graft function, given
increased utilization of high kidney donor profile index (KDPI) and high
terminal creatinine kidneys and many other factors, some will have slow or
delayed graft function.30,31 The crudest assessment of allograft function is
based on urine output and creatinine clearance. For kidneys with immediate
allograft function, the recipient will have robust urine output and a rapid
drop in creatinine. Lack of urine output or a significant reduction in urine
output should warrant concern and prompt recipient volume assessment and
kidney ultrasound.32 For recipients with slow or delayed graft function, a
transplant duplex ultrasound confirms adequate vascular inflow and outflow
and allograft perfusion. Additional studies, such as nuclear medicine kidney
scintigraphy, can assess for vascular integrity and help assess for a urine
leak or ureteral obstruction.31

Recipient Diet and Ambulation
Recipients will often start a clear liquid diet immediately after surgery and
will be advanced based on return of bowel function. Patients are placed on
an H2 blocker or proton pump inhibitor (PPI) for ulcer prophylaxis.
Diabetic patients should be placed on a carbohydrate-controlled diet. Of
note, all patients should have strict glycemic control because perioperative
steroids often complicate blood glucose control.33 Patients should be
encouraged to ambulate as soon as possible, and standard deep vein
thrombosis (DVT) prophylaxis should be administered including sequential
compression devices (SCDs) and subcutaneous heparin, as long as there are
no contraindications.

POST–KIDNEY TRANSPLANTATION COMPLICATIONS
Ureteral Complications
The incidence of urologic complications in the early posttransplant period
ranges from 3% to 14%.34 Early detection is of key importance because
these complications can lead to early loss of a KT. Urine leaks generally
present within the first 3 months posttransplantation. Common signs



include pain and swelling in the transplant area, rising creatinine, oliguria,
and/or signs of infection. Urologic complications can often be traced to
technical errors or difficulties encountered during procurement, bench
dissection, or implantation. The majority of leaks occur at the
ureterocystostomy and are managed initially with percutaneous drainage of
the collection and bladder catheterization until the leak has resolved.35

Percutaneous nephrostomy and nephroureteral stent placement are
additional adjuncts. If the leak fails to resolve with maximal
decompression, then surgical exploration is required. The ureter is also at
risk for stricture, often as a consequence of inadequate blood supply or
injury. This frequently can be managed with stenting and ureteroplasty, but
may ultimately require operative revision.36

Rejection
An unexpected rise in creatinine should raise concern for rejection,
especially when other etiologies including infection, dehydration, or
medication-induced kidney injury have been excluded.37 When this occurs,
donor-specific antibodies should be checked. Percutaneous kidney biopsy
provides definitive diagnosis. Newer, noninvasive markers, including
donor-derived cell-free deoxyribonucleic acid (DNA), are being explored to
aid in rejection diagnosis; however, none are currently the standard of
care.38 Once rejection is suspected or diagnosed, prompt treatment based on
rejection type should follow.39

Renal Artery Thrombosis
Recipients with a known prothrombotic state or history of venous
thromboembolic events are at higher risk of renal artery thrombosis.
Multiple donor arteries, donor and recipient atherosclerosis, and pediatric
kidneys also increase this risk.40 Although a rare complication (with an
incidence rate of 0.1%-2%), this typically occurs within 72 hours of
transplant and presents with abrupt decrease in urine output without pain
over the allograft.41 Ultrasound is the imaging study of choice to make the
diagnosis. Allograft salvage with thrombectomy is rarely successful.



Renal Vein Thrombosis
Risk factors for renal vein thrombosis include prothrombotic state, kinked
vessels, narrow venous anastomosis, hypotension, and acute rejection.42 It
frequently occurs soon after surgery and presents with hematuria, decrease
in urine output, and significant pain. Emergent thrombectomy and
anastomotic revision may result in allograft salvage.43

Lymphocele
A lymphocele is a collection arising from the lymphatics along the iliac
vessels or the renal hilum of the donor kidney. Small lymphoceles are often
asymptomatic. However, they can be large, resulting in pain, ureteral
obstruction, or vascular compression.44 Limiting the iliac vessel dissection
and ensuring the lymphatics are ligated can minimize the risk of
lymphocele formation. If the lymphocele results in compressive symptoms
or is infected, it should be managed with a drain. Noninfected and persistent
lymphoceles can be managed with internal drainage via laparoscopic
marsupialization into the peritoneal cavity.45

Medical Complications
KT recipients are at risk for a variety of postoperative medical
complications, given their comorbidity and organ failure at the time of
transplant. These include, but are not limited to, myocardial infarction,
pulmonary embolism, stroke, volume overload, congestive heart failure,
and a variety of nosocomial and opportunistic infections.46 Recipients are
placed on prophylaxis for Pneumocystis, cytomegalovirus, and Candida.
Individuals who present with glomerular disease are at risk for disease
recurrence following KT. For patients with primary FSGS, the urine
protein-to-creatinine ratio should be monitored, and elevation in serum
creatinine should prompt early biopsy.

SUMMARY
KT has become the treatment of choice for individuals with ESKD. Owing
to organ shortage, appropriate recipient selection and meticulous
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perioperative care to maximize the longevity of the allograft are imperative.
Advancements in technique, immunosuppression, and postoperative care
lead to excellent allograft and patient survival.
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Acute Kidney Injury in Patients with
Kidney Transplants
Kalyani Chandra and Ling-Xin Chen

EPIDEMIOLOGY
Kidney transplant (KT) recipients have lower rates of hospitalization
compared with dialysis-dependent patients; however, they have increased
rates of acute kidney injury (AKI) when compared with the community-
dwelling population.1,2 The incidence rates of AKI and AKI-requiring
dialysis in the KT population are estimated to be as much as 20- and 45-fold
higher than those in the general community.2 KT recipients are at higher risk
for AKI as compared to the general population due to their solitary kidney
status with lower nephron mass, higher incidence of frailty, dialysis
dependency prior to transplantation, immunocompromised state, higher
comorbidity burden, and calcineurin inhibitor exposure.3,4 Lower estimated
glomerular filtration rate (eGFR) was identified as the most important risk
factor for AKI in a national registry-based study of AKI including 27,232
KT recipients; other risk factors include black race, diabetic status, and more
recent transplantation.2 This study found that 11.3% of Medicare-insured
transplant recipients developed AKI between 6 months and 3 years post-KT,
of which 14% (1.6% of the entire cohort) of patients had AKI-requiring
dialysis and 12.1% lost their graft during hospitalization.2 AKI led to a
hazard ratio for transplant failure of 2.74 [95% confidence interval (CI):
2.56-2.92] when dialysis was not required and 7.35 (95% CI: 6.32-8.54)
when dialysis was required (Visual Abstract 53.1).2



Admission to the intensive care unit (ICU) in the KT population seems to
have decreased from 41.6% in the 1990s to 4% to 7% in more recent years.4-6

The most common indications for admission to the ICU in a single-center
French study including 200 KT recipients were acute respiratory failure
(27.5%) and septic shock (26.5%), followed by immediate postoperative
complications (23%), cardiogenic shock (9%), neurologic complications
(6%), AKI (5%), and others (3%).5 However, 57% of KT recipients had
infection at the time of ICU admission, indicating the high degree that
infectious etiologies are responsible for morbidity in KT.5 The source of
infection was pulmonary (50%), urinary (22.8%), and peritonitis (24%). This
cohort had a total hospital mortality of 22.5%, and 30.1% had a progression
of at least one stage of CKD at 6 months posthospitalization.5 The
detrimental effects of an episode of AKI for the KT population are
multiplied by the fact that lower eGFR is a predictor of cardiovascular
mortality as well as long-term graft and patient survival.6

SPECIFIC ETIOLOGIES
The specific etiologies of AKI in KT have been summarized by time after
transplantation in Figure 53.1 and are discussed later in this chapter.
Generally, as time after transplant increases, primary consideration should be
given to the usual causes of AKI in native kidneys. Immediate postsurgical
complications such as vascular issues (arterial or venous thrombosis and
dissection), ureteral complications (ureteral leakage and obstruction),
peritransplant hematomas or seromas, wound infections or dehiscence, and
other postsurgical cardiovascular, respiratory, and neurologic issues are
discussed in detail in Chapter 52.



FIGURE 53.1: Etiologies of the most common causes of AKI in kidney transplant recipients
by time after transplant. AKI, acute kidney injury; FSGS, focal segmental glomerulosclerosis.

Pyelonephritis
Urinary tract infection (UTI), including pyelonephritis, is the most common
bacterial infection post-KT, with reported incidence rates ranging from 6%
to 83% and accounting for up to 45% to 72% of all infections in solid-organ
transplant recipients.7-9 Having a shorter segment of the ureter without a
native ureteral valve predisposes KT recipients to chronic mild-to-moderate
vesicoureteral reflux and allows the potential for rapid progression of simple
cystitis to pyelonephritis.10 One retrospective study of UTI in 867 KT
recipients followed up to 1 year posttransplant found that 21% developed a
UTI at a median of 18 days posttransplantation and 15% had an episode of
pyelonephritis.11 Risk factors for pyelonephritis are variably reported in the
literature, but consistent ones include early postoperative period, female
gender, advanced age, and the presence of a ureteral stent (which are
removed at variable times early post transplant).11-15 The increased risk of
pyelonephritis in a patient population that is often asymptomatic in the early
phases of infection has led many practitioners to treat asymptomatic
bacteriuria, but a multicenter prospective randomized trial demonstrated lack
of benefit.8 In 87 KT recipients without ureteral or urethral catheters within
their first post transplant year who developed asymptomatic urinary
bacteriuria, there was no difference between antibiotic-treated and
nontreated groups in the rate of acute graft pyelonephritis, bacteremia,
cystitis, need for admission, or eGFRs.8 In fact, the treatment group had



more fosfomycin-resistant, extended-spectrum beta-lactamase–producing
and amoxicillin-clavulanate–resistant bacteria.8

Gram-negative organisms are responsible for over 70% of UTIs in KT
recipients, with Escherichia coli being the most common isolate, and
organisms are more likely to be resistant to trimethoprim-sulfamethoxazole
and ciprofloxacin.16 Thus, prompt initiation of broad-spectrum antibiotics is
key in the acute setting and may be coupled with the decrease in
immunosuppression if deemed appropriate by a transplant specialist.17 A rare
but life-threatening complication of acute pyelonephritis is emphysematous
pyelonephritis, characterized by kidney parenchymal necrosis with gas
accumulation.18,19 Management is usually conservative, though interventions
such as percutaneous nephrostomy and abscess drainage are used; however,
transplant nephrectomy may be required.18,20 In cases of recurrent UTIs,
further evaluation for vesicoureteral reflux and consideration of long-term
prophylactic antibiotics are warranted. The impact of pyelonephritis on
short- and long-term patient and graft outcomes is variably reported in the
literature and may differ based on when infection occurred relative to
transplantation.6,8,21

Calcineurin Inhibitors
CNIs, cyclosporin A and tacrolimus, are the mainstay of immunosuppression
therapy in kidney and other nonrenal transplants, but are known to cause
long-term kidney injury as well as to contribute to the kidney’s susceptibility
to AKI.22 CNIs cause afferent arteriolar vasoconstriction, decreasing renal
blood flow and glomerular filtration, over time leading to arteriolar hyaline
thickening, tubulointerstitial ischemia, and, eventually, interstitial fibrosis
and tubular atrophy.22-24 CNIs also reduce expression of the Na+:K+:2Cl−

cotransporter in tubuloepithelial cells, leading to polyuria, nephrocalcinosis,
magnesium wasting, and hyperreninemic hyperaldosteronism.25 Taken
together, these effects predispose KT recipients to AKI, even from minor
dehydration episodes. CNIs can themselves cause acute toxicity of the
allograft, which manifests as AKI, electrolyte disturbances (e.g.,
hyperkalemia, hypomagnesemia, distal tubular acidosis), and, rarely,
thrombotic microangiopathy. CNI toxicity is usually reversible with dose
reduction.
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CNIs are substrates of cytochrome P450 enzymes 3A4 and 3A5 and the P-
glycoprotein transporter, leading to interactions with many drugs, herbs,
food constituents, as well as susceptibilities to alterations in gut flora and
function.26 One single-center study of 138 KT recipients found that
approximately 10% of hospital admissions were related to probable adverse
drug reactions, of which 46% of cases were avoidable.27 The most common
drug interactions are identified in Table 53.1. It is important to consider drug
interactions when beginning new medications in any patient on CNIs and to
follow CNI drug levels closely during hospitalization.

Most Commonly Noted Drugs, Foods, and
Herbals Causing Calcineurin Inhibitor (CNI)

Interaction

Agents That Increase CNI Levels Agents That Decrease CNI Levels

Calcium channel blockers: diltiazem,
verapamil
Antifungals: ketoconazole, fluconazole,
itraconazolea

Protease inhibitors: ritonavir, indinavir
Macrobid antibioticsb: erythromycin,
clarithromycin
Amiodarone
Suboxone
Cimetidine
Nefazodone
Grapefruit

Antituberculosis medications: rifampin,
rifabutin, isoniazid
Anticonvulsants: phenobarbital,
carbamazepine, phenytoin
Antibiotics: nafcillin
Non-nucleoside reverse transcriptase
inhibitors: efavirenz, nevirapine
Caspofungin
St. John’s wort

bDihydropyridine calcium channel blockers such as amlodipine and nifedipine do no cause
CNI-level alterations.
aAzithromycin does not cause CNI-level alterations.

Obstruction
Ureteral obstruction occurs in 2% to 10% of KT recipients, usually within
the first 3 months of transplantation.28 Ureteral ischemia accounts for up to
90% of cases and usually involves the distal ureter, which is furthest from
the renal artery.28 Other etiologies include long ureter (prone to ischemia and
kinking), external compression (lymphocele, hematoma, seroma, urinoma, or



abscess), calculi (donor-gifted or de novo), neurogenic bladder, ureteral stent
blockage, and BK virus infection causing ureteral stricture. An
asymptomatic rise in creatinine and decreased urine output should prompt
evaluation by ultrasound, which has greater than 90% sensitivity for
detecting urinary obstruction.29 However, functionally nonsignificant mild-
to-moderate hydronephrosis of the allograft is frequently seen owing to the
lack of a ureteral valve, so further evaluation by renogram may be required
to confirm the diagnosis.30 Percutaneous nephrostomy and nephroureteral
tube placement are often useful in the management of cases of obstruction,
but prompt treatment of the underlying cause of obstruction is needed to
preserve allograft function.

Transplant Renal Artery Stenosis
Transplant renal artery stenosis (TRAS) can cause AKI, hypertension,
volume overload, pulmonary and peripheral edema, and graft failure, and its
incidence ranges from 1% to 23%.31,32 It is usually diagnosed within the first
year of transplant, and known risk factors include older age, ischemic heart
disease, and surgical technical errors.31 Doppler ultrasonography is the main
diagnostic screening test, whereas contrast-enhanced magnetic resonance
imaging (MRI) is more specific and often used as a confirmatory test before
intervention.33 Treatment options include medical management,
percutaneous intervention with angioplasty and/or stent placement, and
surgical reconstruction (now very rare because of high success rates of other
treatments). Medical management includes antihypertensive medications
coupled with close monitoring of symptoms, renal function, and serial
imaging when indicated. Although no randomized trials exist comparing
treatment options, a single-center retrospective study found a high rate of
stenosis recurrence when percutaneous angioplasty was used without
stenting.34 Transplant renal vein stenosis is much rarer than TRAS, but can
present similar to TRAS and may also be found by Doppler ultrasonography
or contrast-enhanced MRI.35

Rejection



The incidence of acute rejection has decreased significantly in recent years.
In the 2015 to 2016 cohort of KT recipients, the incidence of rejection within
the first year of KT was 9%, as opposed to 50% to 60% in the late 1980s.36,37

However, acute rejection must still be considered a cause of AKI, especially
in individuals who are at increased risk: those with high levels of preformed
antibodies or donor-specific antibodies (DSAs), medication nonadherence,
prior episodes of rejection, or delayed graft function. Rejection episodes
vary from hyperacute rejection, leading to immediate graft loss within
minutes of graft implantation (rarely seen), to acute and subsequent chronic
rejection.38 The current gold standard for rejection diagnosis is transplant
biopsy with concurrent screening for DSAs, though recent developments in
diagnostic testing include the use of assays for expression of rejection-
specific genes and detection of cell-free donor-derived deoxyribonucleic
acid (DNA).39,40

Although a thorough discussion of rejection diagnosis and treatment is
beyond the scope of this book, what follows is a brief summary. Rejection
can be classified according to Banff criteria into two types: cell-mediated
and antibody-mediated rejection, although these can occur simultaneously.41

Cell-mediated rejection is characterized by tubulitis, interstitial
inflammation, and occasionally arteritis and can be treated with
corticosteroids or antithymocyte globulin for more severe cases.42 Acute
antibody-mediated rejection is characterized by glomerulitis, peritubular
capillaritis, and complement deposition in the endothelium (C4d staining
positivity) in the setting of high levels of circulating DSAs. There may also
be tubular necrosis and unexplained arteritis or thrombotic microangiopathy.
Chronic antibody-mediated rejection is characterized by transplant
glomerulopathy and is often accompanied by interstitial fibrosis and tubular
atrophy.41 Treatment for antibody-mediated rejection includes antibody
clearance strategies such as therapeutic plasmapheresis, intravenous
immunoglobulins (Igs), and B-cell therapies such as rituximab or
bortezomib, though none of these therapies have strong evidence of
efficacy.42 Acute antibody-mediated rejection is noted to be associated with a
4-fold increase in graft loss as compared with T-cell–mediated rejection or
no rejection, and recurrent rejection episodes are known to impair long-term
graft survival.43



BK Virus Nephropathy
The BK virus is a polyomavirus in which an estimated 75% of the adult
population has been exposed to and typically causes no symptoms in
immunocompetent individuals.44 However, in the setting of
immunosuppression, BK virus (usually donor-derived) can replicate rapidly
and cause nephropathy, ureteral stricture, or hemorrhagic cystitis.44 BK virus
nephropathy usually presents as an indolent decline in kidney function,
occurs in 1% to 10% of KT recipients, typically within the first year of
transplant, and seems to correlate with the degree of immunosuppression.45

Most patients are asymptomatic early in the disease course, so transplant
programs often test for BK virus levels empirically, but some patients may
present with rapidly worsening creatinine levels, pyuria, or hematuria.44 On
biopsy, BK nephropathy is characterized by intranuclear viral inclusions,
tubular injury and inflammation, and positive SV40 staining (100%
specificity for polyomavirus).45 The main treatment strategy is decreasing
immunosuppression, typically starting with the antimetabolite
(mycophenolate mofetil), followed by decreasing CNI dosage if there is no
response to antimetabolite reduction. Immunosuppression reduction must
always be balanced by the individual’s risk for rejection, which has been
reported to occur in concert with BK nephropathy, although it is unclear if
this is related to immunosuppression reduction or challenges in rejection
diagnosis when BK nephropathy is present.45 Other treatment options
include leflunomide, intravenous Ig, cidofovir, rapamycin, and
ciprofloxacin, but good-quality data on these treatment strategies are
limited.46 BK nephropathy has been reported to cause a graft loss rate of
46% and has a recurrence rate of 15% in subsequent transplants.47,48

Although BK viremia has been estimated to affect 5% of heart transplant
recipients, progression to nephropathy in non-kidney solid-organ transplant
recipients is rare.49

Recurrence of Native Kidney Disease
Recurrence of native kidney disease accounts for less than 2% to 4% of graft
losses.50,51 The causes of primary glomerulonephritis (in order of recurrence
risk) are type II membranoproliferative glomerulonephritis (MPGN)
(>80%), thrombotic thrombocytopenic purpura/hemolytic uremic syndrome
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(TTP/HUS) (60%), IgA nephropathy (20%-60%), focal segmental
glomerulosclerosis (FSGS) (20%-50%), type I MPGN (20%-30%),
membranous nephropathy (10%-30%), anti–glomerular basement membrane
(GBM) nephritis (~12%), and lupus nephritis (2%-10%).50,52-55 De novo
glomerulonephritis is rare, but the most common entities include minimal
change disease, MPGN, FSGS, membranous nephropathy, and IgA
nephropathy.55,56 An unexplained rise in creatinine, proteinuria, or hematuria
should raise suspicion for recurrence of native disease. Kidney biopsy
remains the gold standard for diagnosis. Workup and management are
similar to those of native kidney disease but are tailored based on chronicity.
Of note, unlike native kidney FSGS, plasmapheresis likely has a role in the
treatment of recurrent FSGS in KT recipients.57

NON-KIDNEY TRANSPLANT RECIPIENTS
Although this chapter has focused on KT recipients, a few key points may
also be applicable to recipients of a non-kidney solid-organ transplant.
Recipients of non-kidney organ transplants are known to be at increased risk
for chronic kidney failure (16.5% of non-kidney transplant recipients
between 1990 and 2000), and AKI is known to contribute to that risk.58

Because CNI therapy is a cornerstone of immunosuppression in non-kidney
organ transplantation, issues related to CNI use are also common in the non-
kidney organ transplant recipient. Non-kidney solid-organ transplant
recipients are also at high risk of infection because of their
immunosuppressed status, and urine remains a common infectious source,
though pyelonephritis does not occur to the same frequency as with KT
recipients.59
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Infectious Complications in Patients with
Kidney Transplant
Pratik B. Shah and Kathleen M. Mullane

INFECTIONS IN KIDNEY TRANSPLANT RECIPIENTS
Kidney transplant recipients (KTRs) are immunosuppressed and are at
increased risk of conventional and opportunistic infections, which contribute
to their morbidity and mortality.1 Multiple pre- and post-transplant factors,
operative procedural factors, and post-transplant factors place KTRs at
increased risk of infection.2,3 Post-transplant surgical site infections,
respiratory infections, catheter infections (either intravenous [IV] or
genitourinary [GU]), intra-abdominal infections including kidney and
perinephric abscesses, graft-site candidiasis, as well as drug fever or acute
rejection of the transplanted organs should also be considered when a
transplant recipient returns with fevers or septic physiology.4 Because
immunosuppression is less aggressive in KTRs when compared to that
required in hematopoietic cellular transplant recipients as well as in other
solid-organ transplant recipients, fungal infections are less common.5

The etiology of the infection in KTR depends on the timeline from the
transplant (see Figure 54.1). In the first month post-transplant, donor-
derived and nosocomial infections are more common. In months 1 to 6 post-
transplant, KTRs are at risk of opportunistic viral (community-acquired
respiratory pathogens, gastrointestinal, and reactivation of latent viruses),
fungal (reactivation of endemic mycoses, Pneumocystis, and Candida spp.),
and parasitic (reactivation of Strongyloides or Toxoplasma) infections. After
6 months post-transplant, KTRs remain at higher risk of infection from



community-acquired pathogens.6,7 Because immunocompromised KTRs may
not manifest classic clinical and radiologic features of infection, a high
degree of vigilance and clinical suspicion is warranted. The use of
prophylactic antimicrobials and exposure to the hospital environment may
increase the risk of multiple antibiotic-resistant organisms as well as
Clostridium difficile infection.

FIGURE 54.1: Timeline of kidney transplant–related infections. HAP, hospital-acquired
pneumonia; HHV6, human herpesvirus 6; HSV, herpes simplex virus; PTLD, post-transplant
lymphoproliferative disorder; VZV, varicella-zoster virus. Adapted from Fishman JA. Infection
in organ transplantation. Am J Transplant. 2017;17(4):856-879. doi:10.1111/ajt.14208; Van
Delden C, Stampf S, Hirsch HH, et al. Burden and timeline of infectious diseases in the first
year after solid organ transplantation in the Swiss Transplant Cohort Study. Clin Infect Dis.
2020;ciz1113. doi:10.1093/cid/ciz1113.

On presentation, source identification by serial physical examinations
with special attention to the presence of central venous catheter–related
infections, acquisition of a nosocomial or community-acquired respiratory
infection, possible surgical site infections, and the presence of a Foley



catheter or stents should be undertaken. Definite diagnosis with
microbiology, multiplex panels, or next-generation sequencing technologies
as well as tissue culture and histology with attention to obtaining special
stains for fungal, viral, and acid-fast organisms should be pursued.8

Serologies are not always positive nor are they helpful in the diagnosis of an
acute infection. It must be remembered that consideration of noninfectious
complications such as allograft rejection, drug toxicity or drug
hypersensitivity reactions, and ischemic or thrombotic events may mimic the
features of sepsis3 (see Figure 54.2).

FIGURE 54.2: Management of Sepsis in Patients with Kidney Transplants

Because delay in adequate antimicrobial therapy is associated with
increased mortality, timely initiation of empiric broad-spectrum
antimicrobial agents is the cornerstone of sepsis management. Given
frequent exposure of KTRs to hospital- and health care–associated
infections, a history of previous infections with multidrug-resistant
organisms should be taken into consideration in the choice of empiric
antimicrobial therapy with de-escalation once data from cultures and
molecular diagnostic testing return. Fluid resuscitation with consideration of
graft function and appropriate fluids as well as vasopressor support should
be addressed based on current international guidelines.9 Source control with
directed image-guided or surgical drainage procedures, surgical debridement
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of infected/necrotic tissues, and removal of infected foreign objects should
be undertaken in a timely manner. Appropriate stress-dose corticosteroid
therapy should be considered in all KTRs at risk of adrenal insufficiency.10

In the setting of sepsis, immunosuppression dose reduction or temporary
withdrawal should be considered to improve the host immunologic response.
This should be carefully balanced against the risk of allograft rejection. If
the immunosuppressants are continued, drug level should be monitored,
given pharmacodynamic and pharmacokinetic changes caused by sepsis.

CYTOMEGALOVIRUS INFECTION
Cytomegalovirus (CMV), a member of herpesvirus, is the most common
opportunistic infection in KTR. Risk factors include CMV-seropositive
donor (especially with CMV-seronegative recipient), use of antilymphocytic
antibody for induction (e.g., thymoglobulin), rejection episodes, older
donors, composite transplants, and impaired graft function.11,12 CMV
infection can develop as primary infection, infection with new CMV strain
(donor-derived) different from latent strains present in the recipient, or
reactivation of latent virus. CMV viremia is best detected by nucleic acid
testing (NAT); CMV pp65 antigenemia assay is less sensitive and is rarely
used. Viremia by NAT may be absent with colitis, pneumonitis, and retinitis;
therefore, histopathologic confirmation may be necessary in some cases of
suspected CMV end-organ disease. Universal prophylaxis with
valganciclovir (VGCV) or preemptive therapy can be instituted for the
prevention of CMV disease in intermediate- and high-risk KTR (see Table
54.1).

Clinical Effects of Cytomegalovirus

CMV Infection Evidence of CMV Replication Regardless of the
Symptoms

CMV disease Evidence of CMV replication as well as the symptoms
CMV syndrome—fever, malaise, leukopenia, neutropenia,
atypical lymphocytosis, and thrombocytopenia
Tissue invasive disease—pneumonitis, hepatitis, retinitis,
gastrointestinal disease, nephritis

Indirect effects Higher risk for other opportunistic infections (fungal, other



herpesviruses), post-transplant lymphoproliferative disease
(PTLD), post-transplant diabetes mellitus, transplant renal
artery stenosis, and rejection of kidney allograft, resulting in
decreased graft and patient survival

CMV, cytomegalovirus.
Adapted from Annane D, Renault A, Brun-Buisson C, et al. Hydrocortisone plus
fludrocortisone for adults with septic shock. N Engl J Med. 2018;378(9):809-818.
doi:10.1056/NEJMoa1705716; Brennan DC. Cytomegalovirus in renal transplantation. J Am
Soc Nephrol. 2001;12(4):848-855.

Based on 2019 Clinical Transplantation Consensus Statement and
Recommendations, VGCV or IV ganciclovir (GCV) is recommended as the
first-line treatment in adults for initial and recurrent episodes of CMV
disease.13 VGCV is recommended in patients with mild-to-moderate CMV
disease who can tolerate and adhere to oral medication. IV GCV is
recommended in life-threatening and severe disease. Oral GCV, acyclovir, or
valacyclovir is not recommended for the treatment of CMV disease.

For CMV pneumonia and, possibly, more severe disease, addition of
hyperimmune CMV immunoglobulin (Cytogam) may be beneficial.
Reduction of maintenance immunosuppression should be considered to
facilitate recovery from CMV disease. A 1 log10 decline in CMV viral load
should be attained after 2 weeks of appropriately dosed antiviral therapy. If
after 2 weeks CMV DNAemia or antigenemia increases more than 1 log10, it
is considered refractory; if CMV DNAemia or antigenemia persists or
increases less than 1 log10, it is considered probably refractory. These
findings would warrant genotypic resistance testing for UL54 and/or UL97.
If GCV resistance is documented or expected, therapy with foscarnet or
cidofovir will need to be considered, both of which can cause nephrotoxicity.

BK VIREMIA/NEPHROPATHY
BK virus, a member of the polyomavirus family, is typically acquired in
childhood but is clinically silent in immunocompetent patients. In
immunocompromised KTRs, BK virus reactivation can occur, which can
result in graft dysfunction (BK nephropathy or BKN) by tubulointerstitial
inflammation and subsequent kidney fibrosis.14 Occasionally, ureteral
stenosis can be seen. When BKN is suspected, BK virus deoxyribonucleic



acid (DNA) quantification in the blood and urine should be done by
polymerase chain reaction (PCR). Transplant kidney biopsy may be needed
to make a definitive diagnosis. Treatment of BK viruria, but no viremia, is
not usually needed. The cornerstone for the treatment of BK viremia
(BKV)/BKN is the reduction in immunosuppression, which needs to be
carefully balanced against the risk of rejection of the graft. Leflunomide has
been tried with varying success. There is no role of fluoroquinolones in the
treatment of BKV/BKN.15

EPSTEIN-BARR VIRUS INFECTION
The risk is higher in Epstein-Barr virus (EBV)–seronegative KTRs who
receive organ from EBV-seropositive donor. EBV disease has a wide
spectrum. It can cause nonspecific febrile illness to specific organ
involvement (hepatitis, pneumonitis, and gastroenteritis). It is also associated
with post-transplant lymphoproliferative disorder (PTLD).16 Diagnosis of
PTLD requires histologic confirmation. Treatment of PTLD is based on the
subtype and type of transplant and involves reduction of
immunosuppression, immunotherapy with the CD20 monoclonal antibody
rituximab, chemotherapy, and radiation therapy. Rituximab can be
considered for prophylaxis of PTLD in patients who have significant EBV
viremia. There is no definite therapy to prevent EBV and PTLD. Limiting
aggressive immunosuppression in low immunologic risk recipients and
monitoring for plasma EBV viral load in EBV high-risk recipients are
recommended. Preemptive treatment of PTLD at the time of viral
reactivation with rituximab and reduced immunosuppression can be
considered.

URINARY TRACT INFECTION
Epidemiology
Urinary tract infection (UTI) is the most common infectious complication in
KTR. It accounts for 30% of all hospitalizations for sepsis in KTR. The
incidence of UTI is highest in the first 6 months after kidney transplant
(KT), although the risk persists throughout post-KT.17 Risk factors for UTI
are discussed in Table 54.2.18-22
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Risk Factors for Urinary Tract Infection

General Risk Factors Transplant-Specific Risk Factors

Female gender Induction with antithymocyte globulin

Older age Presence of ureteral stent in early post-KT
period

Diabetes Episodes of acute rejection

Indwelling urinary catheter Deceased donor transplant (compared to
living donor)

Urologic abnormalities (neurogenic bladder,
kidney stones or cysts, vesicoureteral
reflux)

Duration of dialysis

KT, kidney transplant.

Microbiology
Gram-negative bacteria account for more than 70% of UTI in KTR.
Escherichia coli is the most common organism. Other common
uropathogens include Enterococcus, Pseudomonas, Klebsiella, Enterobacter,
and Staphylococcus species.23 Urine cultures showing mixed flora are likely
due to the contamination.

Clinical Manifestations and Treatment24 (See Table 54.3)

Clinical Manifestations and Treatment of Urinary
Tract Infection
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CANDIDURIA
Candiduria is uncommon in KTR, with incidence rate accounting between
4% and 10%. Candida glabrata is the most common pathogen. Candiduria is
asymptomatic in the majority of the KTRs, and antifungal treatment is not
indicated.25 Candiduria in the immediate post-transplant period, neutropenic
patients, or those undergoing urologic interventions may be associated with
an increased risk of complications, and antifungal treatment may be
warranted in these settings.
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Care for the Brain-Dead Organ Donor
Aalok K. Kacha

INTRODUCTION
Organ transplantation is the treatment of choice for patients with end-stage
disease. However, the supply of suitable organs constrains the ability to
provide this therapy. The number of patients awaiting transplantation has
expanded at a far greater rate than the supply of organs. There are multiple
modifiable factors that can increase the supply of organs. These include
expanded criteria to include older donors, donors with or at risk of specific
infectious diseases, and ex vivo strategies to preserve or improve function.1

Nationally determined societal models for donor consent also impact organ
supply.2

In 1968, criteria defining irreversible coma were published, which
facilitated the use of organs from brain-dead donors for transplantation.3

Formal criteria for brain death have resulted in a robust process. Neurologic
recovery after determination of brain death has not occurred, although
complex motor movements or false-positive ventilator triggering may be
observed. There is a legal and medical framework supporting the
equivalence of brain death and circulatory death.4 The determination of brain
death in the comatose patient with identified, irreversible neurologic
pathology and concordant imaging requires assessment of cerebral
hemispheric and brainstem function in the absence of potentially
confounding hypotension, hypothermia, sedative effect, acid-base,
electrolyte, or endocrine derangements.

After brain death is determined, there is no obligation to provide
continued supportive care in the United States, except in the state of New



Jersey.5 Despite the availability of published criteria from the American
Academy of Neurology regarding brain death, there is substantial variation
in hospital brain death policies in terms of clinical prerequisites for testing,
types of health care professionals involved, clinical examination
requirements, and methodology of apnea testing.6 In addition to donation
after neurologic determination of death (DNDD), donation after circulatory
determination of death (DCDD) is another pathway to organ donation with
specific ethical and policy issues. A joint white paper by the American
Thoracic Society, Association of Organ Procurement Organizations and the
United Network of Organ Sharing provides a deeper discussion of these
issues.7

In the United States, consent for organ donation uses an opt-in process,
with rates of donation comparable to systems with an opt-out process.8

Patients may specify their wish to donate organs via family discussions,
donor registry, driver’s license notice, donor card, discussion with their
physician, advance directive, or power of attorney document. Frequently,
consent is obtained from the family. There is no consensus on the timing of
discussions regarding organ donation and the determination of death, but
informing the family of the patient’s death has conventionally been
independent from requests for organ donation. The organ procurement
organization (OPO) should be notified prior to declaration of brain death,
ideally as soon as a clinical circumstance with the potential for organ
donation is identified. The Centers for Medicare and Medicaid Services
(CMS) regulations require notification of the OPO within 1 hour of clinical
triggers, such as diagnosis of irrecoverable devastating neurologic injury,
intent to discuss a change in goals of care, or the consideration of brain death
examination.

Conversion rates to organ donation are increased when requests for
donation are made by specially trained personnel, as mandated by the CMS.
Coordination of requests for donation between a nonphysician member of
the care team and the OPO representative is associated with increased
conversion rates.9

In 2001, family members, OPO staff, and health care practitioners (HCPs)
involved in organ donation decisions were interviewed in a multicenter study
at nine trauma hospitals. Factors associated with the decision to donate
organs included families who had positive beliefs regarding organ donation



and those with prior knowledge or the patient’s wishes to donate. White
ethnicity, younger age, male sex, and trauma as cause of death were
associated with higher organ donation consent rates. HCP sociodemographic
variables were not associated with consent rates, but HCPs’ comfort with
answering family questions was associated with donation, highlighting the
importance of being informed on this topic.10

FAMILY AND CLINICAL FACTORS
Physicians and nurses often have concerns about burdening a family with a
discussion about organ donation at a stressful time. Family members make
organ donation decisions while experiencing grief, trauma, and shock. These
decisions have life and death consequences for patients on transplant waiting
lists. Understanding decision-making regarding organ donation is essential
for clinicians.

The strongest predictor of authorization to donate is family knowledge of
the potential donor patient’s wishes. Family members report wanting more
information about donation, brain death, the condition of the body after
organ harvest, medical expenses, and funeral arrangements. Separating
conversations about brain death and organ donation has been conventional
practice, but broaching the topic of donation prior to death may be preferred
by some. Families report a need for their relative to be treated with care and
respect, including practitioners speaking with the patient as if he or she were
conscious. The quality of communication between the treatment team, OPO
staff, and family may have an impact on the psychological well-being of
family members after the patient’s death, highlighting the importance of
these conversations in the intensive care unit (ICU).11

In a survey of family members who consented to organ donation, 50% of
respondents reported that the sense that something good came out of a tragic
event was a positive aspect of donation.12 Many participants reported
negative aspects of the donation process, which correlated with greater level
of posttraumatic stress. A majority of respondents reported a comforting
effect of the donation process, which correlated with fewer depressive
symptoms. Owing to potential positive effects of organ donation, health care
professionals may actually provide a benefit to the family by discussing
donation.



The perception of organ donation by physicians and nurses affects how
they communicate with family. France has an implied consent, opt-out
system of organ donation. Standard practice includes discussing organ
donation with family. Clinicians were surveyed, and their perception of the
organ donation process was grouped into four categories: motivating
(45.3%), stressful (20.7%), neutral (30%), and other (4%). Six domains were
related to these perceptions: ICU culture surrounding organ donation,
understanding of brain death, experience with interacting with family of
brain-dead patients, professional experience with organ donation, personal
feelings about donation, and sociodemographic characteristics of the
respondents. In this French study, respondents who were younger rather than
older or physicians rather than nurses were more likely to be identified as
finding organ donation motivating.13 Clinical staff may hold beliefs that lead
to conflict between professional duties and personal feelings. These six
domains may thus represent opportunities for education to relieve conflicts
about organ donation in HCPs.

CRITICAL CARE MANAGEMENT OF ORGAN DONORS
Optimal management of the potential organ donor may improve organ
supply. This is an area in which little research-derived information is
available. There have been multiple barriers to conducting research on the
management of deceased organ donors. Most US medical research consists
of institutional review board (IRB)–regulated human subjects research
falling under either Department of Health and Human Services (HHS) or
Food and Drug Administration (FDA) regulations. A human subject is
defined as a living individual; thus, deceased organ donors are not human
subjects. The process for conducting organ donor research has been the
subject of confusion. The potential harm that could occur from donor or
organ research applies to the transplant recipient, and this is regulated by an
IRB and appropriate consent should be obtained, unless waived.

The Uniform Anatomical Gift Act (UAGA) provides the legal basis for
donation of all or part of the human body for therapy, research, and
education. OPOs can facilitate donor research by including research as an
intended use on the donation authorization form. A framework describing
the oversight of deceased donor research has been proposed.14 In 2017, the



US National Academy of Medicine published a detailed report from the
Committee on Issues in Organ Donor Intervention Research with goals to
facilitate organ donor intervention research. Recommendations included
development of a nationwide donor registry, clarification of gift intent for
donors, and implementation of a coordinated system to consent wait list
patients for the possibility of receiving a transplant from a donor or with an
organ involved in a research study.15

One of the available studies is a retrospective, pre-post study
demonstrating increased recovery of organs from potential donors after
initiation of an intensivist-led organ donor support team. Local care for
organ donors was transitioned from OPO coordinators to a team with
dedicated intensivists working with the coordinators. The number of liver
and heart grafts was similar before and after the implementation of the new
donor management team. Most of the increase in organ supply was from a
greater number of lungs and kidneys recovered.16

Active donor management likely improves the rate of organ retrieval.
Potential organ donors are usually receiving supportive care prior to death.
Ongoing support should continue the premortem care while compensating
for the physiologic changes that accompany brain death. In 2015, a
consensus statement on ICU care of the potential organ donor was published
by the Society of Critical Care Medicine, the American College of Chest
Physicians, and the Association of Organ Procurement Organizations.9 A
randomized controlled trial (RCT) to assess the effects of an evidence-based,
goal-directed checklist for potential organ donor maintenance compared to
standard care has been designed and may provide further information
regarding donor management.17 Prior studies have demonstrated that meeting
donor management goals is accomplished in a minority of donors, but is
associated with increased organ yield and decreased delayed graft function
(DGF) of kidney allografts.18-20

PHYSIOLOGIC CARE OF THE ORGAN DONOR
Elevated intracranial pressure (ICP) and cerebral herniation resulting in
brain death cause a biphasic hemodynamic response. The initial physiologic
response to central nervous system (CNS) ischemia results in an autonomic
storm with sympathetic stimulation resulting in hypertension and



bradycardia, known as Cushing reflex. High levels of epinephrine,
norepinephrine, and dopamine result in vasoconstriction, increased systemic
vascular resistance, and additional myocardial oxygen consumption.
Myocardial injury and stunning can result. In the kidney, this can cause
ischemic injury and an upregulation in gene expression of inflammatory and
heat shock proteins.21 After brainstem function is lost, sympathetic tone,
cardiac output, and vascular tone all decrease. This is often accompanied by
hypovolemia resulting from physiologic changes associated with brain death
such as diabetes insipidus (DI) and a systemic inflammatory response
leading to capillary leak as well as predeath therapies to decrease ICP, such
as hyperosmolar agents and loop diuretics.

To optimize end-organ perfusion, invasive monitoring with a central
venous catheter or pulmonary artery catheter has traditionally been used in
brain-dead donors. Modern ICU assessment of fluid responsiveness takes
advantage of the dynamic relationship between changes in intrathoracic
pressure during mechanical ventilation and resultant effects on cardiac
filling. This can be measured by pulse pressure variation or systolic pressure
variation, as further discussed in Chapter 1.22 Global assessment of the
adequacy of cardiac output can be assessed with central or mixed venous
oxygen saturation, serum lactate, and base deficit. Echocardiography to
assess valvular disease and ventricular function is routine for assessing the
heart for transplantation. Assessment immediately after brain death may
reveal global and regional abnormalities from catechol-mediated injury, so
delayed echocardiography after weaning of vasoactive support may be
preferred.

Fluid therapy should integrate inputs from measures of systemic
perfusion, dynamic indices of volume responsiveness, and cardiac filling
pressures. Prompt therapy after brain death to obtain adequate circulating
volume can improve end-organ perfusion and decrease pressor requirements.
Historically, fluid management goals for kidney function and lung function
were thought to be at odds. More recent evidence suggests that management
with lower central venous pressure (CVP) targets (such as <6 in one study)
does not affect kidney graft function while improving heart and lung
procurement, consistent with modern ICU management of other patients.23-25

Vasoactive therapy is closely linked to endocrine management consisting
of hormone replacement therapy with vasopressin, steroids, and thyroid



hormone. Destruction of the hypothalamic-pituitary axis occurs during
brainstem herniation and often results in low levels of arginine vasopressin
(AVP), hypothyroidism, and hypocortisolism. Thyroid hormone replacement
may be beneficial when left ventricular ejection fraction is less than 45% or
in hemodynamically unstable donors, although there are conflicting data in
the literature.26 Uncontrolled hyperglycemia is managed as in other ICU
patients, but specific glucose targets are not defined for the deceased organ
donor, so institutional or OPO protocols are usually followed.

Spontaneous hypothermia is common after brain death following
cessation of brainstem function. The effect of temperature on organ function
was evaluated in an RCT comparing targeted temperature management of
brain-dead organ donors to either 34°C to 35°C or 36.5°C to 37.5°C. The
primary outcome was DGF of kidney allografts, defined as a recipient
requirement for dialysis in the first week after transplant. This study was
terminated early based on an interim finding of efficacy of the intervention.
DGF was reduced with mild hypothermia versus normothermia (28% vs
39%), with a significant effect in extended-criteria donors (Visual Abstract
55.1).27 Lower donor temperature may be associated with worse outcomes
after heart transplantation, but this finding results from retrospective analysis
of a prior trial.28

High-dose methylprednisolone can improve liver graft function by
attenuating the inflammatory cascade that follows brain death.29 Steroids
should only be administered after donor blood has been obtained for tissue
typing because steroids can reduce cell-surface expression of human
leukocyte antigens.9 A meta-analysis of donor corticosteroid treatment
including 11 RCTs and 14 observational studies examined the evidence for
steroid administration. The authors noted that ten of the RCTs had neutral
results, although the observational studies showed a benefit in terms of
donor physiology, organ yield, and recipient outcomes, concluding that
large-scale prospective trials are needed (Visual Abstract 55.2).30 Steroid
treatment of donors failed to decrease the incidence of dialysis in the first
week after transplant in an RCT.31

Deficiencies in AVP may be present even in the absence of DI.32

Treatment with AVP should be considered for refractory hypotension after
volume resuscitation. Desmopressin is used for the management of DI, in the
presence or absence of hypotension, to control urine output and correct



hypernatremia.9,33 Both drugs can be used in combination if needed.
Dopamine has been the traditional vasoactive drug of choice for circulatory
collapse following brain death. Norepinephrine is the first-line agent for
vasodilatory shock in current ICU practice and may be an alternative to
dopamine. Dopamine (4 μg/kg/min) has been studied as a hormonal therapy
in hemodynamically stable (defined as norepinephrine <0.4 μg/kg/min)
organ donors with a reduction in the need for dialysis in the first week after
transplant, but not in 3-year graft survival (Visual Abstract 55.3).34,35

Contemporary ICU management of patients with acute respiratory distress
syndrome includes low tidal volume, higher positive end-expiratory pressure
(PEEP), measurement of driving pressure, and restrictive fluid
management.36 A multicenter RCT of potential organ donors compared
standard management (tidal volume 10-12 mL/kg of predicted body weight,
PEEP 3-5 cm H2O) to lung protective ventilation (tidal volume 6-8 mL/kg of
predicted body weight, PEEP 8-10 cm H2O), apnea tests performed with
continuous positive airway pressure, and closed circuit for airway suction. A
greater percentage of potential donors in the lung protective group were
eligible to donate lungs, whereas 6-month graft outcomes were similar
between the two groups.37

OTHER FACTORS
Critical care management to achieve donor management goals is one avenue
to expand the supply of organs. Another opportunity to increase supply is to
utilize organs not previously used. Donor acute kidney injury (AKI) is
associated with high rates of organ discard, but kidneys transplanted from
donors with AKI are not associated with death-censored graft failure,
although there is an increased incidence of DGF.38 The use of kidneys from
donors with AKI has resulted in favorable clinical outcomes with 3 years of
follow-up.39 The kidney donor risk index consists of donor and transplant or
recipient factors and allows for the assessment of the risk of graft loss. It is
used to help determine whether a particular organ offer is suitable for a
specific patient.40 Given the shortage of available organs relative to the
number of patients awaiting transplantation, the use of organs from older
donors or from donors with risk factors for infectious diseases may increase
the supply by using organs previously discarded.1,41 As the pool of potential
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donors expands, early recognition of potential organ donors and critical care
management are important to enable the use of this latent supply of donor
organs.

SUMMARY AND CONCLUSIONS
There is an increasing gap between organ supply and the demand from
patients on transplant waiting lists. DNDD continues to be the primary
source of organ gifts for transplantation. Brain death remains a difficult
concept for many family members and health care workers to understand.
Improved education about death by neurologic criteria and the process of
organ donation may help meet ongoing needs. Optimal critical care
management of deceased donors requires additional research to improve the
supply of organs and the outcomes of transplant recipients. The management
of the brain-dead donor relies on the application of supportive care guided
by our understanding of the physiology of brain death.
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Shared Decision-Making/Time-Limited
Trials of Kidney Replacement Therapy
Alvin H. Moss

THREE CASES TO ILLUSTRATE THE RANGE OF
ETHICAL ISSUES
Which older patients with acute kidney injury (AKI) in the intensive care
unit (ICU) should be dialyzed? How should the decision be made? The
following three cases illustrate the ethical issues at play.

Case #1: Large Sacral Ulcer, Septic Shock, and Anuric
Acute Kidney Injury
A 68-year-old woman with diabetes, coronary artery disease, carotid artery
disease status post (S/P) bilateral carotid endarterectomies, peripheral
arterial disease s/p right above-the-knee amputation, morbid obesity
weighing over 400 lb, and stage 3 chronic kidney disease (CKD) is admitted
to the ICU with septic shock from a huge sacral pressure sore. She requires
two vasopressors at maximum doses to maintain a mean arterial pressure
above 65 mm Hg and develops anuric AKI. She is lethargic and lacks
decision-making capacity. She had completed a living will and medical
power of attorney. Her nutritional status is poor. The plastic surgeon says she
would need a diverting colostomy if she were to have any possibility of
healing the sacral wound, but he declines to operate, stating that she is not a
surgical candidate. Her comorbidities make surgery risky, and her very poor



nutrition makes healing of surgical wounds unlikely. Should the patient be
started on dialysis? Is there anything else you would want to know first?

Case #2: Dialysis and Ventilator Dependence in a Patient
With End-Stage Chronic Obstructive Pulmonary Disease
A 75-year-old woman with oxygen-dependent end-stage chronic obstructive
pulmonary disease (COPD) and an ischemic cardiomyopathy with an
ejection fraction of 35% is admitted to the ICU with pneumonia in
respiratory failure. She is intubated and placed on mechanical ventilation,
and she is started on vasopressors and antibiotics for septic shock. She
becomes anuric and is started on hemodialysis several days after ICU
admission. On day 11, the patient remains ventilator and dialysis dependent,
and the ICU team approaches the husband for consent for a tracheostomy.
The husband says, “my wife wouldn’t want to be kept alive if dependent on
machines, but we have made it this far after going through so much already
… we don’t want to give up.”1 Should the patient undergo a tracheostomy?
Should dialysis be continued?

Case #3: Multiple Comorbidities and Poor Functional
Status in an Octogenarian
An 85-year-old man with stage 4 CKD, diabetes, coronary artery disease,
heart failure, COPD, dementia, and hypercarbic respiratory failure is
admitted to the ICU with pneumonia complicated by shock and new-onset
atrial fibrillation with rapid ventricular response rate. He is intubated and
started on medications to treat his infection and arrhythmia. His wife reports
that he uses a walker at home and is unable to care for himself. His
Karnofsky Performance Status score is 40%. He has been hospitalized about
every 3 months for fluid overload. He develops oliguric AKI superimposed
on his CKD, with estimated glomerular filtration rate (eGFR) of 22 mL/min.
He has no advance directive. Should he be started on kidney replacement
therapy (KRT)?
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APPROACH TO ETHICAL DECISION-MAKING FOR
TREATMENT OF PATIENTS WITH ACUTE KIDNEY INJURY
IN THE INTENSIVE CARE UNIT
In their book Clinical Ethics: A Practical Approach to Ethical Decisions in
Clinical Medicine, Jonsen et al2 present a four-topic approach to organizing
ethical reasoning for analyzing what should be done in particular cases. The
four topics are presented in Table 56.1. The authors noted that medical
indication is the first topic to be considered in an ethical analysis of a case
and that an intervention is medically indicated when the patient’s medical
condition can be improved by its use. To preserve their professional
integrity, physicians should not offer a treatment that is not medically
indicated even if the patient wants it. For reasons that are discussed in Case
#3, a treatment is not indicated if the likely harms outweigh the benefits.

Approach to Ethical Case Analysis

Medical indications—When benefits outweigh harms

Patient preferences

Quality of life

Contextual factors—Social, financial, legal, spiritual, public health

Adapted from Jonsen AR, Siegler M, Winslade WJ. Clinical Ethics: A Practical Approach to
Ethical Decisions in Clinical Medicine. 8th ed. McGraw-Hill; 2015.

When deliberating about whether dialysis should be offered, sometimes as
in Case #1, the second topic, patient preferences, becomes determinative of
what should be done in a particular case. Though the woman in Case #1
lacked decision-making capacity, she had expressed that if she lacked
decision-making capacity and were dying, she would not want life-
prolonging interventions. Prior to losing decision-making capacity, she had
already refused intubation, mechanical ventilation, and cardiopulmonary
resuscitation. All physicians involved in her care agreed that she was
terminally ill from the complications of her sacral pressure sore and that her
living will was in effect. With the agreement of her husband who was the
patient’s medical power of attorney representative, a comfort care plan was
instituted, dialysis was not offered, and the patient died later that day. Ethical
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justifications for withholding or withdrawing dialysis are presented in Table
56.2. Case #1 satisfied the second justification in the table.

Patients for Whom It Is Ethically Appropriate to
Withhold or Withdraw Dialysis

Patients with decision-making capacity, who, being fully informed and making voluntary
choices, refuse dialysis or request that it be discontinued

Patients who no longer possess capacity who have previously indicated refusal of dialysis
in an oral or written advance directive

Patients without capacity whose health care proxy refuses dialysis or asks for it to be
discontinued

Patients with irreversible, profound neurologic impairment

Reproduced with permission from Renal Physicians Association. Shared Decision-Making in
the Appropriate Initiation of and Withdrawal From Dialysis. 2nd ed. Renal Physicians
Association; 2010.

Case #2 is representative of the cascade of effects and clinical momentum
that occurs for older patients with AKI in the ICU and for how the decision
about dialysis is often tied to decisions about the use of other means of life
support (Figure 56.1). In a study of critically ill older patients with AKI,
Bagshaw et al found that those who were dialyzed were also more likely to
have received mechanical ventilation and vasopressor support than those
who were not.3 The primary triggers for starting KRT were oligoanuria, fluid
overload, and acidemia (Visual Abstract 56.1). Kruser et al noted that ICU
care that is dictated by a cascade of effects can lead to a rapid accumulation
of interventions without consideration and discussion with the patient and
family of patient preferences based on likely outcomes.1 Because of Case
#2’s life-limiting illness, COPD, apart from kidney disease and her uncertain
outcome, her physicians would have been prudent to initiate treatment as a
time-limited trial (TLT). Based on the husband’s explanation of the patient’s
values, it does not seem that she would have wished long-term mechanical
ventilation, which is what the tracheostomy would be preparing her for
because she was unable to be weaned from respiratory support. Dialysis
would be contributing to keeping the patient alive in a clinical scenario in
which she did not want to be. Shared decision-making—the recognized



preferred model for medical decision-making because it addresses the ethical
need to fully inform patients about the risks and benefits of treatments, as
well as the need to ensure that patients’ values and preferences play a
prominent role—at the outset of the ICU admission and every few days
thereafter would have helped the husband to process that the course of
treatment was headed in an unwanted direction.4,5

FIGURE 56.1: Clinical momentum and cascade of effects that occur for older patients with
acute kidney injury in the intensive care unit (ICU). Reprinted with permission from Kruser
JM, Cox CE, Schwarze ML. Clinical momentum in the intensive care unit. A latent contributor
to unwanted care. Ann Am Thorac Soc. 2017;14(3):426-431.

Case # 3 is one in which medical indications need to be carefully
scrutinized. The “biomedicalization of aging” has led to the routinization of
clinical interventions for older patients,6 but this patient is one who can be
predicted to do poorly based on the evidence even if dialysis is started. With
his multiple comorbidities and poor functional status, he can be predicted to
have a 90-day mortality of approximately 50% and to potentially spend
much, if not most, of his remaining time in the hospital.3,7 With his
underlying stage 4 CKD, he is likely to be dialysis dependent for the rest of
his life.8 Nephrologists need to resist the technologic imperative—if you can



do dialysis, you must do dialysis—because dialysis may not benefit all
patients.

EVIDENCE OF OUTCOMES FOR OLDER PATIENTS WITH
ACUTE KIDNEY INJURY STARTING DIALYSIS IN THE
HOSPITAL
Older patients who start dialysis for AKI in the ICU are known to have a
quite poor prognosis. In one study of patients who were predicted to have a
50% chance of dying within 6 months and who had a mean age of 61 years,
a median of two comorbidities, dependence in at least one activity of daily
living and a diagnosis of acute respiratory failure or multiorgan system
failure with sepsis, the median survival after initiation of dialysis for AKI
was 32 days with a 6-month survival of 27%.9 In a study of Medicare
beneficiaries aged 67 years or older who started dialysis in the hospital after
a 2-week or longer hospital stay including an intensive procedure such as
mechanical ventilation, feeding tube insertion, or cardiopulmonary
resuscitation, the median survival was 0.7 year.7 Older patients with AKI
superimposed on CKD are 41 times more likely to develop end-stage kidney
disease (ESKD).8 In two studies, two-thirds or more of older patients with
AKI superimposed on CKD developed dialysis dependence.10,11 In a study of
Health and Retirement Survey data for patients aged 65.5 years or older
starting dialysis for AKI or ESKD between April 3, 1998, and December 21,
2014, after multivariate adjustment, factors significantly associated with
higher 1-year mortality included activity of daily living dependence, age 85
years or older, inpatient dialysis initiation, and having four or more
comorbidities. Survival at 6 months was 55.8% and at 1 year was 45.5%
(Visual Abstract 56.2).12 Case #3 has all the four major risk factors.

Based on the evidence and ethical considerations in evaluating the
critically ill older patient with AKI in the ICU to determine whether dialysis
should be offered, clinicians might find helpful a series of questions that
consider the patient’s values, goals and preferences, and premorbid condition
(Box 56.1).



Box 56.1 Questions to Evaluate the Critically Ill Older Patient
With AKI in the ICU for Dialysis

What is the patient’s baseline kidney function?
What is the age of the patient?
What are comorbidities, and how severe are they?
What is the patient’s functional status? In nursing home?
What is the patient’s nutritional status?
Is the patient decisionally capable?
Are there advance directives? Who is the legal decision maker?
Did patient specify treatments wanted/not wanted?
What is most important to the patient: quality vs quantity of life?
Is the patient at increased risk for dialysis-related complications?
Will patient cooperate with dialysis process, and will it be safe?
Is a time-limited trial of dialysis appropriate?
What is the probability of ESKD?
Is the patient a long-term dialysis candidate?

AKI, acute kidney injury; ESKD, end-stage kidney disease; ICU, intensive care unit.

TIME-LIMITED TRIALS TO ASSIST WITH DIALYSIS
DECISION-MAKING
Dialysis decision-making for the critically ill older patient with AKI is
complex. Clinicians need to consider not only the natural evolution of the
patient’s AKI within the context of the global prognosis (influenced by
comorbidities and premorbid functional status) but also patients’ values and
goals and whether dialysis offers a realistic expectation of achieving
patients’ goals. Situations are often marked by prognostic uncertainty and
clinical unknowns. It is in this setting that a TLT of dialysis may be
particularly helpful. The clinical practice guideline on Shared Decision-
Making in the Appropriate Initiation of and Withdrawal from Dialysis
recommended a TLT for cases in which patients have an uncertain prognosis
or in which there is conflict and a consensus cannot be reached about
starting dialysis.4

A TLT requires knowledge of its structure and process to assist decision-
making, strong communication skills, a patient-specific estimate of



prognosis with the acknowledgment that it is just an estimate, elicitation of
patient values, clear documentation, and, often, appropriate integration of
palliative care consultation (Figure 56.2). A TLT of KRT is defined as a
goal-directed trial with predetermined outcomes that are evaluated at
planned intervals. TLTs allow the patient and family to assess what dialysis
entails while providing the nephrologist with time to evaluate clinical
response and the potential for benefit of continuing dialysis. Scherer et al
have proposed four steps to a TLT: preparation, communication, initiation
and conduct of the trial, and conclusion.13

FIGURE 56.2: An approach to implementing a time-limited trial in the intensive care unit
(ICU). AKI, acute kidney injury; IDFM, interdisciplinary family meeting; KRT, kidney
replacement therapy; PC, palliative care; TLT, time-limited trial. Reprinted with permission
from Scherer JS, Holley JL. The role of time-limited trials in dialysis decision making in
critically ill patients. Clin J Am Soc Nephrol. 2016;11(2):344-353.

In the preparation stage, the treating team and consultants reach
agreement on the prognosis, what treatments would be likely to benefit, and
milestones for the trial. In the communication step, clinicians use the Ask-
Tell-Ask approach to share estimated prognosis and to elicit patients’ values
and suggest initiation of dialysis as a TLT agreeing on goals to be achieved.

In the initiation and conduct of the TLT step, the treating and consulting
teams would review the patients’ progress regularly and reach agreement on



the best course at the completion of the TLT, provide updates to the
patient/legal agent, and set a date, time, and location for meeting after the
TLT. In the conclusion step, the treating team and consultants meet with the
patient/legal agent and reach agreement on whether milestones for the TLT
were met. If the patient improved according to the goals, clinicians would
continue KRT as needed for AKI. If the patient’s condition improved but
only slightly, then the clinicians might negotiate a new TLT. If the patient
did not improve or deteriorated, then as agreed during the communication
step, the clinicians would institute palliative care and hospice as appropriate.
It is important to note that a TLT can be successful, whether the patient
recovers or not, with clear communication and collaboration between the
treating ICU team and consultants and with the patient/legal agent.

If conflict persists despite the use of a TLT, the dialysis decision-making
guideline4 recommends a systematic due process approach for conflict
resolution if there is disagreement about what decision should be made with
regard to dialysis (Figure 56.3). In talking with patients/legal agents, the
nephrologist or other treating physician such as an intensivist should try to
understand their views, provide data to support his/her recommendation, and
correct misunderstandings. In the process of shared decision-making, the
following potential sources of conflict have been recognized: (a)
miscommunication or misunderstanding about prognosis, (b) intrapersonal
or interpersonal issues, or (c) special values. If dialysis is indicated
emergently, it should be provided while pursuing conflict resolution,
provided the patient or legal agent requests it.





FIGURE 56.3: Systematic approach to resolving conflict between patient and kidney care
team. ESKD, end-stage kidney disease. Reproduced with permission from Renal Physicians
Association. Shared Decision-Making in the Appropriate Initiation of and Withdrawal from
Dialysis. 2nd ed. Renal Physicians Association; 2010.

SUMMARY AND CONCLUSIONS
In light of the poor prognosis of many older critically ill patients with AKI, a
shared decision-making conversation is particularly important before
dialysis is started to enable them to determine their treatment goals. The
clinical practice guideline on dialysis decision-making4 and the Choosing
Wisely Campaign of the American Society of Nephrology14 both make this
recommendation. As part of shared decision-making, depending on the
patient’s overall medical condition, older patients and their families/legal
agents should be informed of the very real possibility with the initiation of
dialysis of a prolonged hospitalization, the use of one or more intensive
procedures in addition to dialysis, and limited life expectancy with a poor
quality of life. The ethical principle of respect for patient autonomy, the
basis for patient self-determination, requires that the treatments patients
receive are aligned with their preferences as a result of informed decision-
making.

In conclusion, to achieve good patient outcomes, nephrologists need to
analyze the patient’s overall condition, including comorbidities and
functional status, prior to offering dialysis to older patients with AKI. For
those in whom the benefit of dialysis for AKI is uncertain or who are not
long-term dialysis candidates but the patient/legal agent is requesting
dialysis, nephrologists ought to strongly consider starting dialysis as a TLT.
Nephrologists can say “No” to offering dialysis when the burdens are
predicted to substantially outweigh the benefits of dialysis. This is to
preserve their professional integrity and honor their Hippocratic Oath. When
dialysis can be predicted to be of little or no benefit, but the patient/family
is/are requesting it, nephrologists ought to consider
ethics/palliative/supportive care consultation for assistance with
communication and conflict resolution.15 Fortunately, there is a process for
ethical decision-making with regard to offering dialysis in the ICU that has
been outlined in this chapter and that can enable nephrologists and
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intensivists to handle situations when there is disagreement about the
appropriate ethical course of action in patient care.
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