


Pediatric Nephrology in the ICU



Stefan G. Kiessling • Jens Goebel 
Michael J.G. Somers
Editors

Pediatric Nephrology 
in the ICU

123



Stefan G. Kiessling, MD
Division of Pediatric Nephrology 
and Renal Transplantation 
Kentucky Children’s Hospital 
University of Kentucky 
740 South Limestone Street Room J460 
Lexington, KY 40536, USA 
skies2@email.uky.edu

Michael J.G. Somers, MD
Harvard Medical School
Children’s Hospital Boston
Division of Nephrology
300 Longwood Avenue
Boston MA 02115, USA
michael.somers@childrens.harvard.edu

Jens Goebel, MD
Nephrology and Hypertension Division 
Medical Director, Kidney Transplantation 
Cincinnati Children’s Hospital Medical Center 
3333 Burnet Avenue 
Cincinnati, OH 45229-3039, USA 
Jens.Goebel@cchmc.org

ISBN 978-3-540-74423-8   e-ISBN 978-3-540-74425-2

DOI: 10.1007/978-3-540-74425-2

Library of Congress Control Number: 2008928719

© 2009 Springer-Verlag Berlin Heidelberg

This work is subject to copyright. All rights are reserved, whether the whole or part of the material is 
concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting, 
reproduction on microfilm or in any other way, and storage in data banks. Duplication of this publication 
or parts thereof is permitted only under the provisions of the German Copyright Law of September 9, 1965, 
in its current version, and permission for use must always be obtained from Springer. Violations are liable 
to prosecution under the German Copyright Law.

The use of general descriptive names, registered names, trademarks, etc. in this publication does not imply, 
even in the absence of a specific statement, that such names are exempt from the relevant protective laws 
and regulations and therefore free for general use.

Product liability: The publisher cannot guarantee the accuracy of any information about dosage and 
application contained in this book. In every individual case the user must check such information by 
consulting the relevant literature.

Cover design: eStudio Calamar, Spain

Printed on acid-free paper

9 8 7 6 5 4 3 2 1

springer.com



To our families and our mentors
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Dr. Heinrich A. Werner, their late colleague, friend and role model with whom they 

spent so many hours in the PICU. Heinrich, we miss you greatly.



Preface

The responsibilities of the Pediatric Nephrologist in the 
critical care setting are multifaceted. Management of 
acute renal failure with and without renal replacement 
therapy, fluid and electrolyte abnormalities and hyper-
tensive emergencies are only some of the major clinical 
circumstances where the renal specialist is involved in 
the care of children admitted to the Pediatric Intensive 
Care Unit. Due to the complex and specialized care 
required, critical care nephrology could even be consid-
ered a separate entity compared to the clinical scenar-
ios treated in the outpatient setting or on the inpatient 
pediatric ward. Recently, the changing role of the 
Nephrologist in the ICU setting, much more expanded 
than the classic provision of renal replacement therapy, 
has been discussed in the community of providers 
involved in renal care, and fellowships with special 
emphasis on Intensive Care Pediatric Nephrology are 
being considered. This changing role requires coor-
dination of care between the Pediatric Nephrologist 
and other teams of physicians caring for critically ill 
children more often than in the past.

As several providers are involved in the majority of 
critically ill children and many valid approaches may 
exist, consensus needs to be reached before making 
important diagnostic or therapeutic decisions. Good 
on-going communication between the Intensivist, the 

Nephrologist and other involved specialists is vital to 
optimize the outcome for each individual child.

In this first edition of the book, we have included 
chapters focused on general topics in pediatric nephrol-
ogy that are most germane to the care of the critically 
ill child. We have tried to look at the clinical situations 
from the aspect of both the Pediatric Intensivist and 
renal specialist. We hope that this book will supply the 
medical providers with a framework to approach the 
challenges faced in practicing Pediatric Intensive Care 
Nephrology.

We express our thanks to all the contributing 
authors, all of whom have expertise in either Critical 
Care Pediatrics or Pediatric Nephrology and have 
years of experience with the care of this unique patient 
population. Any task as complex as the completion 
of a book publication requires several sets of helping 
hands in the background. We especially appreciate the 
constant help of Jodi Boyd and Jan Wilkins, as this 
project would not have been possible without them.

Lexington, USA Stefan G. Kiessling
Cincinnati, USA Jens Goebel
Boston, USA Michael J.G. Somers
June 2008



Contents

 1 Disorders of Salt and 
Water Balance ..............................................  1

 M. Khurana

 2 Disorders of the Acid–Base Status .............. 19
 E. Al-Khadra

 3 Dyskalemias .................................................. 35
 E.H. Mack and L.R. Shoemaker

 4 Disorders of Calcium and Phosphate 
Regulation .................................................... 55

 Raymond Quigley

 5 Abnormalities in Magnesium 
Metabolism ................................................... 69

 D. Samsonov

 6 Acute Kidney Injury: 
General Aspects ............................................ 85

 M. Zappitelli and S.L. Goldstein

 7 Pharmacotherapy in the Critically Ill 
Child with Acute Kidney Injury ................. 99

 M.T. Bigham, T.K. Hutson, 
and D.S. Wheeler

 8 Renal Replacement Therapy 
in the ICU ..................................................... 115

 K.E. Luckritz and J.M. Symons

 9 Nutrition for the Critically Ill Pediatric 
Patient with Renal Dysfunction .................. 127

 N.M. Rodig

10 Tools for the Diagnosis of 
Renal Disease ...............................................  139

 K. Mistry and J.T. Herrin

11 Urosepsis .......................................................  163
 G. Abuazza and C. Nelson

12 Hypertension in the Pediatric 
Intensive Care Unit ......................................  171

 A.Z. Traum and M.J.G. Somers

13 Acute Glomerulonephritis ..........................  183
 J. Dötsch

14 Acute Interstitial Nephritis .........................  193
 V.R. Dharnidharka, C. Araya, 

and D. Henry

15 The Tumor Lysis Syndrome: An 
Oncologic and Metabolic Emergency ........  201

 J. D’Orazio

16 Hemolytic Uremic Syndrome ......................  219
 S.G. Kiessling and P. Bernard

17 Vasculitis .......................................................  231
 James A. Listman and Scott Schurman

18 Renal Issues in Organ Transplant 
Recipients in the PICU ................................  247

 J. Goebel

19 Acute Kidney Injury Following 
Cardiopulmonary Bypass ...........................  261

 D.S. Wheeler, C.L. Dent, P. Devarajan, 
and N.W. Kooy

20 Contrast-Induced Nephropathy .................  275
 V.M. Kriss and S.G. Kiessling

21 Intoxications .................................................  281
 P. Bernard

Subject Index ......................................................  291



List of Contributors

Ghazala Abuazza
Division of Pediatric Nephrology 
University of Kentucky Children’s Hospital
740 South Limestone Street
Lexington, KY 40536, USA

Erman Al-Khadra
Cincinnati Children’s Hospital Medical Center
Critical Care
3333 Burnet Avenue
Cincinnati, OH 45229-3039, USA

Carlos Araya
University of Florida, College of Medicine
Division of Pediatric Nephrology
P.O. Box 100296, 1600 SW Archer Road
Gainesville, FL 32610-0296, USA

Philip Bernard
Division of Pediatric Critical Care
Kentucky Children’s Hospital
University of Kentucky
800 Rose Street
Lexington, KY 40536, USA
Philip.bernard@uky.edu

Michael T. Bigham
Critical Care Medicine
Akron Children’s Hospital
One Perkins Square
Akron, OH 44308, USA
mbigham@chmca.org

Catherine L. Dent
Division of Cardiology
Cincinnati Children’s Hospital Medical Center
3333 Burnet Avenue
Cincinnati, OH 45229-3039, USA

Prasad Devarajan
University of Cincinnati College of Medicine
Cincinnati Children’s Hospital Medical Center
3333 Burnet Avenue
Cincinnati, OH 45229-3039, USA

Vikas R. Dharnidharka
University of Florida College of Medicine 
Division of Pediatric Nephrology 
P.O. Box 100296, 1600 SW Archer Road 
Gainesville, FL 32610-0296, USA 
vikasmd@peds.ufl.edu

John D’Orazio
Division of Hematology-Oncology 
University of Kentucky College of Medicine
Markey Cancer Center 
Combs Research Building Room 204 
800 Rose Street
Lexington, KY 40536-0096, USA 
jdorazio@uky.edu

Jörg Dötsch
Kinder- und Jugendklinik 
Universitätsklinikum Erlangen 
Loschgestr 15 
91054 Erlangen, Germany
Joerg.Doetsch@kinder.imed.uni-erlangen.de

Jens Goebel
Nephrology and Hypertension Division 
Medical Director, Kidney Transplantation 
Cincinnati Children’s Hospital Medical Center 
3333 Burnet Avenue 
Cincinnati, OH 45229-3039, USA 
Jens.Goebel@cchmc.org



xii List of Contributors

Stuart L. Goldstein
Texas Children’s Hospital 
6621 Fannin Street, MC-3-2482 
Houston, TX, 77030, USA

Dwayne Henry
University of Florida, College of Medicine 
Division of Pediatric Nephrology
P.O. Box 100296, 1600 SW Archer Road 
Gainesville, FL 32610-0296, USA

John T. Herrin
Division of Nephrology 
Children’s Hospital Boston 
300 Longwood Avenue
Boston, MA 02115, USA 
john.herrin@childrens.harvard.edu

Tamara K. Hutson
Divisions of Pharmacology and Critical 
Care Medicine
Cincinnati Children’s 
Hospital Medical Center 
3333 Burnet Avenue 
Cincinnati OH 45229-3039, USA
tamara.hutson@cchmc.org

Mona Khurana
Department of Nephrology 
Suite W.W. 1.5-100 
Children’s National Medical Center 
111 Michigan Avenue, NW
Washington, DC 20010, USA 
mkhurana@cnmc.org

Stefan G. Kiessling
Division of Pediatric Nephrology 
and Renal Transplantation 
Kentucky Children’s Hospital 
University of Kentucky 
740 South Limestone Street Room J460 
Lexington, KY 40536, USA 
skies2@email.uky.edu

Neil W. Kooy
Division of Pediatric Critical Care Medicine 
University of Minnesota School of Medicine
University of Minnesota Children’s Hospital 
Fairview, 420 Delaware St. SE 
Minneapolis, MN 55455, USA

Vesna M. Kriss
Department of Radiology and Pediatrics 
University of Kentucky 
and Kentucky Children’s Hospital
Lexington, KY 40536, USA
vkris0@email.uky.edu

James A. Listman
SUNY Upstate Medical University 
Department of Pediatrics 
750 E. Adams St 
Syracuse, NY 13210, USA

Kera E. Luckritz
Division of Nephrology 
Children’s Hospital and Regional Medical Center 
4800 Sand Point Way NE 
Seattle, Washington 98105, USA 
kera.luckritz@seattlechildrens.org

Elizabeth H. Mack
Division of Critical Care Medicine 
Cincinnati Children’s Hospital Medical Center 
3333 Burnet Avenue 
Cincinnati, OH 45229-3039 
elizabeth.mack@cchmc.org

Kirtida Mistry
Pediatric Nephrology
University of California, San Diego
9500 Gilman Drive, MC 0634
La Jolla, CA 92093, USA 
kmistry@ucsd.edu

Chris Nelson
Division of Pediatric Infectious Diseases 
University of Kentucky Children’s Hospital 
740 South Limestone Street 
Lexington, KY 40536, USA



List of Contributors xiii

Raymond Quigley
Department of Pediatrics 
UT Southwestern Medical Center 
5323 Harry Hines Blvd 
Dallas, TX 75390-9063, USA 
Raymond.quigley@utsouthwestern.edu

Nancy M. Rodig
Division of Nephrology
Children’s Hospital Boston
300 Longwood Avenue 
Boston, MA 02115, USA
nancy.rodig@childrens.harvard.edu

Dmitry Samsonov
Nephrology Division
Schneider Medical Center for Children
Kaplan 14 
Petach Tikvah 49202, Israel 
dmitrys@clalit.org.il
dmitry_samsonov@yahoo.com

Scott Schurman
SUNY Upstate Medical University 
Department of Pediatrics 
750 E. Adams St
Syracuse, NY 13210, USA

Lawrence R. Shoemaker
Division of Nephrology, Department of Pediatrics 
University of Louisville 
Ste 424, KCPC Building
571 S. Floyd St 
Louisville, KY 40202, USA 
lrshoe01@louisville.edu

Michael J.G. Somers
Harvard Medical School
Children’s Hospital Boston
Division of Nephrology
300 Longwood Avenue
Boston, MA 02115, USA
michael.somers@childrens.harvard.edu

Jordan M. Symons
Division of Nephrology
Children’s Hospital and 
Regional Medical Center 
4800 Sand Point Way NE
Seattle, WA 98105, USA
jordan.symons@seattlechildrens.org

Avram Z. Traum
Massachusetts General Hospital
Pediatric Nephrology Unit 
55 Fruit Street, Yawkey 6C
Boston, MA 02114, USA
atraum@partners.org

Derek S. Wheeler
Division of Critical Care Medicine 
Cincinnati Children’s Hospital Medical Center
3333 Burnet Avenue 
Cincinnati, OH 45229-3039, USA
derek.wheeler@cchmc.org

Michael Zappitelli
Texas Children’s Hospital
6621 Fannin Street, MC-3-2482
Houston, TX 77030, USA
mzaprdr@yahoo.ca



Contents
Case Vignette . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1

1.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2

1.2 Total Body Water  . . . . . . . . . . . . . . . . . . . . . . . . . . .  2

1.2.1 Effective Osmoles . . . . . . . . . . . . . . . . . . . . . . . . . . .  2

1.3 Plasma Osmolality  . . . . . . . . . . . . . . . . . . . . . . . . . .  3

1.4 Volume Regulation . . . . . . . . . . . . . . . . . . . . . . . . . .  4

1.4.1 Afferent Signals  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4

1.4.2 Effector Response . . . . . . . . . . . . . . . . . . . . . . . . . . .  4

1.5 Osmoregulation. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5

1.5.1 Afferent Signals  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5

1.5.2 Effector Response . . . . . . . . . . . . . . . . . . . . . . . . . . .  5

1.6 Diagnostic Approach to Hyponatremia  . . . . . . . . . .  6

1.6.1 Pseudohyponatremia. . . . . . . . . . . . . . . . . . . . . . . . .  6

1.6.2  Hyponatremia with Hyperosmolality 
(Dilutional Effect). . . . . . . . . . . . . . . . . . . . . . . . . . .  6

1.6.3  Hyponatremia with Hypoosmolality 
(True Hyponatremia)  . . . . . . . . . . . . . . . . . . . . . . . .  7

1.7 True Hyponatremia . . . . . . . . . . . . . . . . . . . . . . . . . .  7

1.7.1 Etiology. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7

1.7.2 Signs and Symptoms. . . . . . . . . . . . . . . . . . . . . . . . .  11

1.7.3 Treatment  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  12

1.8 Hypernatremia  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  13

1.8.1 Etiology. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  13

1.8.2 Signs and Symptoms. . . . . . . . . . . . . . . . . . . . . . . . .  14

1.8.3 Treatment  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  14

References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  16

Disorders of Salt 
and Water Balance

M. Khurana

1

S.G. Kiessling et al. (eds) Pediatric Nephrology in the ICU.
© Springer-Verlag Berlin Heidelberg 2009

Core Messages

›  Dysnatremias usually reflect an imbalance in total body 
water (TBW) rather than a surfeit or deficit of sodium.

›  At any given time in the basal state, the  extracellular and 
intracellular osmolalities are equal. If there is a change in 
the solute concentration of a given fluid compartment that 
alters that compartment’s  osmolality, water will shift across 
the newly created osmotic gradient until the osmolality in 
all fluid compartments is once again equal.

›  Maintenance of the extracellular volume is conducted via 
both volume regulation and osmoregulation through a 
number of afferent signals that result in effector responses.

    –  Because sodium is the primary extracellular solute, vol-
ume regulation of the extracellular volume is directly 
 mediated by changes in total body sodium balance.

   –  Osmoregulation is mediated by changes in water balance.
›  Afferent receptors that detect changes in the elasticity of 

the arterioles include the cardiopulmonary baroreceptors 
of the carotid sinus and the aortic arch as well as renal 
baroreceptors of the juxtaglomerular apparatus.

    –  Collectively, decreased perfusion of the cardiopulmonary 
and renal baroreceptors results in the activation of three 
main vasoconstrictor systems – antidiuretic hormone 
(ADH), the sympathetic nervous system (SNS), and the 
renin–angiotensin–aldosterone system.

 –  The converse holds true in the setting of effective 
 circulating volume expansion.

Case Vignette

A 7-month-old male infant is brought to the emer-
gency department with a 4-day history of persistent 
emesis. He is lethargic and quiet during the examina-
tion. He has normal vital signs and his physical exam 
is remarkable for dry mucous membranes. Initial labs 
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are most notable for a serum sodium of 115 mmol/L. 
Upon further questioning, the parents report that he 
had been exclusively breastfed for the first 6 months 
of his life. His parents had recently begun feeding him 
powdered formula mixed with filtered water. With his 
acute illness, he has been receiving small volumes of 
dilute formula as well as water.

1.1 In troduction

The plasma sodium concentration is equal to the total 
body sodium divided by the TBW:

Like any fraction, this value either decreases or 
increases depending on changes in the numerator 
 relative to the denominator. While changes in the total 
body sodium can and do occur, changes in TBW are far 
more common and are more directly related to a drop in 
the plasma sodium concentration. Thus,  dysnatremias 
 typically reflect an imbalance in TBW.

1.2 T otal Body Water

From birth onwards, the human body increases in 
size, and its relative proportions of bone, fat, muscle, 
viscera, and water change. During early gestation, 
nearly 90% of a fetus’ body weight consists of water. 
Premature babies have a TBW content that is 80% of 
their body weight. This percentage drops to 70% in 
term infants, 65% in young children, and 60% in older 
children and adolescents [18, 28]. In adulthood, TBW 
content equals 60% of lean body weight in males and 
50% in females.

The TBW is distributed into two major body com-
partments (Fig. 1.1). Two-thirds of the TBW is distrib-
uted into the intracellular compartment, and one-third is 
distributed into the extracellular compartment. 

Water makes up almost 80% of a cell’s composition 
[32, 34]. A notable exception is adipose tissue, which 
is virtually water-free. This means that individuals with 
excess adiposity, such as women when compared with 
men, have lower TBW content. 

The  extracellular compartment is further  subdivided into 
the  intravascular and  extravascular spaces. Extravascular 
sites for fluid  accumulation include the space surround-
ing cells (interstitial space) and localized cavities where 
fluid may potentially sequestrate such as the pericardial, 
 peritoneal, and pleural spaces [15]. The intravascular 
space represents one-fourth of the extracellular compart-
ment; the extravascular space is composed of the remain-
ing three-fourths. It is noteworthy that the intravascular 
space makes up the smallest percentage of TBW.

1.2.1 Eff ective Osmoles

All body compartments are freely permeable to water 
but are not as readily permeable to all solutes. Water 
will move from an area of high random movement to 
an area of relatively lower random movement. Cohesive 
forces between molecules increase in the presence of a 
solute, leading to a reduction in the random movement 
of water in the body compartment containing the solute. 
As a result, water moves in from other body compart-
ments until the hydrostatic pressure in the  compartment 
containing the solute equals the forces  causing the 
movement of water into this compartment. The hydro-
static pressure at which this occurs is called the osmotic 
pressure of the compartment containing the solute [10]. 
The osmotic pressure is directly related to the number of 
solutes present in the compartment. Any solute that can-
not cross fluid compartments will dictate water move-
ment into its compartment, creating an osmotic pressure. 
Such a solute is referred to as an effective osmole. In 
contrast, solutes that freely cross fluid  compartments, 
and are therefore not restricted to any one fluid compart-
ment, are considered to be ineffective osmoles because 
they do not generate an osmotic pressure.

Each body compartment contains a predominant 
solute that acts as an effective osmole. Potassium salts 
are the predominant solutes found in the intracellular 
space. Large proteins and inorganic  phosphates are the 
major intracellular anions and cannot easily leave the 
intracellular compartment. Sodium salts are the pri-
mary solutes found in the  extracellular space, where 
they are evenly equilibrated between the intravascular 
and interstitial spaces. Although both potassium and 
sodium are cell membrane  permeable, they remain in 
their respective fluid compartments largely because of 
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the actions of Na+–K+ ATPase that is present along the 
basolateral aspects of cell membranes. For this pump 
to remain effective, there must be a readily available 
supply of potassium and sodium for exchange. Within 
the extracellular space, sodium salts and glucose can 
easily move between the intravascular and intersti-
tial spaces. Plasma proteins, however, do not readily 
traverse the vascular membrane separating the intra 
vascular and  interstitial spaces because of their larger 
size. Thus, plasma proteins act as effective osmoles to 
keep water in the vascular space. The pressure exerted 
by plasma proteins is termed plasma oncotic pressure. 
In the basal state, the capillary hydrostatic pressure 
balances the plasma oncotic pressure. The former is 
the pressure of blood generated by the heart with each 
cardiac output. Net filtration of fluid from the vascular 
space to the interstitial space depends on the balance 
between the hydrostatic and oncotic pressures between 
these two spaces.

1.3 Plasma Osmolality

Sodium salts are the predominant effective osmoles 
found in the vascular space. Thus, the plasma ionic 
contribution to the osmotic pressure can be  calculated 
as two times the plasma sodium concentration. The 
plasma sodium concentration is multiplied by two 
to account for accompanying anions such as chlo-
ride. Glucose and urea comprise the rest of the major 
osmoles present in the vascular space. The plasma 
osmolality (P

osm
) is equal to the sum of the individ-

ual osmolalities of each solute present in the vascular 
space. It is defined as the number of milliosmoles of 
solute present per kilogram of water. One milliosmole 
equals 1 mmole of solute.

Both plasma glucose and BUN are reported in milli-
gram per deciliter. Multiplying these values by 10 
will convert the units to milligram per liter, and divid-
ing the product by the molecular weight of each will 

 convert the units to milliosmoles per liter. The molecu-
lar weight of glucose is 180, and the molecular weight 
of BUN is 28.

The majority of individuals are neither hyperglyc-
emic nor uremic, so the osmolar contributions from 
glucose and BUN are often negligible. In  individuals 
with acute renal failure and uremia, the plasma osmola-
lity will be elevated due to a large osmolar  contribution 
from the plasma BUN. However, urea is considered to 
be an ineffective osmole because it can readily cross 
cell membranes. As a result, the effective P

osm
 should 

be determined in uremic individuals.

Normal plasma concentrations for sodium, fasting 
glucose, and BUN are 135–145 mmol L−1, 60–100 mg 
dL−1, and 10–20 mg dL−1, respectively. Based on these 
normative values, a normal plasma osmolality falls 
between 275 and 290 mOsm kg−1 [16].

Unlike solutes which are limited in their passage 
between fluid compartments, water is freely  permeable 
between all fluid compartments. This ensures that, at 
any given time in the basal state, the extracellular and 
intracellular osmolalities are equal. If there is a change 
in the solute concentration of a given fluid compartment 
that alters that compartment’s osmolality, water will shift 
across the newly created osmotic gradient until the osmo-
lality in all fluid compartments is once again equal.

Maintaining the volume of each fluid  compartment 
is essential to normal body functioning. Normal cell 
function relies on close regulation of the intracellu-
lar volume. To remain viable, cells must be able to 
maintain their intracellular pH and cytoplasmic ion 
 concentration. Both of these factors rely on close 
regulation of the cell volume. This is because changes 
in cell volume will lead to variations in not only the 
intracellular pH but also in the concentration of key 
cytoplasmic components such as cofactors, enzymes, 
and ions such as calcium. Volume regulation in nonpo-
larized cells is determined by the difference in osmotic 
pressures between the intracellular and the extracel-
lular spaces. Increases in cell volume in encapsulated 
organs that have limited compliance, such as the brain, 
will lead to significant changes in tissue pressure. For 
all of the  aforementioned reasons, tight regulation of 
cell volume is critical to proper intracellular func-
tioning. Polarized cells rely on a balance in transport 
mechanisms between the apical and basolateral cell 
surfaces to achieve volume regulation. Nonpolarized 
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cells achieve volume control by adjusting the intracel-
lular concentration of solutes [32].

Two types of solutes used by cells to adapt to 
changes in cell volume include electrolytes and 
organic molecules. Initially and overall during states 
of osmolar stress, ionic solutes mainly contribute to 
cell volume regulation. Potassium and chloride are 
the primary ions that either accumulate within or are 
removed from cells via various transport mechanisms 
in this regulatory process. If cell volume regulation 
relied only on inorganic electrolytes, this would lead 
to excessive changes in the cytoplasmic strengths of 
these various ions, which has been associated with 
protein denaturation.

Unlike electrolytes, osmolytes are a group of 
osmotically active molecules that can change their 
cell concentration without altering protein structure 
or function. Previously known as idiogenic osmoles, 
these osmolytes fall into three separate classes that 
include free amino acids, carbohydrates and polyhydric 
sugar alcohols, and methylamines. These solutes are 
typically low in molecular weight and are uncharged. 
They are characterized by their lack of interaction with 
surrounding proteins or other substrates at physiologi-
cal concentrations. Some osmolytes even demonstrate 
a protective effect by countering the destabilizing 
effects introduced by the cellular entry of extracellular 
osmoles such as NaCl and urea. In the brain, osmolytes 
are primarily composed of amino acids such as  taurine 
and glutamine followed then by myoinositol and 
betaine. Although osmolytes were previously thought 
to be derived from degradation of larger intracellular 
molecules or from the release of cell organelles, it is 
becoming increasingly clear that virtually all organic 
osmolytes are taken up from the extracellular space via 
specific Na+-dependent cotransporters [32].

In response to the creation of a new osmotic gradi-
ent, cellular adaptive mechanisms in the brain begin 
with a change in the cytoplasmic electrolyte content. 
This begins within 12 h after the extracellular fluid 
osmolality has changed. Cerebral cell osmolyte con-
tent only begins to change after extracellular fluid 
osmolar changes have lasted for more than 24 h [32]. 
Thus, with acute changes in the plasma sodium con-
centration, there is no change in the levels of organic 
osmolytes in brain cells.

Just as maintenance of intracellular volume is 
critical to proper functioning, preservation of the 
extracellular volume is important for adequate tissue 
perfusion. The portion of the extracellular fluid that 
is present in the arteriolar vascular bed and directly 

perfuses tissue is referred to as the effective circulat-
ing volume (ECV). Preservation of adequate tissue 
perfusion is mandated by close regulation of the ECV 
at all times. Maintenance of the ECV is conducted via 
both volume regulation and osmoregulation through 
a number of afferent signals that result in effector 
responses. Because sodium is the primary extracellu-
lar solute, volume regulation of the ECV is directly 
mediated by changes in total body sodium balance. 
Osmoregulation, in contrast, is mediated by changes 
in water balance [34].

1.4 V olume Regulation

1.4.1 Aff erent Signals

Both cardiac output and peripheral arterial vascular 
resistance primarily determine the adequacy of the 
ECV by directly affecting the integrity of the arterial 
vascular bed. Afferent receptors that detect changes 
in the elasticity of the arterioles include the cardiop-
ulmonary baroreceptors of the carotid sinus and the 
aortic arch as well as renal baroreceptors of the jux-
taglomerular  apparatus [34]. A primary decrease in 
the ECV activates the cardiopulmonary baroreceptors 
to not only stimulate thirst and the release of ADH 
but also to stimulate the SNS to release norepine-
phrine. The renal baroreceptors respond by activat-
ing the renin–angiotensinogen–angiotensin system 
(RAAS). Collectively, decreased perfusion of the 
 cardiopulmonary and renal baroreceptors results in 
the activation of three main  vasoconstrictor systems 
– ADH, the SNS, and the RAAS. The converse holds 
true in the setting of ECV expansion.

1.4.2 Eff ector Response

When baroreceptors sense decreased arterial pressure, 
the baseline inhibition of afferent glossopharyngeal 
pathways to the central nervous system is decreased 
resulting in increased sympathetic adrenergic tone 
[34]. This increased sympathetic tone results in arte-
riolar vasoconstriction as well as increased afterload 
to raise the blood pressure. Additionally, when there 
is 5% depletion of the ECV, the nonosmotic release 
of ADH is stimulated to increase ECV. Finally, SNS 
activation also increases renal neural signaling, which 
stimulates the RAAS.

Activation of the RAAS ultimately results in the 
 production of angiotensin II (AT II). AT II plays a 
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number of physiological roles both within and  outside 
the kidney to help restore ECV. AT II causes vascular 
smooth muscle contraction, which results in arteriolar 
vasoconstriction and increased blood pressure. AT 
II also increases proximal tubular sodium reabsorp-
tion and triggers aldosterone release from the adrenal 
glands. Aldosterone ultimately increases sodium rea-
bsorption from the collecting tubules [19]. Thus, in 
the presence of AT II, both proximal and distal neph-
ron segments are in a sodium and water avid state. 
The resultant salt and water retention serves to restore 
the ECV.

Atrial natriuretic factor (ANF) is a peptide that is 
produced by and localized to the cardiac atria. Its sys-
temic release is stimulated by either a direct change in 
atrial wall tension or indirectly via an increase in atrial 
pressure. Increased circulating levels of ANF result in 
a natriuresis by causing a decrease in proximal tubular 
and distal tubular reabsorption of sodium [12].

1.5 Osmor egulation

1.5.1 Aff erent Signals

Osmoreceptors in the hypothalamus are exquisitely 
sensitive to variations in the plasma osmolality, as lit-
tle as 1–2% from the normal range (Fig. 1.2a). Upon 
activation, these osmoreceptors stimulate changes 

to appropriately alter water intake and excretion to 
keep the plasma osmolality normal [27]. As a result, 
whereas volume regulation is determined by changes 
in sodium balance, osmoregulation is almost entirely 
mediated by changes in water balance.

In addition to osmotic stimuli, there are a number 
of nonosmotic stimuli that cause ADH secretion. In 
 animal studies, a decrease of 5% in TBW stimulates 
ADH release, even in the presence of hypoosmolal-
ity [13] (Fig 1.2b). This means that, in cases of severe 
volume depletion that may adversely affect tissue per-
fusion, the volume regulatory system supercedes the 
osmoregulatory system, triggering ADH release to 
maintain ECV even if the plasma osmolality is low.

1.5.2 Eff ector Response

Upon activation of osmoreceptors, the synthesis 
and release of ADH is stimulated. Circulating ADH 
binds to V

2
 receptors along the basolateral aspects 

of  collecting tubular cells in the kidneys. V
2
 receptor 

binding leads to the insertion of aquaporin 2 channels 
along the apical surface of renal collecting tubular 
cells. Increased water reabsorption then occurs via 
these inserted channels. The increase in urine osmolal-
ity is directly proportional to the amount of circulating 
ADH and subsequent water reabsorption (Fig. 1.3). 
Osmoreceptor activation is also a potent stimulus for 
thirst and intake of free water.
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1.6  Diagnostic Approach 
to Hyponatremia

When a sample of venous blood is obtained for 
 electrolyte analysis, it is first centrifuged to separate 
the cellular component from the plasma component. 
The plasma component consists of a layer of plasma 
water and a layer of plasma proteins and lipids. 
While in the past, sodium concentrations were gener-
ally measured in the entire plasma component using 
flame  photometry, laboratories are now increasingly 
measuring the sodium concentration in only the 
plasma water component using ion-selective elec-
trodes. Using the latter technique, a normal plasma 
sodium falls between 135 and 145 mmol L−1. If the 
plasma sodium concentration falls below 135 mmol 
L−1, it is important to first establish that the value 
is not falsely low due to a laboratory measurement 
technique. This can be done by checking the plasma 
osmolality.

1.6.1 P seudohyponatremia

Laboratories generally measure the plasma sodium 
concentration as milligrams of sodium per decili-
ter of plasma volume but report the plasma sodium 
concentration as milligrams of sodium per decili-
ter of plasma water. This is based on the assump-
tion that plasma volume equals plasma water. 
Clinical situations that can lead to a reduction in 
the plasma water relative to the plasma volume 

include  hyperproteinemia or hyperlipidemia. In 
these situations, if the sodium concentration is still 
being measured per deciliter of total plasma  volume 
– not just per liter of plasma water – the resultant 
value will be falsely low [31]. Plasma osmolality, in 
contrast, is measured per liter of plasma water and 
will be normal in this scenario. In these cases, if 
the sodium concentration is measured per deciliter 
of plasma water, the plasma sodium concentration 
will be normal. This condition, in which the plasma 
sodium concentration is low but the plasma osmolal-
ity is normal, is referred to as pseudohyponatremia. 
Because pseudohyponatremia reflects a falsely low 
plasma sodium due to how it is measured in plasma 
components, no therapy is required for this type of 
hyponatremia. This illustrates the importance of 
obtaining a plasma osmolality in any patient with a 
low plasma sodium before considering any therapy, 
especially if the laboratory method of measuring the 
sodium concentration is unknown by the clinician. 
To avoid artifactually low plasma sodium measure-
ments, most laboratories now use ion-selective elec-
trodes that measure sodium concentration in only the 
water  component of plasma (Fig. 1.4).

1.6.2  Hyponatremia with Hyperosmolality 
(Dilutional Effect)

If the plasma sodium concentration falls below 
135 mmol L−1 while the plasma osmolality is increased 
above 290 mOsm kg−1, then the presence of an effec-
tive osmole in the extracellular space should be sus-
pected. Hyponatremia with an increased plasma 
osmolality is seen in the presence of any solute added 
to the extracellular space that is impermeable to cells. 
Glucose, mannitol, and maltose found in intravenous 
 immunoglobulin are good examples of these types of 
solutes. Because of their cellular impermeability, when 
these solutes are present in the extracellular space they 
act as effective osmoles, causing water movement out 
of cells. As water leaves cells to enter the extracellular 
space, it causes the plasma water volume to increase 
and the plasma sodium  concentration to decrease due 
to dilution.

In settings of hyperglycemia, every 100-mg dL−1 
increase in the plasma glucose concentration is asso-
ciated with a 1.6-mEq L−1 decrease in the plasma 
sodium concentration from this dilution effect. The 
presence of mannitol or another effective unmeas-
ured osmole is suspected if the difference between 
the measured and calculated plasma osmolality 
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is greater than 10 mOsm kg−1 [16, 26]. In all such 
cases, therapy of the hyponatremia should target 
correction or removal of the offending solute in the 
extracellular space.

While uremia and the ingestion of ethanol, meth-
anol, and ethylene glycol all lead to an increased 
plasma osmolality, these substances readily cross cell 
 membranes and are, therefore, ineffective osmoles 
that do not lead to the translocation of water out of 
cells. In these cases, the plasma water volume does not 
increase, so the plasma sodium concentration does not 
change.

1.6.3  Hyponatremia with Hypoosmolality 
(True Hyponatremia)

If the plasma sodium concentration falls below 
135 mmol L−1 and the plasma osmolality falls below 
275 mOsm kg−1, then true hyponatremia should be 
suspected. Interpretation of the plasma osmolal-
ity in the setting of impaired renal function must be 
done with caution. Individuals with renal impairment 
tend to have an elevated measured plasma osmolal-
ity because of their increased plasma BUN concentra-
tion. However, because urea is an ineffective osmole, 
the effective plasma osmolality (see (1.3) ) should be 
determined. Individuals with renal disease who have 
hyponatremia and an effective plasma osmolality less 
than 275 mOsm kg−1 may be at risk for symptoms 
(Table 1.1).

1.7 T rue Hyponatremia

1.7.1 Etiology

(1.4)

Based on (1.1), it becomes evident that hyponatremia, 
defined as a plasma sodium concentration less than 
135 mmol L−1, can only develop in one of two ways. First, 
if sodium-rich solute losses are replaced with  relatively 
hypotonic fluids, total body sodium stores will slowly 
become depleted because they are not being adequately 
replenished. This will lead to a progressive decrease in 
the plasma sodium concentration because the numera-
tor in (1.1) will decrease. Second, provision or retention 
of water in excess of sodium will lead to progressive 
expansion of the TBW as reflected by an increase in 
the denominator in (1.1). Thus, hyponatremia does not 
necessarily result only from total body sodium loss. 
Depending on the individual’s TBW balance, it can 
actually occur in the presence of decreased, increased, 
or normal total body sodium (Table 1.3).

1.7.1.1 Decreased Total Body Sodium

Decreased ECV is associated with either a decrease 
in or expansion of the interstitial space. ECV deple-
tion associated with a decrease in the interstitial 

Fig. 1.4 Pseudohyponatremia is associated with a reduction in 
the plasma water component of the plasma volume. If the plasma 
sodium concentration falls below 135 mmol L−1 while the plasma 
osmolality stays in the normal range of 275–290 mOsm kg−1, then 

an increase in the size of the plasma proteins and lipid layer rela-
tive to the plasma water layer should be suspected (reproduced 
with permission from [31])
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space arises from fluid losses via the gastrointestinal 
tract, the skin, or the kidneys that are replaced with 
the intake of hypotonic fluids. Pertinent aberrant gas-
trointestinal losses include vomiting, diarrhea, ostomy 
drainage, bleeding, or intestinal obstruction. Similar 
 pathological skin losses include excess sweat from 
long-distance running or cystic fibrosis as well as 
water losses from burns.

Cardiopulmonary and renal baroreceptors sense the 
decreased ECV and elicit effector responses to restore 
the ECV. SNS and RAAS activation lead to a low 
 absolute urine sodium concentration of <20 mmol L−1 
and a fractional excretion of sodium of <1% as both 
proximal and distal nephron segments reabsorb the bulk 
of filtered sodium. Volume regulatory mechanisms 
sensing greater than a 5% deficit in TBW stimulate 
ADH release, even if hyponatremia and hypoosmola-
lity are present. These individuals have concentrated 
urines with high urine osmolality and low daily urine 
volumes. The opposite urinary findings are seen with 
renal salt and water losses as seen with solute diuresis 

secondary to diuretics, hypoaldosteronism, or renal 
tubulopathies.

Cerebral salt wasting is a controversial entity that is 
most commonly encountered in the intensive care unit 
setting among individuals who have sustained either cen-
tral nervous system trauma or infection [30]. Increased 
urine output is one of the first  clinical signs of this 
condition. The polyuria is characterized by an elevated 
urine sodium concentration (>20 mmol L−1). The loss of 
urinary solutes and ECV depletion lead to an elevation 
in the urine osmolality. This combination of urinary 
findings can sometimes make it difficult to distinguish 
cerebral salt wasting from the syndrome of inappropri-
ate ADH secretion (SIADH) because both conditions 
are associated with increased urine sodium concentra-
tion and urine osmolality. Because  individuals with 
cerebral salt wasting have significant urinary sodium 
and water losses, they often appear clinically volume 
depleted. Those with SIADH, in contrast, actually 
have ECV expansion and appear clinically euvolemic. 
The distinction can be confirmed by central venous 

Table 1.1 Summary of the diagnostic approach to hyponatremia

 POSM = 275–290 POSM > 290 POSM < 275

Plasma sodium less 
than 135 mmol L−1

Pseudohyponatremia

 Hyperlipidemia

 Hyperproteinemia

Effective osmoles

 Glucose

 Mannitol

 Maltose

True hyponatremia

  

   

Plasma osmolality (P
OSM

) in mOsm kg−1

Reproduced from [24]
a Sweat sodium concentrations progressively increase with increasing sweat flow rates

Table 1.2 Electrolyte composition of body fluids

Fluid Sodium Potassium Chloride g dL−1

Gastric 20–80 5–20 100–150 –

Pancreatic 120–140 5–15 90–120 –

Small intestine 100–140 5–15 90–130 –

Bile 120–140 5–15 80–120 –

Ileostomy 45–135 3–15 20–115 –

Diarrheal 10–90 10–80 10–110 –

Sweata     

 Normal 10–30 3–10 10–35 –

 Cystic fibrosis 50–130 5–25 50–110 –

Burns 140 5 110 3–5

Electrolyte (mEq L−1)
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pressure monitoring [25]. ECV depletion stimulates 
the hypothalamic osmoreceptors to release ADH. 
Cardiopulmonary and renal baroreceptors are also acti-
vated in response to the decreased ECV. Brain  natriuretic 
peptide, predominantly produced in the ventricles of the 
brain, is believed to play an important role in this entity 
by an as yet unclear  mechanism. BNP-mediated antag-
onism of the effector responses elicited by the SNS, 
RAAS, and ADH results in the polyuria, natiuresis, and 
lack of thirst seen with this condition [8].

Gastrointestinal fluid losses such as vomiting and 
diarrhea tend to be isosmotic or equivalent to plasma in 
osmolality [24] (Table 1.2). Consequently, these fluid 
losses alone should not drop the plasma sodium con-
centration. However, hyponatremia will ensue in such 
individuals if they either drink or are  administered 
hypotonic fluids, leading to relative water repletion 
when compared with solute.

Diuretic-induced hyponatremia occurs similarly 
via one of three mechanisms. First, diuretics-induced 
salt and water losses cause ECV depletion resulting in 
ADH release and increased thirst. Thirsty individuals 
will drink hypotonic fluids. In the presence of ADH, 
this ingested fluid will be reabsorbed by the renal col-
lecting tubules leading to the retention of more water 
relative to sodium. Second, diuretic-induced urinary 
potassium losses lead to extracellular potassium deple-
tion. To help restore extracellular potassium stores, 

increased activity of a transcellular cation transporter 
will extrude intracellular potassium in exchange for 
extracellular sodium, leading to hyponatremia. Third, 
the kidneys generate less free water at the loop of 
Henle and distal renal tubule in the presence of either 
a loop diuretic or thiazide diuretic, respectively.

Interestingly, almost all cases of diuretic-induced 
hyponatremia are due to the thiazide – not the loop – 
class of diuretics. This is because, by inhibiting NaCl 
reabsorption in the medullary thick ascending limb of 
the loop of Henle, loop diuretics prevent the medul-
lary interstitium from increasing its osmolality [10]. 
A hyperosmolar medullary interstitium is critical for 
maximal water reabsorption in the collecting tubules. 
As a result, individuals taking loop diuretics are una-
ble to maximally concentrate their urine in response 
to ADH. In contrast, thiazide diuretics do not act in 
the loop of Henle so they do not directly affect the 
osmolality of the medullary interstitum and there-
fore do not interfere with the water reabsorption at 
the collecting tubule. The medullary interstitium is 
not disrupted in the presence of thiazide diuretics, so 
ingested water can be  maximally reabsorbed at the 
collecting tubules.

Clinically, individuals with decreased total body 
sodium, regardless of the primary cause, present with 
all of the objective signs typically seen with extracel-
lular volume depletion.

Table 1.3 Differential diagnosis of hyponatremia based on total body sodium content

Low total body sodium High total body sodium Normal total body sodium

GI fluid losses Congestive heart failure Acute renal failure

 Emesis Liver cirrhosis ECV depletion

 Diarrhea Nephrotic syndrome Solute diuresis

 Ostomy output Multiorgan dysfunction SIADH

 Bleeding Pancreatitis Adrenal insufficiency

 Intestinal obstruction Ileus Hypothyroidism

Skin fluid losses   

 Sweat   

  Marathon running   

  Cystic fibrosis   

Renal fluid losses   

 Diuretics   

 Hypoaldosteronism   

 Renal tubulopathies   

 Cerebral salt wasting   
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1.7.1.2 Increased Total Body Sodium

Reduction in the intravascular space accompanied by 
expansion of the extravascular space classically arises 
from diseases such as congestive heart failure (CHF), 
cirrhosis, and nephrotic syndrome. Respectively, these 
conditions are associated with decreased cardiac out-
put, peripheral vasodilatation, and decreased plasma 
oncotic pressure [29]. Each of these three physiologi-
cal changes is associated with decreased ECV. The per-
ceived decrease in the ECV by the cardiopulmonary and 
renal baroreceptors triggers afferent signals and effer-
ent responses to increase salt and water retention to help 
restore the ECV. Unless the underlying problem is cor-
rected, the ECV will remain decreased causing afferent 
 signals to perpetuate a cycle of salt and water retention 
that leads to progressive  expansion of the interstitial 
space. Similar pathophysiology is seen in ileus, mul-
tiorgan dysfunction syndrome,  pancreatitis, and rhab-
domyolysis where extravascular fluid  sequestration 
occurs despite a persistently low intravascular volume.

Individuals with ECV depletion and expansion of 
the extravascular space are total body salt and water 
overloaded. They are hyponatremic because they are 
relatively more water than salt overloaded. Clinically, 
any individual with expansion of the interstitial space 
will present with edema.

1.7.1.3 Normal Total Body Sodium

In the vast majority of cases, hyponatremia ensues due 
to impaired clearance of water by the kidneys. This 
can develop in one of the following three clinical sce-
narios: (1) decreased fluid delivery to the ascending 
limb of the loop of Henle and the distal renal tubule, 
(2) excretion of an increased solute load in the urine, 
and (3) presence of ADH.

Decreased fluid delivery to the loop and distal neph-
ron is seen commonly with acute renal failure when 
less plasma water is filtered due to overall decreased 
glomerular filtration. Mild to moderate decreases in 
the glomerular filtration rate are not associated with 
free water retention largely because the remaining 
nephrons that are functioning develop a compensa-
tory increase in their solute and water excretion. 
However, severe decreases in the glomerular filtration 
rate below 15% of normal are associated with progres-
sive solute and fluid retention. Volume depletion also 
results in less fluid delivery to distal nephron segments 
due to decreased glomerular filtration of plasma water 
with concomitantly increased water reabsorption in 
 proximal nephron segments.

Renal free water excretion is impaired in any clini-
cal situation where ADH release is stimulated. Once 
hyponatremia develops, osmoreceptor deactivation 
normally leads to inhibition of ADH synthesis and 
release, resulting in decreased water reabsorption in 
the collecting tubules. ADH suppression begins when 
plasma osmolality falls below 275 mOsm kg−1. ADH 
suppression is complete once the serum osmolality 
falls below 270 mOsm kg−1. The urine  osmolality will 
decrease in a dose-dependent fashion based on how 
much ADH release is inhibited [13]. Those patients 
who have an inability to appropriately  suppress 
ADH release in response to hypoosmolality become 
 progressively hyponatremic.

The syndrome of inappropriate secretion of ADH 
(SIADH) results from a variety of causes that stimu-
late the nonphysiological release of ADH. Normally, 
in the presence of ADH, the renal collecting tubules 
increase water reabsorption to create an initial 
hyponatremia and ECV expansion. Once the ECV is 
expanded, the  cardiopulmonary receptors are stimu-
lated to release ANP and suppress the SNS. The renal 
baroreceptors are also stimulated to suppress the 
RAAS. Collectively, the afferent signals’ responses 
to ECV expansion result in increased urinary sodium 
and water losses. With restoration of the ECV, plasma 
osmolality also normalizes, which should also result 
in ADH suppression.

In SIADH, however, circulating ADH is not suppre-
ssed despite an adequate or restored ECV. Nonosmotic 
stimuli associated with inappropriate ADH release 
include central nervous system diseases, lower res-
piratory tract illnesses, malignancies, physical pain, 
emotional stress, hypoxia, and a large number of medi-
cations (Fig. 1.5).

Overall, SIADH is clinically characterized by the 
following:

1. Hyponatremia (plasma [Na+] < 135 mmol L−1)
2. Hypoosmolality (plasma osmolality < 275 mOsm 

kg−1)
3. Inappropriately elevated urine osmolality (>100 

mOsm kg−1)
4. Clinical euvolemia or volume expansion
5. Normal kidney, adrenal, and thyroid function
6. Normal acid–base balance
7. Normal potassium balance
8. Hypouricemia from volume expansion and result-

ant decreased proximal tubular sodium and urate 
reabsorption

9. Elevated urine sodium concentration (>20 mmol L−1)
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Although less common clinically than SIADH, certain 
endocrine anomalies can potentiate hyponatremia. For 
instance, adrenal insufficiency plays a multifactorial 
role in causing hyponatremia. First, the mineralocor-
ticoid deficiency prevents sodium reabsorption in the 
renal collecting tubule. This leads to increased urinary 
salt and water losses. The ensuing ECV depletion trig-
gers ADH release. Second, cortisol normally inhibits 
ADH release from the hypothalamus. With cortisol 
deficiency, this negative feedback loop is not working, 
resulting in unregulated ADH release [36].

Hypothyroidism leads to hyponatremia through un-
clear mechanisms. Decreased cardiac output  leading 
to increased ADH release and decreased GFR – both 
mediating water retention – are suspected to play 
 causative roles [34].

Individuals with normal total body sodium who 
develop hyponatremia as a result of relative water 
excess tend to appear clinically euvolemic. This is 
because the excess water is distributed into all body 
compartments, of which the intravascular space repre-
sents the smallest portion.

1.7.2 Signs and Symptoms

Hypoosmolality of the extracellular fluid results in 
the movement of water from the extracellular to the 
intracellular space. Because of the brain’s limited 

capacity to tolerate fluctuations in cell volume, intra-
cellular water movement in neurons is particularly 
responsible for the signs and symptoms seen with 
hyponatremia [33].

The severity of symptoms directly correlates with 
the degree of intracellular overhydration. The osmolar 
gradient between neurons and the extracellular fluid 
across the blood-brain barrier triggers water move-
ment from the extracellular space into the neurons.

With increased water movement into the cells, the 
intracellular osmolality decreases. Cells then begin to 
extrude solutes out of the intracellular space as they 
attempt to reequilibrate their osmolality with that of 
the extracellular space. Initially, cells adapt by los-
ing intracellular potassium and sodium via membrane 
channels. This occurs within minutes. Later, within 
hours to days, osmolytes are lost. While there is greater 
quantitative intracellular loss of cations such as potas-
sium and sodium in this process, there is a much higher 
percentage of osmolyte loss. It appears that the severity 
of the hyponatremia is directly related to the degree of 
osmolyte loss [33]. Because the cellular adaptation to 
changes in extracellular osmolality takes hours to days, 
severe neurological symptoms can result from cellular 
overhydration depending on the rapidity and severity 
in the reduction of the plasma sodium concentration. 
Conversely, if hyponatremia develops slowly over a pro-
longed period of time, minimal symptoms are present.
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Fig. 1.5 Non-osmotic stimuli associated with SIADH (reproduced from [14])
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Symptoms begin to develop with sequential reduc-
tions in the plasma sodium concentration. As the con-
centration acutely falls below 125 mmol L−1, individuals 
begin to complain of nausea,  vomiting, fever, labored 
respirations, and malaise. Once the  concentration is 
between 115 and 120 mmol L−1,  individuals tend to 
develop headache, altered mental status,  restlessness, 
lethargy, ataxia, pyschosis,  weakness, cramps, and 
obtundation. Once the concentration falls below 110–
115 mmol L−1, seizures and coma are usually seen. 
Signs of severe cerebral edema include seizures, coma, 
respiratory depression, and even death [10].

1.7.3 T reatment

How rapidly the clinician should correct the hypo-
natremia depends largely on the duration of hypo-
natremia, the presence of symptoms, and the presence 
of preexisting risk factors for neurologic damage. 
Acute hyponatremia is characterized by a change in 
the plasma sodium concentration within 48 hours. 
Hyponatremia is deemed chronic if it develops over 
greater than a 48-h period. If the duration of the 
sodium balance is difficult to establish, it is prudent to 
assume that the hyponatremia is chronic vs acute when 
formulating management decisions. Those patients 
who appear greatest at risk for cerebral edema include 
children [23], postoperative menstruating females [5], 
elderly females particularly those taking thiazide diu-
retics [11], individuals with primary polydipsia [17], 
and those with hypoxemic injury.

Acute, symptomatic hyponatremia can more 
aggressively be treated. With an acute reduction in 
the plasma sodium concentration, brain cell volume 
regulatory mechanisms have not yet been activated, so 
cerebral swelling will occur due to water movement 
into the cells. There is a resultant increase in the risk 
of neurological sequelae if the sodium imbalance is 
not rapidly corrected. Experimental studies have dem-
onstrated that rapid correction of the plasma sodium 
up to 130 mmol L−1 within 12–24 h in this context is 
safe [33]. Calculation of the total body sodium deficit 
is done as follows:

The plasma sodium is expressed in millimoles per 
liter, and weight is expressed in kilograms (kg). The 
constant, k, refers to the percentage of body weight that 
equals TBW. This value is 0.7 in term neonates, 0.65 in 

younger children, and 0.6 in older or  pubertal children 
(see Sect. 1.2). The result equals the total  millimoles of 
sodium that must be provided to the individual to raise 
their plasma sodium concentration to the desired value. 
The sodium deficit can be provided either as oral sodium 
salt supplementation or as an intravenous solution.

Hypertonic saline should only be administered to 
those individuals with symptomatic hyponatremia to 
rapidly reverse the clinical sequelae of cerebral edema. 
Hypertonic saline should be given judiciously until the 
individual becomes asymptomatic. Generally, this can be 
accomplished by increasing the serum sodium to 5 mEq 
L−1. The risk of developing brain cell shrinkage with rapid 
correction is low because, without activation of cell vol-
ume regulatory mechanisms in acute hyponatremia, the 
cerebral osmolyte content is still at normal levels.

A loop diuretic such as furosemide can be given 
concurrently to promote greater free-water excretion if 
the cause of the hyponatremia is due to relative TBW 
excess. Hyponatremia will typically not be corrected 
unless the sum of the urinary sodium and potassium 
concentrations is less than the plasma sodium concen-
tration. Other means with which increased free-water 
excretion can be achieved include water restriction, 
use of vasopressin receptor antagonists, and provision 
of an increased solute load.

In individuals with chronic asymptomatic hypo-
natremia, rapid correction of the plasma sodium is 
unnecessary regardless of how low the plasma con-
centration. In chronic hyponatremia, brain volume is 
ultimately restored as electrolytes and osmolytes are 
extruded from neurons in their attempt to regulate their 
cell volume. It is in this context of chronically low 
brain osmolyte concentration from chronic  cerebral 
adaptation that the risk for the osmotic demyelinating 
syndrome is greatest if the sodium imbalance is cor-
rected too rapidly. Those individuals suffering from 
alcoholism, malnutrition, and burns seem to be most 
vulnerable to developing this complication.

The osmotic demyelinating syndrome is charac-
terized by a lucid period followed in 12–24 h by 
altered mental status, altered motor function,  flaccid 
 quadriplegia, cranial nerve abnormalities, and loss 
of  consciousness. These clinical findings are associ-
ated with demyelinating lesions found in the pons, 
basal ganglia, thalamus, and internal capsule [33]. 
Whether the degree of hyponatremia or the rate of 
correction of hyponatremia is the true causative 
factor remains an area of controversy. In an experi-
mental model of hyponatremia induced in rats, rapid 
correction of hyponatremia led to a 32% mortality. 
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No rats died with a correction of sodium of 1 mmol 
L−1 h−1. Virtually all other similar experimental ani-
mal models demonstrate an increased incidence 
of  neuropathological sequelae and mortality if 
hyponatremia is corrected faster than 0.8 mmol L−1 
h−1 [3, 6, 20, 33, 35]. A precise rate of sodium correc-
tion has been difficult to unequivocally establish [1, 
2, 4, 22, 33]. As a result, a cautious approach com-
monly used involves increasing the plasma sodium 
concentration by no more than 0.5 mmol L−1 h−1 or by 
no more than 12 mmol L−1 day−1.

The cornerstone to management of hyponatremia 
should ideally focus on correction of the underlying 
cause. Gastrointestinal, skin, and renal losses should 
all be adequately replaced to restore the ECV. Diuretics 
and other offending agents should be dose adjusted or 
discontinued until the plasma sodium concentration 
normalizes. Hypoaldosteronism and hypothyroidism 
should be medically treated. Those with SIADH 
should be water restricted to approximately 2/3 of their 
daily maintenance fluid needs. Fluid restriction, alone, 
is usually sufficient to correct the plasma sodium in 
SIADH. If the hyponatremia persists, either furosem-
ide or demeclocycline may be given to promote greater 
water excretion by the kidneys. Cerebral salt wasting 
should be treated with NaCl and water provision to 
restore the ECV and to keep up with ongoing urinary 
salt and water losses. Identification and correction 
of the underlying cause of the cerebral salt wasting 
should also be addressed.

1.8 Hyperna tremia

1.8.1 Etiology

Hypernatremia is defined as a plasma sodium con-
centration greater than 145 mmol L−1. Hypernatremia 
is similar to hyponatremia in that it can occur in the 
presence of decreased, increased, or normal total body 
sodium. Increases in the plasma sodium concentration 
reflect either a relative increase in total body sodium 
or a relative decrease in TBW.

1.8.1.1 Decreased Total Body Sodium

Gastrointestinal losses such as vomiting, diarrhea, 
and ostomy drainage as well as skin losses such as 
sweat from marathon running or cystic fibrosis can all 
lead to hypernatremia if water losses exceed sodium 
losses. Renal causes include excess water losses via 
an osmotic diuresis. Finally, individuals with limited 

renal concentrating ability such as infants will have 
increased renal water losses in the presence of high 
solute loads. The hypernatremia in all of these clinical 
scenarios will persist if the excess water losses are not 
adequately replaced.

1.8.1.2 Increased Total Body Sodium

Total body sodium increases with the inadvertent inges-
tion or iatrogenic administration of a salt load. The 
former has been reported when well-meaning parents 
administered improperly diluted formula to their infants. 
The latter has been reported in hospital settings when 
repeated infusions of sodium bicarbonate were used in 
cardiopulmonary resuscitation or in the treatment of 
refractory metabolic acidosis. Individuals admitted after 
a near-drowning incident in sea water often also present 
with hypernatremia from ingestion of salt water.

1.8.1.3 Normal Total Body Sodium

Excess free water losses relative to sodium result in 
hypernatremia. In the basal state, water intake must 
match water output. Daily water intake not only 
includes water consumed exogenously from dietary 
fluids or water containing solids but also water pro-
duced endogenously from oxidative metabolism of 
dietary carbohydrates, fats, and proteins [10].

Daily water output can be divided into insensible 
and sensible losses. Insensible losses refer to evapora-
tive water losses from the moist surfaces of the skin 
and respiratory tract. Daily body metabolism generates 
both water and heat. The heat must be eliminated on a 
daily basis to prevent the development of  hyperthermia 
[10]. Evaporative water losses play an important role 
in thermoregulation via radiation and convection. 
Collectively, insensible losses are electrolyte-free.

Hypernatremic dehydration develops from increased 
insensible losses that are not adequately replaced. This 
includes any clinical situation where evaporative water 
losses from the skin and respiratory tract are increased. 
Examples include the  presence of fever, prematurity 
where there is often use of phototherapy or radiant warm-
ers, tachypnea, hyperventilation, or the use of mechani-
cal ventilation without sufficient humidified air.

An acute elevation in the plasma sodium concentra-
tion is associated with an increase in the plasma osmolal-
ity, which will activate the hypothalamic osmoreceptors 
to release ADH and stimulate thirst in an attempt to 
 normalize the plasma osmolality. Hypernatremia is 
unusual among individuals who are cognitively intact, 
capable of becoming thirsty, and are physically able to 
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obtain water or other fluids to satisfy their thirst. As 
a result, hypernatremia is often seen at both ends of 
the age spectrum, namely in infancy or small children 
and in geriatrics. Additionally, cognitively impaired or 
neurologically devastated patients who are unable to 
communicate their thirst are also more likely to develop 
iatrogenic hypernatremia unless their fluid  management 
is not closely monitored (Table 1.4).

Individuals who are unable to release ADH or 
 stimulate thirst in response to increases in plasma sodium 
concentration are also more likely to develop significant 
hypernatremia. Classically, this is seen with central dia-
betes insipidus. Similar abnormalities will develop in 
nephrogenic diabetes insipidus where circulating ADH 
is not appropriately sensed or responded to by the kid-
neys. Both forms of diabetes insipidus can have either 
congenital or acquired causes [7] (Table 1.5).

1.8.2 Signs and Symptoms

If the duration of hypernatremia is less than 4–8 h, mech-
anisms for cell volume regulation are not  stimulated. 
In the absence of cellular adaptation, brain cells will 
diminish in size as water moves out of cells into the 
extracellular space. Animal studies demonstrate that cer-
ebral hemorrhage occurs when brain cells shrink from 
acute, untreated hypernatremia. The brain is tethered 
to the overlying bony skull by membranes that contain 

blood vessels. Brain cell shrinkage is  associated with 
rupture of these blood vessels that connect the brain to 
the dura mater. Capillary and venous congestion as well 
as subarachnoid bleeding with venous sinus thrombosis 
have been reported. Clinically, these structural changes 
manifest in animals as poor feeding, irritability, seizure 
activity, and abnormal limb movements. Infants with 
acute  elevations in their plasma sodium concentration 
commonly develop emesis, fever, respiratory distress, 
tonic–clonic seizure activity,  spasticity, and coma 
[33]. In cases of acute hypernatremic  dehydration, 
because water is moving from the intracellular to the 
 extracellular space, the volume of the extracellular 
space is relatively well preserved, delaying the appear-
ance of objective signs of ECV depletion that clinicians 
often use to assess effective volume depletion.

1.8.3 T reatment

During correction of hypernatremia, there appears 
to be a lag between correction of the serum sodium 
concentration and normalization of the brain osmolyte 
content. In the presence of a compensatory increase 
in the brain osmolyte content, rapid correction of the 
hyperosmolality will lead to cerebral edema and asso-
ciated neurological symptoms. This potential compli-
cation forms the theoretical basis for fluid management 
in affected individuals.

Table 1.4 Differential diagnosis of hypernatremia based on total body sodium content

Low total body sodium High total body sodium
Normal total 
body sodi

GI fluid losses Inadvertent ingestion Insensible losses

 Emesis  Infant formula  Skin

 Diarrhea  Salt water drowning   Fever

 Ostomy output Iatrogenic administration   Prematurity

Skin fluid losses  CPR   Phototherapy

 Sweat Metabolic acidosis   Radiant warmers

  Marathon running  Respiratory

  Cystic fibrosis    Tachypnea

Osmotic diuresis    Hyperventilation

 Glucose     Mechanical vent

 Mannitol     Without humidified

Immature renal concentrating ability      Air

 Infants   
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Table 1.5 Congenital and acquired causes of central and nephrogenic diabetes insipidus

Central DI Nephrogenic  Di

Familial Familial

 Autosomal dominant  X linked recessive

Cerebral malformations   V
2
 receptor gene defect

 Septo-optic dysplasia Autosomal recessive

 Lawrence-Moon-Beidl syndrome  Aquaporin 2 gene defect

Acquired Acquired

 Trauma  Osmotic diuresis

  Head injury  Metabolic

  Neurosurgery   Hypercalcemia

 Tumors   Hyperkalemia

 Craniopharyngioma   Chronic renal disease

 Germinoma   Drugs

 Optic glioma    Lithium

Hypoxic/ischemic brain injury    Demeclocycline

Lymphocytic neurohypophysitis    Postobstructive uropathy

Granuloma    Renal medullary solute washout

 Tuberculosis

 Sarcoidosis

 Histiocytosis

Infections

 Congenital cytomegalovirus

 Congenital toxoplasmosis

 Encephalitis

 Meningitis

Vascular

 Aneurysm

 Arteriovenous malformation

Adapted form [7]

In cases of hypernatremic dehydration with hemody-
namic instability, restoration of the ECV with isotonic 
saline to restore perfusion of vital organs is the first 
priority. Once hemodynamic stability is restored, sub-
sequent correction of the hypernatremia should involve 
provision of hypotonic fluids to allow restoration of the 
free-water deficit judiciously. While the actual rate of 
correction remains an area of debate, data from most 

studies suggest that correction should take place over 
at least 48 h to minimize  complications of cerebral 
edema [10, 15]. Calculation of the free-water deficit 
can be done as follows:
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Equation (1.5) should be solved for the new TBW. 
This value should be subtracted from the individual’s 
current TBW, which equals 50–70% of their body 
weight in kilograms depending on the size of the 
individual (see Sect. 1.2). The difference between 
the new and the current TBW represents the free-
water deficit in liters. This volume of water should 
be provided to the individual over 48 h to provide 
a plasma sodium  concentration reduction rate of 
0.5 mmol L−1 h−1 or no more than 12 mmol L−1 day−1 
[9, 21, 34].

Cases of hypernatremia from salt loading should be 
treated by facilitating removal of the excess total body 
sodium. This is typically achieved with a combination 
of diuretics and dietary salt restriction. Again, correc-
tion must proceed carefully in the setting of chronic 
hypernatremia and reassessment of serum electrolytes, 
urine chemistries, and findings on physical examina-
tion must be done at regular intervals.
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› Essentially all pediatric disorders, if severe enough, can 
lead to acid–base disturbances directly, as a result of ther-
apy, or both.

› Acid–base disorders need to be anticipated in all critically 
ill patients. Proactive monitoring of the acid–base status will 
allow the early recognition of derangements and the preven-
tion of what could become a life-threatening state.

› Acidosis is the most common acid–base derangement in the 
intensive care unit (ICU), with metabolic acidosis poten-
tially indicating a more severe course and worse outcome.

› A pH of <7.2 merely indicates a primary acidosis- inducing 
disorder. Further assessment of the type of acidosis and 
the presence of a mixed acid–base  disorder requires 
 measurement of pCO

2
, serum bicarbonate, albumin, and 

calculation of the anion gap.
› The most commonly encountered causes of metabolic 

acidoses in the ICU are renal insufficiency, sepsis, and 
DKA, while acute respiratory distress syndrome (ARDS) 
and severe status asthmaticus are the usual suspects in 
respiratory acidoses.

› Alkalosis, on the other hand, is less common in the ICU. 
Fluid status derangements and, especially, gastric fluid deple-
tion are the usual underlying causes of metabolic alkaloses, 
whereas rapid respiration secondary to lung diseases, exces-
sive mechanical ventilation, pain, or central nervous system 
processes are the common causes of respiratory alkaloses.

› In the ICU, identification of acid–base derangements is 
followed by timely stabilization of the patient irrespective 
of the underlying cause. Depending on the severity of the 
derangement and the patient’s response to the stabilizing 
interventions, the underlying cause might also need to be 
aggressively sought and emergently reversed.

› Identification of the underlying cause(s) of the acid–base 
disorder at hand may be the final step in the  management of 
these patients, but plays an important role both in the pre-
vention of worsening of the derangement and other com-
plications as well as in the determination of the patient’s 
overall prognosis.
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Case Vignette 1

An 11-year-old girl with a history of mild bronchial 
asthma presented with fever and increased work of 
breathing refractory to repeated albuterol treatments 
at her pediatrician’s office. Status  asthmaticus was 
diagnosed, and an ABG was obtained upon arrival to 
the emergency room, showing a pH of 7.22, a pCO

2
 

of 38 mmHg, and a serum bicarbonate level of 15 meq 
L−1. Her serum sodium and chloride were 141 and 
110 meq L−1, respectively; her serum lactate concen-
tration was 11 mmol L−1, and her serum albumin level 
was 1 g dL−1. What is your  interpretation of her ABG?

The ABG is consistent with acidosis, given the 
low pH of 7.22. The bicarbonate level is low at 
15 meq L−1 whereas pCO

2
 is almost normal, ren-

dering the primary disorder a metabolic acidosis. 
Following the rule of 1:1 compensation, pCO

2
 

would be expected to be 30–32. Thus, this patient 
also has an element of pCO

2
 retention and thus a 

mixed acid–base disorder, namely primary meta-
bolic acidosis and acute respiratory acidosis. The 
metabolic component is secondary to an AG acido-
sis, with the AG measuring 16 prior to the required 
adjustment as follows:

Corrected albumin (4 g dL−1 expected – 1 g dL−1 
observed) of 3 × 2.5 = 7.5. Hence, adjusted AG 16 meas-
ured + 7.5 = 23 with a delta/delta of 1, indicating no 
other underlying type of metabolic acidosis. Treatment 
to target lower airway obstruction with bronchodilators 
and steroids will assist in resolving both the respira-
tory and the metabolic defect. The  latter will also be 
alleviated with  judicious use of hydration. Lastly, the 
cause of severe  hypoalbuminemia needs to be sought.

Case Vignette 2

A 2-year-old child was found unconscious and with 
increased work of breathing. An ABG showed a pH of 
7.38, a pCO

2
 of 28 mmHg, and a serum bicarbonate of 

16 meq L−1. What is your interpretation?
This is a typical ABG of a patient with salicylate poi-

soning. Depending on further clinical and laboratory 
evaluations, this patient might need  intubation, gastric 
lavage, dialysis, or simple hydration and  supportive care.

Acid–base disorders are among the most commonly 
encountered medical problems in critically ill patients. 
Departure of blood acidity from the normal range can 
result in a spectrum of adverse consequences and, 
when severe, can be life-threatening. Identifying acid–

base derangements, correcting the pH, and arriving at 
the correct underlying cause for each derangement are 
of paramount importance for caring for patients in the 
intensive care unit. This chapter will address physiol-
ogy of acid–base status, interpretation of blood gas 
measurements, common causes of derangements, and 
approach to  reestablishing normalcy.

2.1 In troduction

The human organs and tissues function under a tightly 
controlled pH in the range of 7.35–7.45. Depending on the 
degree of the deviation of pH outside this narrow range, 
several homeostatic responses are activated in an effort 
to restore normal acid–base status. Initially, reactions by 
chemical  buffers will attempt to neutralize the derange-
ment, followed by ventilatory adjustments by the lungs 
and, finally, alterations in acid excretion by the kidneys.

Several factors impact the prognosis of patients with 
acid–base disturbances:

1. Severity of acidemia or alkalemia.
2. Acuity and duration of the derangement.
3. Functional status of the lungs and kidneys.
4. Underlying cause: This factor is what ultimately 

defines the patient’s outcome.

A plasma pH of 7.10 can be inconsequential when 
caused by diabetic ketoacidosis, but it portends a 
poorer outcome if it is secondary to septic shock and 
poor organ perfusion. Likewise, a plasma pH of 7.60 
caused by anxiety-hyperventilation syndrome is incon-
sequential, whereas it signals a worse prognosis if it is 
secondary to a brain tumor.

To manage patients with serious acid–base distur-
bances appropriately, accurate history taking, precise 
interpretation of blood gas results, and arriving at the 
correct cause underlying the disorder are  critical. Even 
though our management in the ICU is centered on sta-
bilizing patients’ cardiopulmonary status and correcting 
derangements, including acid–base  disorders, know-
ing the underlying etiology of these  disturbances and 
addressing it with the proper interventions, if deemed 
necessary, can expedite a patient’s recovery and reverse 
the pathologic process.

2.2 Physiology of Acid–Base Balance

Hydrogen ion (H+) is much more precisely regulated in 
the extracellular fluid in order to achieve a concentration 
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of 0.00004 meq L−1 (40 neq L−1) compared with sodium, 
for example, which is maintained at 135–145 meq L−1. 
This precision with which H+ is regulated emphasizes 
this ion’s critical impact on cellular unctions.

By definition, an acid is a substance that has at least 
one H+ and can donate H+ ions when in a solution, and a 
base is a substance that can accept H+ ions [65]. A strong 
acid rapidly dissociates and releases large amounts of 
H+, such as hydrochloric acid, whereas a weak acid, such 
as carbonic acid, releases H+ with less vigor. Similarly, 
hydroxides are strong bases, while bicarbonate (HCO

3
−), 

phosphate, and proteins are weak bases. Most acids 
and bases in the extracellular space are weak, but they 
 constitute the body’s principal buffers.

The two classes of physiologically produced acids 
are volatile acids, also known as carbonic acid (H

2
CO

3
), 

and fixed acids, also known as noncarbonic acids. The 
metabolism of carbohydrates and fats generates approx-
imately 10,000–15,000 meq of CO

2
 daily (∼300 meq of 

CO
2
 kg−1 day−1), which in turn results in increased car-

bonic acid. The lung is the main organ charged with the 
elimination of volatile acids. The metabolism of proteins, 
on the other hand, generates fixed acids. Approximately 
100 meq of fixed acids are generated daily from inges-
tion and metabolism (∼1–2 meq kg−1 day−1) [48]. The 
kidneys are the only organs capable of eliminating fixed 
acids through excretion in the urine. The resulting extra-
cellular level of H+ is approximately 40 neq L−1 (30–
60 neq L−1). As a result of this disproportionate degree 
of production of volatile acids compared with fixed 
acids, the lung plays a profound role in acid–base status. 
Acute respiratory failure and inability to eliminate CO

2
 

as a result of airway obstruction or severe ARDS would 
result in a significant rise of pCO

2
 and corresponding 

drop in pH that would overwhelm the cellular buffers 
and the  kidneys’ acute compensatory capabilities. On the 
other hand, acute renal failure and consequent inability 
to eliminate fixed acids, in the absence of  pathological 
sources of noncarbonic acids, would result in a much 
milder and less acute derangement.

2.2.1 Henderson–Hasselbalch Equation

The pH of a solution is the negative logarithm of H+ 
concentration as defined by

pH  H= +− log [ ].

As CO
2
 dissolves in a solution, it dissociates into carbonic 

acid following the Henderson–Hasselbalch equation:

H CO H HCO2 3 3<⇒ + − .+

The dissociation constant of carbonic acid follows the 
law of mass action and is as follows:

Ka CO H CO+[     ] [ ] / [ ]3 2 3
−×= HH

Given that the concentration of H
2
CO

3
 is proportional 

to that of dissolved CO
2

Ka H CO 3 CO 2= +[ [ / [−] ]× H

After logarithmic transformation into log Ka = log 
[H+] + log[HCO

3
−]/[CO

2
] and rearrangement into −log 

[H+] = − log Ka + log[HCO
3
−]/[CO

2
], it follows that

pH pKa base acid= + log[ ] / [ ],

given that pH is the negative logarithm of H+ 
concentration.

Normal acid–base status is maintained by the pul-
monary excretion of carbonic acids and by the renal 
excretion of noncarbonic, fixed acids, and formation of 
bicarbonate. Hence, the last equation could be envisioned 
to be as follows: pH is proportionate to kidney [HCO

3
−] 

over pulmonary [pCO
2
]. Therefore, pH increases with 

increasing HCO
3
−, the numerator, and declines with 

increasing levels of pCO
2
, the denominator.

2.2.2 Homeosta tic Resposnses

Once derangement occurs, H+ concentration is cor-
rected in a timely and stepwise approach  starting with 
chemical buffers, followed by pulmonary ventilation 
and finally renal control of acid–base excretion.

2.2.2.1 Chemical Acid–Base Buffers

Chemical buffers are available in both extracellular 
and intracellular compartments. They respond within 
minutes to neutralize derangements. Chemical buff-
ers are naturally occurring weak acids and bases. They 
impart their correction on systemic pH by converting 
strong acids or bases into weak acids or bases, thus 
minimizing alterations in pH.

There are three buffering systems that are recognized:

1. The bicarbonate system constituted of plasma 
sodium bicarbonate (NaHCO

3
) and carbonic acid 

(H
2
CO

3
) and cellular H

2
CO

3
 and potassium bicar-

bonate (KHCO
3
)

2. The phosphate system found in renal tubular fluid 
and intracellularly

3. Proteins

The bicarbonate buffer system is the most  powerful 
of all the three systems in the extracellular space, 
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while proteins dominate the intracellular buffering 
compartment.

Depending on the severity of the derangement and 
its chronicity, the limited amount of chemical buffers 
may not be capable of completely ameliorating the 
derangements and correcting the pH.

2.2.2.2 Pulmonar y Regulation

The lungs respond to deviations in pH by altering 
the rate and depth of ventilation. The lungs can only 
eliminate or retain CO

2
. Peripheral  chemoreceptors 

in the carotid and aortic bodies respond within min-
utes to changes in pO

2
, pCO

2
, and pH. On the other 

hand, central chemoreceptors in the cerebral medulla 
are sensitive only to pCO

2
 with a slower but stronger 

and more predominant response [74]. Arterial pCO
2
, 

therefore, is the most important factor in altering ven-
tilation. These pulmonary responses typically begin in 
the first hour and are fully established by 24 h [61]. 
Pulmonary regulation, however, is only 50–75% effec-
tive in restoring H+ concentration all the way back to 
normal when the primary process is metabolic, as the 
lung is only capable of  eliminating CO

2
 and not fixed 

acids. Nevertheless, the  pulmonary buffering system is 
at least as  effective as the chemical buffering system.

2.2.2.3 Renal Acid Regulation

The kidneys correct extracellular pH by  controlling 
serum bicarbonate concentration through the regulation 
of H+ excretion, bicarbonate reabsorption, and the pro-
duction of new bicarbonate. The kidneys excrete H+ in 
combination with phosphate (HPO

4
2– + H+ → H

2
PO

4
–), 

other acids, or with ammonia to form ammonium [68]. 
When blood acidity is significantly increased, glutamine 
is proportionately metabolized into ammonia. Ammonia, 
in turn, serves as the recipient of H+. Whereas the lungs 
can eliminate or retain only volatile acid, namely pCO

2
, 

the kidneys can eliminate or retain both acids and bases 
and are the primary removal site for fixed acids. Renal 
compensation is the last process to join other buffering 
forces but insures complete correction over time. Renal 
compensation typically begins in the first day and is 
fully established in 3–5 days.

2.3 A cid–Base Monitoring

Acid–base status can be monitored intermittently 
or continuously. Arterial blood gas (ABG) analysis 
remains the gold standard in assessing for acid–base 

disorders. In the ICU, ABGs can be obtained by arterial 
puncture or through an indwelling arterial catheter.

2.3.1 Blood Gas Measurement

Blood gas measurements provide data on the acid-
ity of the blood as reflected by pH, pCO

2
, and serum 

bicarbonate level, all at a single point in time. After 
sterilizing and subcutaneously anesthetizing the skin 
overlying a palpable arterial site, typically the radial 
artery, with 2% lidocaine, arterial blood is obtained 
by percutaneous needle puncture utilizing a 22- or 24-
gauge needle. The brachial, axillary, posterior tibial, 
dorsalis pedis, and femoral arteries are all potential 
alternatives that are commonly used in the ICU. The 
umbilical artery is typically cannulated in neonates 
within the first week of life.

Several factors affect the accuracy of blood gas mea-
surements. First, the type of syringe can introduce dif-
fusion errors if the sample was left longer than 15 min 
prior to analyzing it. This error is most  appreciated 
when utilizing plastic syringes as compared with glass 
syringes and can be minimized by placing the sample 
on ice [11, 24, 34]. Second, the presence of air bub-
bles in the blood sample, especially if they constituted 
more than 1–2% of the blood volume, could result in 
underestimation of pCO

2
 [75]. This error is further 

magnified if the sample was agitated, increasing the 
surface area of the blood exposed to the air, especially 
the longer the sample was left before analysis [34, 57]. 
Third, the use of heparin as an anticoagulant would 
lower the measured pH slightly, but more importantly 
can result in lowering pCO

2
 secondary to a dilutional 

effect [11, 33]. Given that most samples are now ana-
lyzed almost immediately, the utilization of heparin for 
the purpose of  measuring ABGs has mostly dropped 
out of favor.

2.3.2 S ample Analysis

In a whole-blood ABG analysis, oxygen saturation and 
bicarbonate are calculated numbers based on the meas-
ured pH, pO

2
, and pCO

2
, respectively. A measured 

bicarbonate level is readily available from a serum sam-
ple instead, typically, as part of an electrolyte panel.

2.3.3 T emperature Correction

Even though the amount of carbon dioxide in the 
blood does not change, changes in temperature result 
in a predictable deviation pattern of the pH and pCO

2
. 
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As temperature drops, pCO
2
 decreases while pH 

increases and vise versa (Table 2.1). Contemporary 
blood gas analyzers are capable of measuring all 
blood gas elements at either 37°C or any alterna-
tive temperature that is entered corresponding to the 
patient’s body temperature. The current recommen-
dation is to utilize uncorrected values measured at 
37 °C to guide management while keeping in mind 
the expected values that would correspond to the 
patient’s temperature [64]. This becomes impor-
tant when interpreting blood gas measurements in 
 hypothermic patients.

2.4  Interpretation of Blood Gas 
Measurements

Interpretation of blood gas measurements is one of the 
easy mathematical exercises that, when done correctly 
and correlated with the patient’s history and clinical 
presentation, yields immediate and rapid insight into 
the underlying process causing the acid–base status 
disturbance.

2.4.1 Definitions

Keeping in mind that CO
2
 is an acid and the respiratory 

system is the main organ in charge of its homeostasis, 
while bicarbonate is an alkali with the kidneys being 
the organ in charge of its homeostasis, the following 
definitions would become easy to follow:

Acidosis is a disorder that predisposes to low sys-
temic pH. Utilizing the Henderson–Hasselbalch 
equation, this can be caused by a fall in systemic bicar-
bonate concentration or by an elevation in the pCO

2
. 

Acidosis can exist whether the pH became low or was 

restored by compensatory mechanisms. It basically 
defines a process that continues to risk derangement 
and lower pH. Acidemia, on the other hand, is a state 
of low plasma pH.

Alkalosis is a disorder that predisposes to high sys-
temic pH. This is usually caused either by an increase 
in systemic bicarbonate concentration or by a fall in 
the pCO

2
.

Alkalemia, on the other hand, is the state of high 
plasma pH.

Metabolic acidosis is a disorder that predisposes 
to low pH and is induced by a low serum bicarbonate 
concentration.

Metabolic alkalosis is a disorder that predisposes to high 
pH and is induced by a high bicarbonate concentration.

Respiratory acidosis is a disorder that predisposes 
to low pH and is induced by high pCO

2
.

Respiratory alkalosis is a disorder that predisposes 
to high pH and is induced by low pCO

2
.

Respiratory derangements are either acute,  reflecting 
a disorder of a few hours duration, or chronic, i.e., 
resulting from a process that is ongoing for longer than 
a few days.

2.4.2 Compensa tory Responses

For every acid–base deviation, there is an appropriate 
compensatory response that follows a very predictable 
pattern. As was shown earlier, pH is determined by 
the ratio between the HCO

3
 concentration and pCO

2
 

and not by either value in isolation. As such, processes 
that result in deviation in serum bicarbonate are com-
pensated for by the lungs, which control pCO

2
, and 

 processes that result in deviation in pCO
2
 are corrected 

by the kidneys, which regulate bicarbonate.
In metabolic acidosis, for example, a low HCO

3
−/

pCO
2
 ratio causes a decline in pH, resulting in 

 stimulation of peripheral chemoreceptors, which, in 
turn, increase ventilation to decrease pCO

2
. Given 

that CO
2
 is an acid, its fall causes the pH to increase 

back toward normal. In metabolic alkalosis, on the 
other hand, a high pH induces hypoventilation through 
peripheral chemoreceptors, resulting in a rise in pCO

2
, 

which, in turn, lowers the pH. This latter response is 
limited by the degree of the resulting hypoxemia 
induced by hypoventilation, rendering pulmonary 
compensation for an increased pH not nearly as effec-
tive as for a reduced pH.

A very convenient approach to recall the appropriate 
compensatory mechanisms to the primary disorders is 
that bicarbonate and CO

2
 vary in the same direction 

Table 2.1 The effect of temperature on blood gas measurements

Temperature

°C °F pH pCO2

20  68 7.65 19

30  86 7.50 30

35  95 7.43 37

36  97 7.41 38

37  98 7.40 40

38 100 7.39 42

40 104 7.36 45

Adapted from [70]
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(e.g., a fall in bicarbonate is compensated for by a fall 
in pCO

2
 and vice versa), as one is an acid and the other 

is an alkali, each with biologically equivalent potential 
to neutralize the primary derangement.

In metabolic acidosis, the expected pulmonary com-
pensation is a ∼1 mmHg fall in pCO

2
 for every 1 meq L−1 

reduction in bicarbonate concentration [14].
In metabolic alkalosis, on the other hand, the pulmo-

nary compensation raises pCO
2
 by 7 mmHg for every 

10 meq  L−1 elevation in bicarbonate  concentration 
[39, 40].

In respiratory disorders, the compensatory mecha-
nisms are biphasic: The first phase is acute and domi-
nated by chemical buffering mechanisms, while the 
second, chronic phase is dominated by renal responses. 
In acute respiratory acidosis, the serum bicarbonate 
concentration rises 1 meq L−1 for every 10 mmHg 
increase in pCO

2
, whereas this ratio increases to 4 meq 

L−1 per 10 mmHg in chronic respiratory acidosis. This 
latter renal compensation is the result of neutraliza-
tion of H+, initially by phosphate and subsequently by 
ammonium excretion [62, 73]. It is essential to rec-
ognize that the renal response is tightly regulated, in 
that the provision of medical bicarbonate results in the 
urinary excretion of the excess alkali with no change 
in the plasma HCO

3
 or pH [62].

In acute respiratory alkalosis, bicarbonate con-
centration falls by 2 meq L−1 for every 10 mmHg 
decrease in the pCO

2
, whereas this ratio becomes 

5 meq L−1 per 10 mmHg in chronic respiratory 
alkalosis [9, 45]. This serum bicarbonate decline is 
achieved by decreased  urinary bicarbonate reabsorp-
tion and ammonium excretion [31]. The compensa-
tory responses outlined earlier are summarized in 
mnemonic form in Table 2.2.

2.4.3 Mixed Acid–Base Disorders

In the ICU, it is not infrequent to encounter patients 
with two or more acid–base disorders. This type of 
complex presentation is easily recognized whenever 
the measured compensatory values of either bicar-
bonate or pCO

2
 differ significantly from what would 

be expected [21, 54]. For example, in a patient with 
primary metabolic acidosis, a bicarbonate level of 
14 meq L−1 should be adequately compensated by 
hyperventilation that decreases pCO

2
 to 30 mmHg (for 

every 1 meq decline of bicarbonate, pCO
2
 declines by 

1 mmHg in compensation).

2.4.4 Guidelines for Interpretation

There are several methods utilized to assess the acid–
base status; they include the following:

1. Measurement of base deficit (or excess)
2. Comprehensive interpretation of the pH, pCO

2
, and 

bicarbonate utilizing the Henderson–Hasselbalch 
principles

3. The recently developed Stewart-Fencl approach
4. Normograms

The simple measurement of serum bicarbonate and 
base deficit is the least accurate of the mentioned 
methods, because it depends on the presence of con-
ditions that rarely exist in severely ill patients in the 
ICU, namely normal electrolyte, water, and albumin 
levels. The Steward-Fencl method is a comprehensive 
method that employs the concepts of strong ions and 
weak acids in calculating strong-ion difference (SID) 
when  assessing acid–base status [26]. Accuracy of 
this method is superior to the base deficit method and 
equivalent to the simple interpretation of pH, pCO

2
, 

and bicarbonate utilizing the Henderson–Hasselbalch 
method, provided the latter is augmented by calculation 
of the anion gap (AG) and adjustment for the serum 
albumin level [12]. Blood gas measurements can also 
be directly assessed utilizing a Davenport diagram or 
an acid–base normogram in which the acid–base sta-
tus of the patient is identified by plotting pH, pCO

2
, 

and HCO
3

− measurements. Generally, however, these 
methods do not take into account AG, delta/delta, or 
any adjustment based on albumin level, rendering them 
less accurate than the methods described earlier. For 
the purpose of providing an accurate, comprehensive, 
and widely utilized method of ABG interpretation, 
the Henderson–Hasselbalch method will therefore be 
 discussed in more detail later.

Table 2.2  Mnemonic version of expected compensatory 
responses to acid–base disturbances

For every Expect

Metabolic acidosis 1 ↓ HCO
3

1 ↓ pCO
2

Metabolic alkalosis 10 ↑ HCO
3

7 ↑ pCO
2

Respiratory acidosis, acute 10 ↑ pCO
2

1 ↑ HCO
3

Respiratory acidosis chronic 10 ↑ pCO
2

4 ↑ HCO
3

Respiratory alkalosis, acute 10 ↓ pCO
2

2 ↓ HCO
3

Respiratory alkalosis, chronic 10 ↓  pCO
2

5 ↓ HCO
3

Assuming a normal ABG of pH 7.4, pCO
2
 40, HCO

3
− 24, and 

utilizing meq L−1 or mmol L−1 for bicarbonate and mmHg for 
pCO

2
, the mnemonic is 1 for 1, 10 for 7, 1, 4, 2, 5
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The first step in interpreting acid–base  measurements 
accurately is the assessment of pH. Normal pH ranges 
between 7.35 and 7.45. For simplicity, in ICU patients 
with abnormal pCO

2
 or bicarbonate levels, an arterial 

pH of less than 7.4 is indicative of acidosis while a pH 
higher than 7.4 indicates alkalosis.

The second step is to evaluate the primary type of 
derangement, whether respiratory or metabolic. In 
 acidosis, low bicarbonate indicates a primary  metabolic 
acidosis, while an elevated pCO

2
 corresponds to a 

primary respiratory acidosis. Likewise, in alkalosis, 
high bicarbonate indicates a primary metabolic alka-
losis, whereas a low pCO

2
 is consistent with a primary 

respiratory alkalosis.
Once the primary change is established, the third 

step is to assess the extent of compensation. Metabolic 
derangements are corrected quickly; hence, any 
 significant deviation from the expected  compensation 
is indicative of a mixed acid–base disorder regardless 
of chronicity. Primary metabolic acidosis with superim-
posed respiratory acidosis is a common presentation in 
patients with severe status asthmaticus and respiratory 
failure. The goal of this third step is twofold: to identify 
mixed acid–base disorders, and to define the acuity of 
the disorder in the case of respiratory derangements.

If metabolic acidosis is noted, three additional steps 
are usually executed prior to determining whether the 
patient has a simple or a mixed acid–base derangement. 
A fourth step  identifies the type of metabolic acidosis 
present, i.e., whether it is secondary to an anion that cre-
ates an AG on electrolyte measurement or not. The AG is 
a  diagnostic tool to uncover the actual anions elevated in 
the blood but not routinely included in our  measurements 
under normal conditions. It is  calculated as follows:

AG = serum sodium − serum chloride − serum 
bicarbonate.

A normal anion gap is <12 mmol L−1.
The fifth step in interpreting metabolic acidosis is 

adjusting for factors that would falsely lower the anion 
gap if one existed, e.g., hypoalbuminemia and lithium 
or bromide ingestion [22]:

Adjusted AG in hypoalbuminemia = observed AG + 
[2.5(normal albumin − observed albumin)].

The sixth step is the comparison of the degree of 
change in AG with the change in serum bicarbonate, 
aiming to assess the extent of contribution of the 
AG-producing process to the actual acidosis. This 
measurement is called delta/delta:

Obviously, clinical correlation is very important 
throughout this process. For example, a blood gas 
measurement indicating an acute primary respira-
tory acidosis mixed with metabolic alkalosis out of 
 proportion to the expected compensation could be seen 
in severe asthma with vomiting caused by  theophylline 
toxicity, or it could reflect acute respiratory failure 
superimposed on chronic respiratory insufficiency in a 
patient with advanced cystic fibrosis and chronic CO

2
 

retention (also see Tables 2.3 and 2.4).

2.5 Causes of Acidosis

Acidosis is the predominant acid–base derangement 
encountered in critically ill pediatric ICU patients [37].

2.5.1 Respira tory Acidosis

Respiratory acidosis is caused by elevated pCO
2
, 

whether acutely or over time [4]. This could be sec-
ondary to hypoventilation, airway obstruction, severe 
impairment of diffusion (e.g., pulmonary  fibrosis), 
ventilation–perfusion mismatch (as observed in pneu-
monia, pulmonary edema, or ARDS), or excessive 
production of CO

2
 to an extent that overwhelms even 

increased respiratory  elimination. Common disorders 
causing hypoventilation in children are congenital cen-
tral hypoventilation, drugs and toxins, for  example, 
narcotic overdose, or severe restriction caused by either 
neuromuscular disorders or splinting  secondary to rib 
fractures, e.g., in flail chest [10, 17]. The most com-
mon causes of airway obstruction in children include 
croup, foreign body aspiration, asthma, and bronchioli-
tis. In the ICU, ARDS is a frequent cause of respiratory 
failure secondary to  ventilation–perfusion inequality 

Table 2.3 Steps in interpreting blood gas measurements

Define whether the primary process is acidosis vs. 
alkalosis (pH)

Identify the source of the primary acid–base derangement 
(metabolic vs. respiratory)

Assess extent of compensation (acute vs. chronic 
respiratory disorders)

In metabolic acidosis: calculate anion gap

In metabolic acidosis: adjust for hypoalbuminemia

In anion gap metabolic acidosis: calculate delta/delta

Identify mixed acid–base disorders

Investigate possible underlying causes
delta/delta= ΔAG/ ΔHCO- =(AG -12) / (24 - HCO3

-).
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leading to CO
2
 retention. Disorders of increased CO

2
 

production are uncommon but can impart an omi-
nous prognosis if not detected timely, for example, in 
malignant hyperthermia. CO

2
 production can also be 

elevated by increased carbohydrate intake, especially 
in parenteral nutrition.

Chemical buffering mechanisms are promptly 
 elicited with elevated pCO

2
, resulting in an acute 

rise in serum bicarbonate [2, 17, 50]. This process 
becomes further bolstered by the renal alkalinization 
process [13, 20, 51]. The rise in pCO

2
 corresponds 

to a decline in pO
2
 as determined by the alveolar gas 

equation. In severe respiratory acidosis, hypoxemia 
becomes the principal determinant of mortality, and 
treating it with prompt and adequate provision of 
oxygen is critical for patients’ survival. Diagnosing 
the underlying cause of the respiratory acidosis is 
usually the key in reversing the acidosis in these 
patients.

Treatment: Depending on the severity of  acidosis, 
endotracheal intubation, mechanical ventilation (whether 
noninvasive through a mask or invasive through an 
endotracheal tube or tracheostomy cannula), or in very 
severe cases, extracorporeal membrane CO

2
 removal with 

or without oxygenation (ECOR vs ECMO,  respectively) 
might be needed [3, 10, 17].

In patients with chronic pCO
2
 retention, acute 

decompensation from infection, cardiopulmonary 
edema, narcotics, or excessive oxygen therapy can all 
result in exacerbations, given these patients’ limited 
reserve. Antibiotics, bronchodilator therapy,  diuretics, 
and removal of secretions are important interven-
tions to implement timely. Naloxone therapy should 
be considered in suspected narcotic overdose (titrating 
1–5 µg kg−1 dose−1 until recovery of adequate respira-
tory effort). Treatment of a superimposed metabolic 
alkalosis with carbonic anhydrase  inhibitors can also 
be helpful in restoring ventilatory drive.

Arterial Blood Gas

pH

<7.4
Acidosis

HCO3
– < 24 HCO3 > 24pCO2 > 40 pCO2 > 40

Metabolic MetabolicRespiratory Respiratory

1:1 10:1
Acute

10:4
Chronic

10:2
Acute

10:5
Chronic

10:7

AG

Determine if simple vs. mixed Acid–Base disturbance

Determine cause of disturbance(s) and Rx 

>7.4
Alkalosis 

correct for albumin (and, as
indicated for Ca, Mg, Br, Li)
calculate delta/delta
consider osmolar gap 

Urine Cl–
(optional)

Table 2.4 Algorithm for the interpretation of ABGs



Chapter 2 Disorders of the Acid–Base Status 27

Conservative institution of mechanical ventilatory 
assistance in chronic respiratory failure is driven by 
the concern about the difficulty in weaning affected 
patients off the ventilator.

Increasing minute ventilation by increasing the res-
piratory rate is the mainstay in ventilatory treatment 
of severe respiratory acidosis secondary to parenchy-
mal lung disease. In obstructive pulmonary disease, 
decreasing the respiratory rate will likely allow for 
adequate exhalation of CO

2
 and is usually imple-

mented in patients with status asthmaticus or severe 
bronchiolitis. The current standard of care  utilizes lung 
protective strategy in mechanical ventilation in which 
the tidal volume is limited to ∼5–7 mL kg−1 ideal body 
weight while maintaining a plateau pressure below 
35 cm of H

2
O in order to avert large swings in alveolar 

volume that in turn results in increased  microvascular 
permeability and ventilator-induced lung injury [25, 78]. 
Such a lung-protective strategy was found to impart 
better survival rates on patients mechanically ven-
tilated for parenchymal lung disease. Additionally, 
current practice employs permissive hypercapnia 
in which there is no therapeutic pCO

2
 target level 

but, rather, a pH goal that should be maintained 
above 7.25 in order to ensure adequate myocardial 
and cellular function. The combination of low tidal 
volume ventilation with permissive hypercapnia 
results in patient discomfort and necessitates judi-
cious use of sedation and, at times, neuromuscular 
 paralysis. It is prudent to provide patients with an 
adequate respiratory rate to achieve the intended gas 
exchange, especially if paralyzed or oversedated. As 
CO

2
 decreases, excess bicarbonate is excreted by 

the kidneys (assuming the serum chloride level has 
 normalized, as patients with respiratory acidosis are 
usually hypochloremic) [3, 10].

Of note, alkali therapy has a very limited role in the 
treatment of respiratory acidosis. Mixed metabolic 
and respiratory acidosis or severe respiratory acido-
sis are potential indications of alkali therapy. Alkali 
therapy can be of special benefit in patients with 
severe  bronchospasm by directly resulting in smooth 
muscle relaxation and by indirectly restoring their 
 responsiveness to beta-adrenergic agonists [3, 10]. 
Moreover, alkali use to raise pH is especially benefi-
cial in patients with severe component of pulmonary 
hypertension resulting in pulmonary smooth muscle 
relaxation. In general, however, alkali therapy can also 
result in pH-mediated ventilatory failure, in a further 
increase in pCO

2
 from bicarbonate decomposition, and 

in volume expansion from sodium provision.

2.5.2 Metabolic Acidosis

Causes of metabolic acidosis are categorized into two 
groups: AG acidoses and non-AG acidoses.

2.5.2.1 A G Acidoses

Causes of AG acidosis can be summarized by the acro-
nym KUSMALE: ketones, uremia, salicylates, metha-
nol, alcohols, lactate, and ethylene glycol. Lactic acid 
and the ketoacids are organic acids generated from 
incomplete metabolism of  carbohydrate or fat. When 
accumulating in large quantities, they result in severe 
acidosis that can be life-threatening. Under normal 
conditions and when these organic acids are only mildly 
elevated, the kidneys increase the excretion rate of these 
organic acids and restore  homeostasis. As the amount 
of organic acids increases and exceeds the renal excre-
tion capacity, lactic acidosis or ketoacidosis develops.

1. Diabetic Ketoacidosis

Diabetic ketoacidosis is not uncommon in  pediatric 
patients. It occurs in patients with insulin- dependent 
diabetes mellitus and is the result of severe insulin defi-
ciency in the setting of increased  metabolic demand, as 
would occur in the setting of a  concurrent infection. As 
a result of insulin deficiency and depletion of  glycogen 
stores, lipolysis ensues with increased  production 
of ketoacids. Insulin is  integral to the metabolism of 
ketoacids, and its relative or complete deficiency in 
the setting of increased ketoacid production results in 
severe keto-, i.e., AG acidosis.

Treatment: Intravenous insulin is the most important 
therapy for patients with diabetic ketoacidosis [47]. 
Fluid, potassium, and phosphorous should be judiciously 
replaced. Insulin therapy induces the metabolism of 
ketones and results in the generation of alkali, hence 
obviating the need for sodium bicarbonate administra-
tion [43]. Indeed, sodium bicarbonate treatment that can 
delay the metabolic recovery by stimulating ketogenesis 
[56, 58] was found to be of no benefit for patients with 
severe DKA (as defined by a pH of 6.9–7.14), and was 
associated with an increased risk of cerebral edema in 
children [32, 56]. Therefore, sodium bicarbonate ther-
apy is currently reserved for severe acidemia (pH < 6.9 
in our practice) in order to avoid myocardial and cellular 
functional impairment at such an extremely low pH.

2. Uremia

While mild chronic renal failure can be associated 
with a non-AG, i.e., renal tubular acidosis (RTA) (see 
later), more advanced renal failure also results in an 
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AG metabolic acidosis secondary to the  accumulation 
of sulfates and other ions. Dialysis is the cornerstone 
intervention in treating this type of acidosis.

3. Salicylate

Aspirin intoxication is becoming uncommon since aspi-
rin use has been discouraged in febrile children because 
of concerns about Reye syndrome. Nonetheless, it con-
tinues to occur, and prompt recognition is a key in recov-
ering these patients. The anions in salicylate intoxication 
include salicylate as well as lactic acid and ketoacids 
[28]. These organic acids are likely to be excessively 
 produced as a result of respiratory alkalosis, as it has 
been shown that salicylate-induced acidosis can be amel-
iorated by controlling hypocapnia in animals [28].

Therefore, aspirin toxicity typically results in mixed 
respiratory alkalosis and metabolic acidosis. Initially, 
central hyperventilation results in early respiratory 
alkalosis. As time progresses and as lactic acid and 
ketoacids accumulate, metabolic acidosis ensures. Prog-
nosis in aspirin toxicity is highly dependent on aspirin 
concentration; hence, limiting further drug absorption 
is a key in treating these patients. Activated charcoal 
and blood and urinary alkalinization are two common 
practices that aid in  eliminating aspirin from the CNS 
and the blood, respectively [35]. Sodium bicarbonate 
can be administered in order to reach a pH of 7.45–
7.50 [16]. In severe cases, and when the presentation 
is complicated by renal insufficiency, hemodialysis is 
used [30]. Finally, hydration typically aids in aspirin 
excretion and lactate and ketone clearance.

4. Methanol, Alcohols, and Ethylene Glycol

Alcohol toxicity, with either methanol, ethanol, or ethyl-
ene glycol, can result in profound AG  acidosis second-
ary to the accumulation of ketoacids and  lactic acid [19, 
27]. Ketoacidosis is very common in alcohol intoxica-
tion. It generally ensues after large ingestions, especially 
if combined with limited food intake or protracted vom-
iting. Hepatic ketogenesis can be enhanced by super-
imposed alkalosis induced by vomiting, dehydration 
(contraction alkalosis), or  hyperventilation [19].

Treatment: Discontinuing alcohol intake and pro-
vision of hydration and dextrose typically result in 
prompt recovery unless the acidosis is very severe 
enough to cause complications, especially  myocardial 
depression [76]. Dextrose stimulates insulin secretion, 
thereby promoting the generation of bicarbonate from 
ketoacid metabolism. Hydration, on the other hand, 
will correct fluid deficits and  lactic acidosis.

Additional therapeutic measures include gastric lav-
age, oral charcoal, as well as, in the case of ethylene 

glycol toxicity, intravenous or oral ethanol (which occu-
pies alcohol dehydrogenase,  rendering it unavailable for 
further metabolite production from the ingested ethyl-
ene glycol) and, when very severe, hemodialysis [30].

5. Lactate

Lactic acidosis is commonly encountered in the pediat-
ric ICU. It is caused by either increased lactate  produc-
tion or decreased hepatic metabolism. Tissue hypoxia 
 secondary to hypotension with or without sepsis is the 
main cause. In sepsis, similar to other causes of circula-
tory failure, severe lactic acidosis, sets of a vicious cycle 
of further circulatory failure, worsening tissue perfusion, 
more lactate production, and decreased consumption by 
the liver and kidneys [36, 49, 53]. Either lactate itself 
or the ensuing acidosis can result in myocardial depres-
sion and hypotension [46, 77]. In patients with severe 
status asthmaticus, lactic acidosis occurs secondary to 
increased work of breathing with elevated skeletal mus-
cular oxygen demand.

Treatment: Management of lactic acidosis should 
center on reestablishing tissue perfusion while iden-
tifying and reversing the underlying disease [18, 36, 
49, 53]. Restoring intravascular volume and effec-
tive circulation is the cornerstone in treating patients 
with lactic acidosis, and reversing the underly-
ing cause promptly can be lifesaving. Specifically, 
management includes the provision of antibiotics in 
sepsis, operative repair of tissue ischemia or intes-
tinal perforation, insulin for patients with diabetic 
ketoacidosis, and dextrose infusion (and possibly 
dialysis) in alcohol toxicity and congenital lactic 
acidosis [49, 52, 53].

Alkali therapy is not considered a standard interven-
tion in lactic acidosis and carries a real risk of increased 
lactate production [18, 71, 72]. Nevertheless, it is our 
practice to utilize sodium bicarbonate in lactic acido-
sis when blood pH falls below 7.1, predominantly for 
concerns about hemodynamic compromise.

6. Other

Sniffing hydrocarbon (toluene in glue) is increasingly 
recognized as a cause of rapidly developing, profound 
AG acidosis secondary to the production of benzoic 
acid and hippuric acid during toluene metabolism. 
With normal renal function, this acidosis is typically 
transformed to a non-AG acidosis following the rapid 
renal excretion of hippurate anion [15].

2.5.2.2 Non-A G Acidoses

Non-AG acidosis, also described as hyperchloremic 
metabolic acidosis results from a decrease in serum 
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bicarbonate secondary to its either absolute or  relative 
extracellular depletion (Table 2.5).

1.  Decline in extracellular bicarbonate content (bicar-
bonate loss)

Whereas hydrochloric acid is the major  chemical lost in 
vomiting (resulting in metabolic alkalosis),  bicarbonate 
is the main chemical lost from the digestive tract  distal 
to the stomach, whether secondary to diarrhea or any 
form to enterocutaneous or uroenteric fistula. If pro-
fuse diarrhea results in  dehydration serious enough 
to decrease tissue perfusion, a  picture of mixed meta-
bolic acidosis ensues with non-AG acidosis (second-
ary to the bicarbonate loss) as well as an AG acidosis 
(secondary to lactic acidosis, acute renal failure, or 
 hyperproteinemia) [6, 44].

Treatment: Even though the kidneys are capable 
of generating bicarbonate through ammonium pro-
duction, severe losses require timely provision of 
exogenous bicarbonate to correct acid–base status. 
Restoring hydration and electrolyte homeostasis is 
also an  essential part of treatment.

2. Saline

Aggressive resuscitation and generous intraoperative 
hydration are the two most common causes of saline-
induced, dilutional acidosis.

Treatment: Provision of sodium bicarbonate in cases 
of severe acidosis corrects the derangement promptly.

3. Early renal insufficiency and RTA

Patients with RTA can maintain a stable acid–base 
status by decreasing production of endogenous fixed 
acids [41], but more severe renal insufficiency or RTA 
can lead to profound hypobicarbonatemia.

Treatment: Severe cases necessitate treatment with 
sodium bicarbonate (e.g., RTA type I) [69]. Mixed 
 acidosis can occur in these patients as a result of hypo-
kalemia-induced muscle weakness and consequent 

hypoventilation-related respiratory acidosis; hence, 
correcting electrolyte levels is  especially important in 
these patients.

4. Other

Carbonic anyhydrase inhibitors (e.g., acetazolamide 
and topiramate) are known to cause a non-AG  acidosis 
that is typically mild and does not require  aggressive 
intervention. Total parenteral nutrition and excessive 
arginine supplementation are  additional causes of non-
AG acidosis.

2.6 Causes of Alkalosis

2.6.1 Respira tory Alkalosis

Respiratory alkalosis is caused by increased  elimination 
of CO

2
 or decreased production [5]. The latter can occur 

in moderate to severe hypothermic states. Increased 
CO

2
 elimination, on the other hand, can occur under 

any of the circumstances listed in Table 2.6.

2.6.2 Metabolic Alkalosis

There are very few conditions that can lead to met-
abolic alkalosis, and a careful assessment of the 
 clinical presentation is typically most helpful in their 
recognition. Additionally, the urinary chloride level 
is a  useful discriminating marker, with a low level 
 suggesting either vomiting, diuretic therapy, or a 
posthypercapnic state as likely underlying causes and 
a high urinary chloride level pointing toward steroid 
excess.

Table 2.5 Causes of non-AG acidosis

Ureterosigmoidostomy/fistulae

Saline

Early renal insufficiency

Diarrhea

Carbonic anhydrase inhibitors

Amino acids

Renal tubular acidosis

Supplements

Mnemonic: USED CARS

Table 2.6 Clinical scenarios predisposing to respiratory alkalosis

Primary pulmonary disease

 Early asthma

 Pneumonia

Central nervous system disease

 Pain

 Infection

 Tumors

Metabolic acidosis

Psychogenic hyperventilation

Iatrogenic causes

 Excessive mechanical ventilatory rate or tidal volume 
(high minute ventilation)

Swift CO
2
 removal through an extracorporeal circuit



30 E. Al-Khadra

2.7 Complications of Severe Acidemia

While the prognosis of acidosis as a process is largely 
driven by its underlying cause as long as blood pH is 
maintained within the normal range through adequate 
compensation, acidemia (defined as pH < 7.2), on the 
other hand, has a set of detrimental effects warranting 
corrective intervention (also see Table 2.7). Acid–base 
homeostasis affects cellular and  tissue performance 
through its influence on protein structure and func-
tion: Hydrogen ions, for example, are highly reactive 
when they interact with proteins [29, 66]. Upon either 
net gain or loss of H+, proteins accordingly undergo 
major changes in their charge distribution, structural 
configuration, and, ultimately, their function.

Even though metabolic acidemia is generally more 
deleterious than respiratory acidemia, either type of 
acidosis will result in severe tissue injury if the pH 
continues to decline. Cardiovascular consequences 
of acidemia are the most significant complications 
in critically ill patients and include dysrhythmias and 
catecholamine-refractory shock, causing systemic 
hypoperfusion and ultimately multiorgan-system fail-
ure [42, 49, 59, 60]. Of note, hyperkalemia resulting 

from acidosis-induced potassium shifts out of cells is 
most prominent in nonorganic acidoses and carries the 
risk of fatal dysrhythmia [1, 7].

Acidemia is characteristically associated with a sig-
nificant mismatch between the increased metabolic 
demands caused by the concomitant sympathetic surge 
and the decreased tissue uptake and anaerobic utiliza-
tion of glucose induced by insulin resistance [8, 38]. 
Patients, consequently, enter a hypercatabolic state with 
significant protein breakdown [23, 55, 63]. Additionally, 
hepatic lactate uptake is impaired, resulting in lactic aci-
dosis that further aggravates acidemia [49]. These met-
abolic complications are proportionate to the severity of 
acidosis and are further compounded by hypoxemia.

2.8 Complications of Severe Alkalemia

Alkalemia is defined as a blood pH above 7.60 and is 
seldom encountered in the ICU (also see Table 2.7). 
However, in its most severe forms, respiratory alkalemia 
can impair cerebral and coronary perfusion and result in 
fatal infarctions [17, 67]. This is partly the result of the 
decline of CO

2
, a potent cerebral and coronary  vasodilator. 

Table 2.7 Consequences of acid–base disturbance by organ system

Organ Acidosis Alkalosis

Cardiac Impaired myocardial contractility with 
decreased cardiac output and hypotension

Reentrant dysrhythmias and 
ventricular fibrillation

Catecholamine insensitivity

Reduction in ischemia threshold

Refractory dysrhythmias

Peripheral
vasculature

Arteriolar dilation
Venoconstriction
Centralization of blood volume
Increased pulmonary vascular 

resistance (PVR)

Arteriolar constriction
Reduction in coronary blood flow
Reduction in PVR

Respiratory Hyperventilation
Skeletal muscle weakness

Shift of the oxygen–hemoglobin 
dissociation curve to the right 
(resulting in desaturation)

Hypoventilation
Impaired hypoxic pulmonary vasoconstriction 

and worsened ventilation–perfusion mismatch
Increased hemoglobin affinity for oxygen

Metabolic Increased metabolic demands
Insulin resistance
Hyperkalemia
Increased protein degradation

Stimulation of organic acid production
Decreased plasma electrolyte levels: hypokalemia, 

hypocalcemia (ionized), hypomagnesemia, and 
hypophosphatemia)

Central nervous system Altered mental status and depressed 
level of consciousness

Reduction in cerebral blood flow if 
respiratory in origin

Reduced seizure threshold
Altered mental status and depressed level 

of consciousness
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Hypokalemia is another characteristic complication of 
alkalemic disorders, more prominently those of meta-
bolic origin. Shift into the cells at least partly account for 
the decline in extracellular potassium. The remainder of 
potassium deficit is attributable to renal and  extrarenal 
losses [17, 67]. Hypokalemia can result in  weakness, 
 dysrhythmias, polyuria, and increased  ammonia 
 production. Other electrolyte abnormalities occurring 
during alkalemia can also result in severe  complications 
commensurate to the severity of the particular electro-
lyte derangement: hypocalcemia and hypomagnesemia 
can lead to tetany, seizures, and altered mental status. As 
mentioned previously in this chapter, alkalemia stimu-
lates the generation of lactic acid and ketoacids through 
the induction of anaerobic glycolysis. Additionally, acute 
alkalemia shifts the oxygen–hemoglobin dissociation 
curve to the left, resulting in increased oxygen affinity of 
hemoglobin and consequent relative tissue hypoxia. This 
effect is eventually ameliorated in persistent  alkalemic 
states by the induction of 2,3-diphosphoglyceric acid pro-
duction in red cells.

2.9 Summar y

Acid–base derangements are encountered in almost 
every critically ill patient. A stepwise approach of recog-
nizing the derangements, accurately  defining their type 
and severity, actively intervening to restore cardiopul-
monary and hemodynamic stability, and,  whenever pos-
sible, reversing the underlying cause can be lifesaving.
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3

Case Vignette

A 2-month-old infant with respiratory syncytial 
virus and acute respiratory distress syndrome was 
 receiving a furosemide infusion to facilitate wean-
ing from ventilatory support. Overnight he developed 
mild  hypotension and the house staff  discontinued the 
furosemide. This morning he develops cardiovascular 
collapse associated with ventricular fibrillation. The 
suspect? Hyperkalemia due to exogenous load. His 
parenteral nutrition contains abundant potassium chlo-
ride that was previously  necessary to achieve normal 
K+ levels, because of prior renal losses attributable to 
the  furosemide. In  addition,  relative hypovolemia has 
exacerbated the situation.

Core Messages

› Potassium chloride has been identified by The Joint 
Commission on the Accreditation of Healthcare Orga-
nizations (JCAHO) as the drug that causes the most 
 sentinel events; therefore, particular attention should be 
paid to potassium balance in the PICU.

› Many drugs commonly used in the PICU  contribute to 
hypokalemia and hyperkalemia.

› Hypokalemia can lead to cardiovascular, neurologic, 
endocrine, metabolic, and renal dysfunction.

› In the case of hyperkalemia, sources of potassium that 
should be discontinued include enteral and parenteral nutri-
tion, enteral and parenteral  supplementation, and drugs.

S.G. Kiessling et al. (eds) Pediatric Nephrology in the ICU.
© Springer-Verlag Berlin Heidelberg 2009
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3.1 P otassium

Potassium (K+) is the most abundant intracellular cat-
ion in the body. Only 2% of total body stores resides 
in the extracellular space under normal  circumstances. 
Therefore a high intracellular K+ concentration (100–
150 meqL−1) and a steep  transcellular gradient must 
be maintained [45, 55, 103, 116]. The homeostatic 
mechanisms responsible to maintain these gradients are 
influenced by a variety of physiologic factors that are 
frequently altered in children hospitalized in the ICU. 
It is not surprising, then, that moderate deviation of 
plasma K+ outside the  normal range is commonly seen 
in these patients. It is perhaps due to the redundancy 
of these homeostatic mechanisms and the presence of 
adaptive responses that extreme deviation in the plasma 
K+  concentration is fortunately rare.

3.2 P otassium Homeostasis

3.2.1 Intracellular

The K+ concentrations in the intracellular and extra-
cellular space are regulated by conceptually separate 
homeostatic mechanisms. A high cytosolic K+ concen-
tration is required for growth, metabolism, cell divi-
sion, protein synthesis, and many other normal cellular 
functions. In specialized cells, such as nerve and mus-
cle, the large transcellular K+ gradient must fluctuate 
upon appropriate stimulation, and this is tightly regu-
lated for normal tissue function [103, 125].

All mechanisms responsible for maintaining the high 
cytosolic K+ concentration and the transcellular K+ gra-
dient do so through their effects on the basolateral cell 
membrane enzyme, Na+–K+–ATPase, which pumps Na+ 
out of and K+ into the cell in a 3:2 ratio and consumes 
ATP [30, 44, 70]. This enzyme, and hence intracellular 
K+ homeostasis, is physiologically regulated by insu-
lin, thyroid hormone, catecholamines, and aldosterone 
[18, 30, 31, 39, 41, 42, 52, 109, 133, 152]. Secretion 
of these hormones is influenced by a variety of other 
stimuli, including dietary intake, plasma volume, and 
plasma K+ concentration, which in turn is affected by 
numerous physiologic factors [18, 52, 55, 78, 127, 
151, 152]. Hormonal  dysregulation may result from 
pathologic conditions present in critically ill children, 
such as the systemic inflammatory response syndrome. 
Independent of these hormones, Na+–K+–ATPase 
activity, and hence intracellular K+ concentration, is 
also affected directly by plasma K+ and cytosolic ATP 

concentrations [37, 41, 42, 78]. Lastly, certain patho-
logic states may promote rapid K+ release from cells, 
faster than that which Na+–K+–ATPase can rectify, usu-
ally resulting from cell lysis. Examples include tumor 
lysis, rhabdomyolysis, and hemolysis [40, 67].

3.2.2 Extracellular

Mean age-related values and standard deviations for 
plasma potassium concentration decline with children’s 
age, from 5.2 ± 0.8 meq L−1 in the first 4 months of life 
to 4.3 ± 0.3 meq L−1 between 11 and 20 years [114]. 
These values are dependent upon the maintenance of 
external and internal K+ balance. External balance is 
primarily determined by the rate of extracellular fluid 
(ECF) K+ uptake (GI absorption or IV input) and renal 
excretion. Unlike adults, whose external balance must 
equal zero, in children this balance is adjusted for 
accretion commensurate with their growth rate [129]. 
Sweat and gastrointestinal K+ losses are usually minor; 
however, severe diarrhea, such as due to rotavirus, 
may occasionally result in significant negative balance 
[149]. Gastrointestinal losses may increase up to three-
fold following adaptation to chronic hyperkalemia, as 
may be seen in patients with renal failure [13, 18]. The 
kidneys are primarily responsible for K+ excretion, 
but this is delayed after an oral load, with only about 
one-half excreted during the first 4–6 h [41, 42, 109]. 
Internal balance is therefore necessary to maintain 
relative constancy of plasma K+ concentration during 
entry of K+ into the ECF. This is achieved within min-
utes, by hormonally mediated temporary translocation 
of K+ into cells: primarily muscle, and to a lesser extent 
in liver, red cells, and bone [18, 41, 42, 109]. Since the 
vast majority of total body K+ is intracellular, several 
physiologic and pathologic factors (independent of 
hormones) that may have minor effects on cytosolic 
K+ have a significant influence on plasma K+ concen-
tration. These include acid–base balance, transcellu-
lar osmolar gradients, and cytosolic ATP depletion as 
well as excessive membrane depolarization in muscle, 
as may be seen with depolarizing paralytic agents or 
following strenuous exercise [116].

The kidneys reabsorb about 90% of filtered K+ in 
the proximal tubules and ascending limb of the loop 
of Henle, and the remaining distal nephron segments 
have variable reabsorptive capacity linked to hydrogen 
ion secretion [54, 81]. External K+ homeostasis, how-
ever, is maintained by regulation of K+ secretion along 
the distal nephron, primarily in the cortical collecting 
duct [54, 55, 140]. Here, principal cells secrete K+ and 



Chapter 3 Dyskalemias 37

absorb sodium ions (Na+) [55, 70]. The cortical col-
lecting duct K+ secretory rate is positively affected by 
tubular flow rate, cytosolic K+ concentration, luminal 
Na+ concentration, and luminal nonreabsorbable anions 
such as bicarbonate, sulfate, and β-hydroxybutyrate [26, 
47, 73, 92]. Acute metabolic and respiratory alkalosis 
promote renal K+ excretion, whereas acute metabolic 
acidosis decreases it [77, 116, 117, 124]. Chronic meta-
bolic acidosis and organic acidemia both stimulate net 
distal renal K+ secretion [110, 116, 124]. Aldosterone, 
glucocorticoids, and antidiuretic hormone stimulate net 
renal K+ excretion and Na+ absorption [12, 48, 49, 117], 
whereas catecholamines and β-agonists reduce renal 
K+ secretion [39, 66]. Adaptive responses may result in 
very high rates of K+  excretion, even exceeding the fil-
tered load, as may be seen in patients with renal insuf-
ficiency or on long-term, high K+ diets [53, 80, 138].

3.3 Hypokalemia

Hypokalemia is defined as a serum K+  concentration 
below 3.5 meq/L. It results from total body K+ deficit, 
transcellular shift of K+ from extracellular to cytosolic 
space (with normal total body K+ stores), or a 
 combination of both processes [53, 95, 116].

3.3.1 H ypokalemia VS Pseudohypokalemia

Rarely, a low plasma K+ level may result from uptake 
of K+ by metabolically active white blood cells ex vivo 
in blood specimens collected from a patient with a 
truly normal extracellular K+ concentration. This occurs 
when there is marked leukocytosis and procedural de-
lay in refrigerating or separating the plasma. In such 
cases, the pseudohypokalemia is not associated with 
clinical  features of hypokalemia [53, 95, 111, 116].

3.3.2  Clinical Features Associated 
with Hypokalemia

Hypokalemia hyperpolarizes cell membranes by incr-
easing the magnitude of the membrane potential. 
Its effects vary depending on the speed with which 
hypokalemia develops and the concentration of other 
electrolytes including calcium, magnesium, sodium, 
and hydrogen ions. Whereas a rapid fall in plasma K+ 
concentration typically results in marked symptoms, a 
stable and chronic K+ loss to the same concentration is 
usually well tolerated [53, 111, 116]. Table 3.1 outlines 
the major clinical  manifestations of hypokalemia.

Cardiovascular effects of hypokalemia include dis-
turbances in electrical conduction and blood  pressure 

Table 3.1 Clinical features associated with hypokalemia

Cardiovascular Renal/electrolytes/fluid status

Electrocardiogram abnormalities Renal concentrating defect

 Low-amplitude T waves Metabolic alkalosis

 Sagging ST segment, widened QRS Renal tubule dilation and atrophy

 Prolonged PR segment Interstitial fibrosis

 Enlarged U waves Proximal tubule vacuolization

Increased risk of digitalis toxicity Renal medullary cysts

Supraventricular and ventricular dysrrhythmias Reduced glomerular filtration

Hypertension ECV expansion or contractiona

Neuromuscular Endocrine/metabolic

 Weakness  Growth retardation

 Hypokalemic paralysis  Reduced insulin secretion

 Enhanced aminoglycoside toxicity  Carbohydrate intolerance

 Cramps/tetany/rhabdomyolysis  Exacerbation of hepatic encephalopathy

 Nausea/vomiting

 Constipation/ileus

 Voiding dysfunction

 Postural hypotension

a Expansion if extrarenal or endocrine cause of hypokalemia; contraction if primary renal cause of hypokalemia
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regulation. Mild hypokalemia is usually not associated 
with either symptoms or EKG changes [111]. As the 
plasma K+ drops below 3.0 meq L−1, the T-wave ampli-
tude declines and U waves develop voltages that equal 
or exceed that of the T waves. At lower K+ concentra-
tions, near 2.5 meq L−1, sagging of the ST segment and 
further flattening of the T waves, with prominent U 
waves are seen. With more severe hypokalemia, the 
QRS complex may widen slightly, and the PR interval 
is often prolonged [4, 53, 95, 111]. Supraventricular 
and ventricular dysrhythmias are prone to develop, 
especially in patients who take digitalis, have conges-
tive heart failure, or  experience cardiac ischemia [4, 
51]. Particular attention should also be given to avoid 
hypokalemia in children with the long QT syndrome. 
This syndrome may be inherited or acquired, and is 
caused by malfunction of ion channels responsible for 
ventricular repolarization [141]. The resulting dys-
rhythmia is torsades de pointes, which may present 
as syncope or cardiac arrest. Immediate treatment 
includes correction of hypokalemia and administra-
tion of intravenous  magnesium sulfate [4, 141].

Hypokalemia is associated with chronic hyperten-
sion in several disorders related to aberrant adrenal 
hormone metabolism [11, 93, 135]. In the presence of 
a high salt diet, low K+ intake has also been  implicated 
in causing hypertension [2].

Neuromuscular dysfunction typically manifests as 
skeletal muscle weakness, usually in an ascending 
fashion, with worsening hypokalemia. Lower extremity 
muscles are initially affected, followed by the quadri-
ceps, the trunk, upper extremity muscles, and later those 
involved with respiration [116, 145]. Reduced skeletal 
muscle blood flow may also result [2, 116]. Under such 
conditions, exercise may lead to ischemia and result in 
cramps, tetany, and rhabdomyolysis [53, 75, 95, 116]. 
Smooth muscle dysfunction related to hypokalemia 
typically includes nausea, vomiting, constipation, pos-
tural hypotension, and bladder dysfunction associated 
with urinary retention [53, 95, 116]. Aminoglycoside 
neurotoxicity is enhanced during hypokalemia [36].

Endocrine and metabolic perturbations  associated 
with hypokalemia include glucose intolerance, 
growth restriction, and protein catabolism [53, 95, 
116]. Insulin release from the pancreatic beta cell is 
dependent on K+ influx through specific  channels, 
and this process is dampened by K+ depletion [2, 33]. 
Hypokalemia- related impairment in glucose metabo-
lism is mild and usually subclinical in normal individ-
uals. However, this effect may be significant in those 
with subclinical diabetes, and marked in those with 

overt diabetes, in whom hypokalemia impairs both 
insulin release and end-organ  sensitivity [116]. Growth 
is often impeded in children with chronic hypokalemia 
associated with K+ depletion. This is partly explained 
by the associated intracellular acidosis and stimulated 
protein catabolism [53, 95, 116, 145]. This may also 
account for the greater severity of hepatic encepha-
lopathy associated with  hypokalemia [143].

Renal physiology is significantly altered by pro-
longed hypokalemia, which may lead to a chronic 
nephropathy associated with microscopic  structural 
abnormalities as well [2, 53, 95, 116]. The most com-
mon functional disorder that develops is a urinary 
concentrating defect that is associated with increased 
renal prostaglandin synthesis and is resistant to exoge-
nous vasopressin and prolonged water deprivation [84, 
118]. In individuals with extrarenal causes of hypoka-
lemia, this feature does not lead to ECF depletion. 
This is because there is concurrent stimulation of renin 
release and angiotensin II production, which stimulates 
the central thirst center. Also, chronic hypokalemia 
stimulates proximal tubular Na+ reabsorption, which 
leads to isotonic Na+ retention, expansion of the ECF, 
and occasionally edema [53, 116, 145]. Intracellular 
acidosis within renal tubular cells due to chronic K+ 
depletion also leads to H+ secretion and ammonia 
production [53, 116, 131]. The combined effect of 
these processes that result from chronic K+ depletion 
is fluid expansion with aldosterone suppression, and 
mild metabolic alkalosis with acid urine, polyuria, and 
polydipsia [53, 116]. Interestingly, K+ conservation is 
not affected [106, 116, 145].

The microscopic structural abnormalities reported 
to result from chronic K+ depletion include interstitial 
fibrosis, tubular dilation and atrophy, and medullary 
cyst formation [53, 95, 116]. This is associated with 
reduced renal flow and glomerular filtration. A revers-
ible lesion of the proximal tubular cells, characterized 
by the presence of intracytoplasmic vacuoles, is also 
seen [53, 116, 136].

Renal mineral handling is abnormal in several inher-
ited syndromes associated with severe hypokalemia 
and K+ wasting, although not as a direct consequence 
of hypokalemia. These disorders are included in Table 
3.2. Marked hypercalciuria and nephrocalcinosis may 
be seen in certain children with Bartter’s syndrome 
and Dent’s disease. Severe  hypomagnesemia is often 
associated with exacerbations of Gitelman’s syndrome. 
Excessive phosphate wasting may be observed in chil-
dren with Dent’s disease and proximal tubular disor-
ders, collectively referred to as the Fanconi syndrome. 
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Correction of phosphate and magnesium deficiency 
when present, concurrent with adequate K+ replace-
ment, is necessary to achieve optimal care [116].

3.3.3 Causes of Hypokalemia

The causes of hypokalemia are numerous and can 
be categorized mechanistically as due to the follow-
ing: (1) insufficient K+ or Cl− intake, (2) increased 
 cellular uptake of K+, and (3) excessive K+ loss (Table 
3.3). Insufficient intake of K+ or Cl− as an isolated 
 phenomenon is an exceedingly rare cause of hypoka-
lemia, which is of primarily historical and research 
interest. Deficient K+ intake is not apt to be a relevant 
clinical consideration with the current care of hospi-
talized children who manifest hypokalemia, which 
typically includes intravenous fluids that provide at 
least 20 meq m−2 day−1 of K+ and much more chloride. 

In the absence of K+ loss, this degree of intravenous 
 supplementation is sufficient. Studies suggest that 
obligatory kaliuria persists at a level near 10 meq day−1 
in adults who underwent prolonged K+ deprivation 
[123]. Hence, unless patients are placed on K+-free 
intravenous fluids for prolonged periods along with 
dietary K+ restriction, insufficient intake is unlikely to 
be a primary cause of hypokalemia.

The causes of increased cellular uptake are outlined 
in Table 3.4. In most of these  conditions, concurrent 
volume contraction may exacerbate hypokalemia due 
to secondary hyperaldosteronism [53, 116]. Either 
 nonselective or β

2
-selective adrenergic agonists pro-

mote intracellular uptake of K+ [31]. Hypokalemic 
periodic paralysis is rare and occurs more often in 
males. It may be sporadic or familial, usually with 
autosomal dominant inheritance, and typically 
presents in late childhood or during teenage years. 

Table 3.2 Inherited disorders associated with renal K+ wasting

Disease Nephron segment affected

Fanconi syndrome Proximal tubule

 Cystinosis

 Tyrosinemia type 1

 Dent’s disease

 Wilson’s disease

 Fructosemia

 Mitochondrial disorders

 Glycogen storage disease (types 1 & 11)

 Oculocerbral (Lowe’s) syndrome

 Fanconi–Bickel syndrome

Proximal RTA (type II) Proximal tubule

Bartter syndromes Ascending limb, loop of Henle

Familial hypocalcemia (CaSR activating mutation) Ascending limb, loop of Henle

Gitelman syndrome Distal tubule

Distal RTA (type I) Collecting duct

Stimulated mineralocorticoid activity syndromes Collecting duct

 Adrenal enzymopathies

 11-β hydroxylase

 17-α hydroxylase

  11-β hydroxysteroid dehydrogenase deficiency (AME)

 Familial hyperaldosteronism I (GRA)

 Familial hyperaldosteronism II

 Epithelial sodium channel activation (Liddle’s syndrome, PA-I)

 Mineralocorticoid receptor activation (PA-II)

 Glucocorticoid receptor inactivation
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There is  weakness of the limbs and thorax, which may 
lead to flaccid paralysis that may last 6–24 h. Attacks 
often occur at night, after events that stimulate Na+–
K+–ATPase via  insulin or epinephrine release, such as 
a high carbohydrate meal, after exercise, or following 
stressful events. Hyperthyroidism may also trigger epi-
sodes through its effect on Na+–K+–ATPase, driving 
K+ into cells. During periodic paralysis, K+ is seques-
tered in myocytes, and a diminished sarcolemmal 

ATP- sensitive K+ current impedes  propagation of the 
muscle action potential, leading to paralysis. After 
attacks, K+ is released from cells and K+ levels return to 
normal [104, 116, 120, 126]. Barium leads to hypoka-
lemia by reducing cellular K+  conductance, thereby 
impairing outward diffusion of K+ from myocytes and 
resulting in  intracellular K+ accumulation [62, 113].

The list of causes associated with ongoing body loss 
of K+ is lengthy, and is categorized into those that result 

Table 3.3 Causes of low and high serum potassium concentrations

Low potassium level High potassium level

Pseudohypokalemia Pseudohyperkalemia

Insufficient intake of K+ or Cl− Exogenous load

Increased cellular uptake (Table 3.4)  K+-containing IVF/TPN

Excessive loss  K+ supplementation

 Low or normal BP (Table 3.5)  Blood or platelet transfusion

 Hypertension and metabolic alkalosis (Table 3.6)  Penicillin potassium salts

 Dietary/herbal sources

Endogenous release

 Rhabdomyolysis

 Burns

 Tumor lysis syndrome

 Hemolysis

 Exercise

 Prolonged seizure

 Infection

 Trauma

 Intravascular coagulopathy

 Starvation

 Resorption of hematoma

 Gastrointestinal bleeding

Extracellular shift

 Metabolic acidosis

 Hyperosmolarity

 Insulinopenia

 Drugs (Table 3.9)

Impaired renal excretion

 Extremely premature neonates

 Renal failure

 Drugs (Table 3.9)

 Mineralocorticoid deficiency (Table 3.10)

 Mineralocorticoid resistance (Table 3.10)

 Primary renal secretory defect (Table 3.10)
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in extrarenal K+ loss, via the skin and  gastrointestinal 
system, and those with primary renal wasting [53, 95, 
116]. These conditions may alternatively be classified 
into those that are associated with low or normal blood 
pressures, usually with mild hypovolemia, and those 
with hypertension. All extrarenal causes of hypokale-
mia fall in the first category, as well as many primary 
Renal K+ wasting conditions. The conditions in this 
group with low-normal blood pressure are associated 
with secondary aldosteronism, which enhances kaliu-
resis. These are  itemized in Table 3.5.

Patients with increased blood pressure and hypoka-
lemia, especially with metabolic alkalosis, may be 
categorized depending on the status of their plasma 
renin concentration or activity to screen for low-renin 
disorders [11, 93, 95, 135]. Conditions associated 
with low-renin activity are uncommon and are asso-
ciated with salt-water retention (Table 3.6). They may 
be further classified based upon concentrations of 
the patient’s  endogenous mineralocorticoids, aldos-
terone, and deoxycorticosterone (DOC) [119].

3.3.4 Diagnostic Approach to Hypokalemia

A detailed history and review of medical records is 
necessary to clarify whether hypokalemia is due to 
a chronic condition that preceded admission to the 
intensive care unit. Important areas to investigate 
include growth parameters, medicine list (diuretics, 
chemotherapeutic agents, antibiotics, etc.), unusual 
diets, excessive sweating, polyuria, nighttime thirst, 
blood pressures, and chronic constipation or diarrhea. 
A family history of hypokalemia or  unusual inherited 
conditions is helpful. Important findings on physical 
examination include evidence of growth restriction, 
adenopathy or abdominal mass, edema, weakness 
or abnormal neurologic findings, and either high or 
low blood pressure and heart rate, and evidence of 
 gastrointestinal or urologic surgery.

Simple blood tests, such as a CBC, blood gas anal-
ysis, and basic chemistry panel, in conjunction with 

a review of the medical and dietary history and the 
physical examination, are sufficient to assess for the 
presence or absence of pseudohypokalemia or intrac-
ellular shifts of K+. These tests also help to categorize 
the cause of hypokalemia among those with excessive 
renal K+ loss.

It is often difficult to distinguish primary renal from 
extrarenal causes of K+ loss in ICU patients who are 
receiving intravenous fluids containing sodium and 
potassium salts. This is because the conditions in Table 
3.5 are often associated with mild hypovolemia and 
secondary aldosteronism-induced kaliuresis. While 
intravenous fluids may reduce this phenomenon, the 
salt replacement may mask the primary cause as well. 
If hypokalemia persists despite intravenous sodium 
and potassium supplementation in patients without 
large gastrointestinal losses, then a primary renal K+ 
wasting condition is almost certain. This issue may be 
further analyzed by measuring urinary electrolytes, 
urinary osmolality, and concurrent plasma osmolality. 
In the absence of diuretic use, extrarenal K+ depletion 
is strongly suggested by a urinary profile character-
ized by K+ concentration ≤15 meqL−1, in the setting 
of adequate distal nephron sodium delivery (urine 
Na+ concentration > 25 meq L−1) [53, 95, 116]. If the 
patient’s urine is not dilute relative to plasma, then 
the transtubular potassium gradient (TTKG) may also 
distinguish renal from extrarenal K+ loss. This ratio 
is calculated as follows: TTKG = (K

u
/K

p
) × (O

p
/O

u
), 

where urine potassium (K
u
) and plasma potassium (K

p
) 

concentrations are in milliequivalents/liter, and urine 
osmolality (O

u
) and plasma osmolality (O

p
) are in mil-

liosmolality per kilogram [146]. The use of this ratio 
is only valid if O

u
 ≥ O

p
 and adequate distal nephron 

sodium delivery is assured (urine Na+ concentration 
>25 meq L−1). Renal K+ wasting is suggested by a 
TTKG > 4 in a child with hypokalemia [116, 146].

Hypokalemic disorders associated with  excessive 
kaliuresis may best be classified by the  concomitant 
 acid–base status, as depicted in Table 3.5. Those with 
hypokalemic metabolic alkalosis are further tested for 
urinary chloride concentration and by assessing volume 
status with pulse and blood pressure [95]. Systemic 
chloride  depletion, such as from protracted vomiting, 
may lead to renal K+ loss [116]. In these cases the uri-
nary chloride concentration is low (≤15 meq L−1) and 
the exam suggests hypovolemia or normal volume sta-
tus. Disorders responsible for hypokalemic metabolic 
alkalosis associated with elevated urinary chloride con-
centration (≤15 meq L−1) include those associated with 
fluid retention and  hypertension (Table 3.6), or those 

Table 3.4 Causes of hypokalemia: cellular uptake of K+

Acute alkalosis (metabolic or respiratory)

Insulin therapy

Increased β -adrenergic activity

Hypokalemic periodic paralysis

Increased bone marrow cell production

Barium poisoning
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with signs of hypovolemia or normal ( compensated) 
volume status,  resulting from excessive renal elec-
trolyte and fluid loss, such as from diuretic therapy 
or Bartter’s  syndrome (Table 3.5) [95, 119].

The evaluation of hypokalemic metabolic alkalo-
sis and hypertension (Table 3.6) is best performed 
when the patient is off intravenous fluids, and is 
facilitated by testing for plasma renin activity (PRA) 
or the newer direct renin (DR) assay [61, 76], pri-
or to treatment with diuretics or antihypertensives. 

The finding of a very low PRA (≤0.65 ng mL−1 h−1) 
or DR (≤15 mU L−1) is indicative of intravascular 
fluid expansion, and in the absence of excessive fluid 
administration, suggests stimulated renal salt-water 
retention due to an endocrine cause [61]. The causes 
of low-renin hypertension and hypokalemic alkalo-
sis may be further evaluated by measuring plasma 
aldosterone, desoxycorticosterone (DOC), and 17-
hydroxyprogesterone (17-OHP), according to Table 
3.6 [95, 119].

Table 3.5 Causes of hypokalemia: excessive K+ loss and low-normal blood pressure

Renal loss Extrarenal loss

Metabolic acidosis Sweat loss

 Renal tubular acidosis (I and II) Ostomies and fistulas

 Use of carbonic anhydrase inhibitors VIPoma

 Ureterosigmoid diversion Dialysis

 Diabetic ketoacidosis GI loss

Variable acid–base status Diarrhea

 Polyuric states (concentrating defect, hypercalcemia) Laxatives

 Prolonged (K+-free) saline resuscitation/diuresis Pica/geophagia

 Magnesium depletion K+ binders

 Congenital K+ wasting

 Acquired K+ wasting

 Leukemia

 Thyrotoxicosis

 Edematous states

 Drugs (carbenicillin, gentamicin, amphotericin B, cis-platinum)

Metabolic alkalosis with low urine Cl− concentration (≤15 meq L−1)

 Cl− deficient diet

 Gastric Cl− loss (vomiting, NG tube to suction)

 Sweat Cl− loss

 Congenital chloridorrhea

 Cl− secreting villous adenomas (colon and rectum)

 Posthypercapnea

 Postdiuretic effect

Metabolic alkalosis with normal–high urine Cl− concentration (>15 meq L−1)

 Recent diuretic effect

 Bartter’s syndrome

 Gitelman’s syndrome

 Congenital K+ wasting

 Severe hypercalcemia

 Familial hypocalcemia (activating CaSR mutation)

 Hypovolemia (and secondary aldosteronism)
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3.3.5 Therapy of Hypokalemia

K+ replacement is the cornerstone of treatment in the 
intensive care unit, with the goal to  expeditiously raise 
the K+ level above 3.0 meq L−1 and thereby avoid  cardiac 
and neuromuscular dysfunction. Additionally, removal 
or minimizing exposure to offending agents that cause 
hypokalemia, and treating underlying medical condi-
tions (adrenal tumors, leukemia,  hyperthyroidism, 
diabetic ketoacidosis, etc.) should be pursued. Plasma 
magnesium  concentration should be monitored, and 
replacement provided when needed. Additional spe-
cific therapies should also be instituted for specific 
 conditions [4].

The choice of K+ replacement will depend on the 
severity of hypokalemia, cardiac and renal stability, 
and the ability of the patient to take enteral K+ salts. 
Oral therapy is safer and preferable. Doses are given 
every 3–4 h, and titrated as needed or until gastroin-
testinal irritation develops. Potassium chloride is most 
often used, but gluconate, bicarbonate, or citrate salts 
are preferred in the absence of cardiac rhythm dis-
turbances, for hypokalemia associated with chronic 
acidosis, hypercalciuria, or lithiasis (Table 3.7) [143]. 
Oral potassium phosphate is less commonly used, but 

can be very effective for hypokalemic disorders asso-
ciated with marked hypophosphatemia, which usually 
result from disorders or use of medications associated 
with proximal renal tubular injury.

Intravenous therapy requires continuous EKG 
monitoring and frequent measurements of plasma 
K+ concentrations, and should be reserved for severe 
hypokalemia associated with cardiac or  neuromuscular 
dysfunction, digitalis toxicity, diabetic ketoacidosis, or 
in those who are unable to receive it enterally. It should 
be provided as a dextrose-free solution of potassium 
chloride or  phosphate, at a total K+ concentration not 
exceeding 40 meq L−1, and infused at a rate not exceed-
ing 1 meq kg−1 h−1 in  children, or at a maximum of 
40 meq h−1 [116, 143]. The use of intravenous potas-
sium phosphate is limited primarily to treatment of dia-
betic ketoacidosis, and in cases of documented severe 
hypophosphatemia.

Additional therapy should be considered in certain 
cases of hypokalemia. For example, either or both 
sodium chloride and sodium bicarbonate supplemen-
tation may be necessary to minimize hypovolemia 
associated with salt wasting and to correct acid–base 
abnormalities characteristic of several conditions 
outlined in Table 3.5. Phosphate salts are required 

Table 3.6 Causes of hypokalemia: excessive (renal) K+ loss, high blood pressure, and metabolic alkalosis

Low rennin Normal or high renin

High aldosterone; low/normal DOC Renal parenchymal disease

 Adrenal tumors Renal compression

 Adrenal hyperplasia Renal tumors

   Dexamethasone-suppressible hyperaldosteronism (FH-I) Pheochromocytoma

 Familial hyperaldosteronism II (FH-II) Prolonged high ACTH/glucocorticoid exposure

Low aldosterone; low/normal DOC

  Prolonged exposure to licorice, carbenoxolone, grapefruit juice

 Prolonged high ACTH/glucocorticoid exposure

 Exogenous mineralocorticoid exposure

 Apparent mineralocorticoid excess

 Liddle’s syndrome (pseudoaldosteronism type 1, PA-I)

 Minereralocorticoid receptor (MR) activating mutation (PA-II)

  L810 mutation of MR (pregnancy-associated PA-II)

High DOC; variable aldosterone

 11- β  hydroxylase deficiency

 17- α  hydroxylase deficiency

 Glucocorticoid receptor resistance

 DOC-secreting tumors
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to correct hypophosphatemia in patients with proxi-
mal tubular dysfunction. Magnesium supplementa-
tion is necessary to correct hypokalemia associated 
with  hypomagnesemia, and it is a primary treatment 
for torsades des pointes, as intravenous magnesium 
sulfate [141]. Nonselective β-blockers and acetazola-
mide are helpful for hypokalemic periodic  paralysis, in 
 addition to infusion of  potassium salts [126]. Surgical 
correction, angiotensin converting enzyme inhibitors, 
spironolactone, α- and β-adrenergic receptor block-
ers, and other  antihypertensives are effective treat-
ments for many causes of high-renin hypertension 
and hypokalemia. Diuretic- dependent children with 
hypokalemia may benefit from adding spironolactone, 
amiloride, or triamterene. The endocrine causes of 
hypokalemia should be managed in  conjunction with 
experienced  subspecialists. The range of therapy for 
this group includes surgical tumor removal, institution 
of  replacement glucocorticoid therapy, and treatment 
with  spironolactone, amiloride, or triamterene.

3.4 Hyperkalemia

Hyperkalemia is defined as serum K+ exceeding 
6.0 meq L−1 in neonates or 5.5 meq L−1 in older chil-
dren and adults. Plasma K+ concentrations are as 
much as 0.5 meq L−1 less than serum values in normal 
individuals, due to K+ release from cells during clot-
ting of the specimen [53, 116]. The clinical disorders 
associated with hyperkalemia may be categorized as 
due to (1) excessive K+ load, (2) transcellular K+ shift, 
and (3) impaired renal K+ excretion (Table 3.3). PICU 
patients are at increased risk for hyperkalemia due to 
frequent comorbid conditions (including sepsis, aci-
dosis, trauma, and renal failure), transfusion require-
ments for blood components, and exposure to multiple 
medications.

3.4.1 H ypokalemia VS Pseudohyperkalemia

Pseudohyperkalemia should be entertained when high 
K+ measurements are encountered without clinical 
evidence of hyperkalemia, and results from the egress 
of K+ from cells and platelets ex vivo, during phle-
botomy or later (prior to separation from the cellular 
elements). The artifactual elevation of the K+ concen-
tration may be dramatic. This is typically seen from 
hemolysis associated with a difficult or traumatic 
(heel stick) capillary blood collection in neonates, 
and often in children whose illness results in mark-
edly increased numbers of circulating  leukocytes, red 
cells, or platelets [4, 53, 116]. It may also result from 
prolonged tourniquet use, as a consequence of local 
muscle ischemia and K+ release [43, 144]. Less often, 
pseudohyperkalemia may be associated with disorders 
of erythrocyte membrane permeability [64].

3.4.2  Clinical Features Associated with Hyperkalemia

Clinical features of hyperkalemia predominantly 
involve cardiac, skeletal muscle, and peripheral nerve 
tissue, and are a consequence of altered cellular trans-
membrane K+ gradients. Hyperkalemia reduces the 
resting membrane potential, thereby increasing tissue 
excitability initially. However, this is followed by a 
sustained reduction in excitability.

Cardiac dysrrhythmias are the most serious con-
sequences of hyperkalemia, and their presentation 
is influenced not only by K+ concentration, but also 
by its rate of rise, concurrent acid–base status, and 

Table 3.7 Oral potassium supplements

Supplements

Potassium chloride

 Solution: 10, 15, and 20% (15% = 10 meq/5 mL)

 Sustained-release tabs: 8, 10, 15, 20 meq

 Sustained-release caps: 8, 10 meq

 Powder: 15, 20, 25 meq per packet

Potassium gluconate

 Solution: 20 meq/15 mL

 Tabs: 500 mg (2.15 meq), 595 mg (2.56 meq)

Potassium bicarbonate and citrate

 Effervescent tab (to make solution): 25 meq

Potassium citrate

 Polycitra-K solution: 10 meq K/5 mL

  Polycitra or Polycitra-LC solution: 5 meq K and 5 meq 
 Na/5 mLa

 Urocit tabs: 5 meq, 10 meq

Potassium phosphatea

  Neutra-Phos-K caps, powder: 250 mg (14.25 meq K, 
 8 mM P)

  Neutra-Phos caps, powder: 250 mg (7.125 meq K, 
 7.125 meq Na, 8 mM P)b

a Supplement contains both sodium and potassium
b  Other preparations are available with less potassium and more 

sodium
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sodium and calcium concentration. Toxicity is exac-
erbated by a rapid rise in K+ concentration, acidosis, 
hyponatremia, and hypocalcemia [3, 4, 112]. Early 
EKG changes develop at K+ levels above 6.5 meq L−1, 
and are characteristic of more rapid repolarization. 
These include narrow peaked T waves, shortened QT 
interval, and prolonged PR interval. Once K+ reaches 
7–8 meq L−1, EKG changes characteristic of delayed 
depolarization occur, such as widened QRS, progres-
sive loss of P-wave amplitude, and eventually a sine-
wave pattern when the QRS merges with the T wave. 
This is typically followed by ventricular fibrillation or 
asystole [130, 142].

Neuromuscular effects of hyperkalemia are rarely 
evident until K+ levels exceed 8 meq L−1, and include 
skeletal muscle weakness, ascending flaccid paralysis, 
and paresthesias. Reduced excitability is a consequence 
of inactivated cell membrane sodium channels, which 
result from excessive depolarization. Respiratory 
muscles as well as head and trunk muscles are usually 
spared [50, 112].

3.4.3 Causes of Hyperkalemia

3.4.3.1 Ex cessive K+ Load

Exogenous K+ loads are frequently administered 
to ICU patients and rarely result in life-threatening 
hyperkalemia. This is due to adequate disposal by 
initial cellular uptake, and later by renal excretion. 
Hence, hyperkalemia is more likely to develop follow-
ing a load in patients with impaired hormonal activity 
that is necessary for cellular uptake, or in those who 
have renal impairment.

Clinically significant hyperkalemia has resulted 
from large volume PRBC transfusions, often given for 
trauma or during operative procedures [20–23, 29, 60, 
99, 115]. With better blood bank storage and cross-
matching practices, the use of in-line leukofilters to 
replace blood product radiation, and increased use of 
loop diuretic with transfusions, hyperkalemia is not a 
common complication from blood cell transfusion seen 
in the PICU [9, 16, 27, 100, 101, 105, 148]. Medicines 
with a large K+ load, such as Penicillin G potassium 
(1.7 meq K+ per 1 million units) [87, 139], are admin-
istered less often than before, but intravenous KCl is 
still commonly used, and errors in its administration 
still result in significant mortality [153–156]. Less 
obvious is the significant enteral K+ load provided in 

many  liquid nutritional formulas and foods (Table 3.8), 
from salt substitutes (50–65 meq per level teaspoon) 
[68, 122] and less common herbal remedies such as 
Noni juice, alfalfa, dandelion, horsetail, and nettle [65, 
89, 97].

Endogenous sources of K+, typically associated 
with a permanent cell damage and release of K+, 
should also be considered as a K+ load. Examples of 
causes include burns, trauma, intravascular hemolysis, 
gastrointestinal bleeding, resorption of  hematomas, 
 rhabdomyolysis, and tumor lysis.

3.4.3.2 T ranscellular K+ Shift

Clinical scenarios associated with extracellular shifts 
of K+ that are common in the PICU include acidosis, 
hyperosmolarity, and deficiency or interference of the 
activities of hormones that regulate Na+–K+–ATPase, 
including insulinopenia and the use of β-adrenergic 
receptor blockers as well as other inhibitors of the 
renin–angiotensin–aldosterone system. K+ moves from 
the intracellular space to the extracellular space in the 
setting of acidosis. Metabolic acidosis due to mineral 
acids such as hydrochloric acid and ammonium chlo-
ride has a greater hyperkalemic effect than respiratory 
acidosis or organic acidosis due to lactic and ketoacids 
[1, 24]. Hyperosmolality leads to extracellular shift 
of K+, as the cation follows the fluid transit out of 
the cell. This may be seen following the administra-
tion of mannitol or hypertonic saline [34, 88], or in 
children with diabetic ketoacidosis, although in these 
children insulin deficiency is also a contributing fac-
tor [127]. Familial  hyperkalemic periodic paralysis is 
a rare  autosomal dominant disorder, which is the cause 
of muscle weakness associated with hyperkalemia. 
Attacks usually occur during rest, after strenuous exer-
cise. These patients have a mutation in the α subunit 
of the  voltage-gated sodium channel of human skeletal 
muscle (SkM1), that leads to increased sodium entry, 
myocyte depolarization, and subsequent exit of K+ 
from the cytosol [25, 108]. Therapies aimed to abort 
the periodic paralysis attacks include albuterol, thi-
azide diuretics,  mineralocorticoids,  carbonic  anhydrase 
inhibitors, limiting exercise, and use of a low-K+, 
high-  carbohydrate diet.

Several drugs commonly used in the PICU are 
associated with extracellular shifts of K+ (Table 3.9). 
Nonspecific β

2
-blockers, particularly in the setting 

of exposure to a K+ load or in children with renal 
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 insufficiency, may lead to hyperkalemia by  blocking cat-
echolamine-induced cellular uptake [72, 134, 150]. They 
also inhibit both renin release and  aldosterone synthesis. 
Pure β

1
-adrenergic blockers may be safer in this setting 

[28]. Vasoconstrictive α-adrenergic agonists promote a 
mild extracellular K+ shift and reduce muscle uptake [72, 
134]. Spironolactone, ACE inhibitors, and ARBs inhibit 
the renin–angiotensin– aldosterone system and are com-
monly prescribed. They impede both  intracellular K+ 
uptake and renal  excretion, thereby increasing the risk of 
hyperkalemia. Although the cardiac toxicity of digitalis 
is enhanced in patients with  hypokalemia, high digoxin 

levels tend to promote hyperkalemia through inhibi-
tion of Na+–K+–ATPase [19, 102]. Several herbal rem-
edies are available that have similar digitalis-like effect, 
including milkweed, lily of the valley, and Siberian gin-
seng. The depolarizing neuromuscular blocking agent 
succinylcholine typically raises plasma K+ levels about 
0.5 meq L−1. By stimulating the acetylcholine recep-
tor, it increases the ionic permeability of muscle and 
allows efflux of K+ [59]. PICU patients with certain 
comorbid conditions are susceptible to develop severe 
hyperkalemia with this agent. Succinylcholine-induced 
 hyperkalemia has been reported in patients with burns, 

Table 3.8 Common high-potassium-containing foods (mg/serving) and enteral formulas [157]

Food mg K+/100 g food mg K+/serving size

Standard infant formulas 131–187/8 oz; 14–20 meq L−1

Toddler formulas 281–375/8 oz; 30–40 meq L−1

Chicken 259 220/3 oz

Beef, round 266 226/3 oz

Unsweetened chocolate 1,033 310/1 oz

Salmon 375 319/3 oz

Pork (loin) 421 358/3 oz

Peanuts 656 374/2 oz

Milk, nonfat 153 376/cup

Almonds 723 412/2 oz

Banana 396 467/1 medium

Tuna, yellowfin 569 484/3 oz

Cantaloupe 309 494/cup

Orange juice 200 496/cup

Yogurt, low-fat 234 531/cup

Avocado 635 540/3 oz

Dates 653 542/10 dates

Figs, dried 713 542/4 figs

Raisins 745 544/½ cup

Black-eyed peas 418 690/cup

Prune juice 276 707/cup

Kidney beans 403 713/cup

Lentils 369 731/cup

Baked beans 296 752/cup

Pinto beans 468 800/cup

Spinach 466 839/cup

Soybeans 515 886/cup

Lima beans 508 955/cup

Potatoes with skin 535 1,081/1 potato

White beans 454 1,189/cup
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spinal cord injury, rhabdomyolysis, traumatic brain 
injury, renal failure, and progressive neuromuscular dis-
orders such as Friedrich’s ataxia, Duchenne’s  muscular 
dystrophy, and central core disease [35, 102]. Sodium 
fluoride may cause hyperkalemia by shifting K+ extra-
cellularly, particularly in chronic renal failure patients 
who drink highly fluorinated water. Lastly, cationic 
amino acids (in parenteral nutrition or other forms of 
supplementation) such as lysine and arginine, or epsi-
lon- aminocaproic acid, a fibrinolysis inhibitor, are small 
molecules that can contribute to hyperkalemia by enter-
ing the cytosol in exchange for K+. Arginine HCl should 
be used with caution in patients with renal or hepatic 
failure [24, 63].

3.4.3.3 Decreased Renal Excretion

Reduced renal K+ excretion may result from any 
combination of several clinical perturbations, some 
of which are frequently encountered in the PICU: 
(1) mineralocorticoid deficiency exclusive of renal 
disease, (2) acute or chronic renal insufficiency, (3) 
inherited or acquired renal tubular dysfunction (with 
normal GFR and mineralocorticoid sufficiency), (4) 
hypovolemia, and (5) drug effects.

Mineralocorticoids stimulate cellular K+ uptake, 
as well as colonic and renal K+ excretion; thus, their 
deficiency from any cause may lead to hyperkalemia. 
Examples include adrenal suppression from prolon-
ged glucocorticoid use, primary adrenal insufficiency; 

 secondary adrenal insufficiency from Addison’s disease, 
infiltrative disease, or hemorrhage; congenital adrenal 
enzymopathies, and hyporeninemic  hypoaldosteronism 
(Table 3.10).

Renal insufficiency is associated with decreased 
glomerular filtration rate, decreased filtrate flow at the 
distal nephron (where K+ secretion is flow- dependent), 
impaired cellular K+ uptake, and metabolic acidosis, 
which all contribute to hyperkalemia. Despite this, adap-
tive mechanisms exist in stable patients with chronic 
renal failure to prevent hyperkalemia. Such patients 
have markedly increased renal tubular and colonic K+ 
excretion, but virtually no excretory reserve, and there-
fore poorly tolerate K+ loads, even from their diet.

Despite normal kidney and adrenal function, iso-
lated distal nephron tubular dysfunction may result 
from inherited or acquired causes (Table 3.10). These 
conditions result in sodium wasting, acidosis, impaired 
K+ secretion, and hyperkalemia. This can also occur 
transiently in otherwise normal, extremely low-birth 
weight premature neonates [38, 128]. Inherited causes 
seen primarily in neonates and infants and lasting into 
early childhood (symptoms usually resolve by age 
10) include pseudohypoaldosteronism (PHA) types 
I and II. PHA I is autosomal recessive, more severe, 
and is often associated with respiratory distress. Type 
II follows autosomal dominant inheritance and is 
milder. Both are managed with sodium chloride and 
sodium bicarbonate supplementation, and by avoiding 
 dehydration. Rarely, fludrocortisone may be beneficial. 
Occasionally a premature infant will present similar to 
PHA I with salt wasting, hyperkalemia, and acidosis, 
but after a month will develop alkalosis and hypoka-
lemia. Genetic studies typically confirm a diagnosis 
of the ROMK form of antenatal Bartter syndrome. 
Acquired causes of hyperkalemia due to renal tubular 
 dysfunction are also itemized in Table 3.10, and are 
associated with distal nephron injury. Type 4 renal 
tubular acidosis is characterized by hyperkalemia and 
salt wasting, associated with a normal plasma aldoster-
one level. Impaired distal Na+ absorption impedes K+ 
secretion; this condition is typically seen in children 
with obstructive uropathy [15] and sickle cell disease 
[14]. Familial hyperkalemia and hypertension differ 
from PHA I and II in that these children have increased 
effective circulating volume, hypertension, suppressed 
PRA and aldosterone concentrations, and require life-
long therapy. Like PHA, they have metabolic acidosis 
and are often short.

Hypovolemia increases the risk of hyperkalemia 
through several mechanisms. Reduced extracellular 

Table 3.9 Drugs (potassium-free) associated with hyperkalemia

Extracellular release of K+ Impaired renal excretion

Propranolol NSAIDs (Ibuprofen, etc.)

Phenylephrine Drospirenone

Spironolactone Spironolactone

ACE inhibitors Amiloride

ARBs Triamterene

Digitalis Trimethoprim

Succinylcholine Pentamidine

Sodium fluoride Azole antifungals

Epsilon-amino caproic acid ACE inhibitors

HCl, lysine HCl Arginine

ARBs

Cyclosporine

Tacrolimus

Heparin
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volume will lead to hemoconcentration, while reduced 
effective circulating volume tends to lower  glomerular 
filtration and increase proximal tubular reabsorp-
tion of filtrate Na+ and water. Distal nephron flow is 
therefore reduced, and despite secondary aldosterone 
stimulation, net K+ secretion is impaired.

Many drugs commonly used in the PICU may inhibit 
K+ excretion and result in hyperkalemia (Table 3.9). 
Potassium sparing diuretics, such as spironolactone 
or its analogue drospirenone, block  mineralocorticoid 
receptors in the distal nephron. Amiloride and tri-
amterene block epithelial sodium channel function, 
thereby reducing the cytosol–lumen electrical gradient 
necessary for principal cell K+ secretion. Trimethoprim 
[46, 57, 58] and pentamidine have similar effects [74]. 
Prolonged heparin use may result in hyperkalemia in 
predisposed children with renal impairment, through 
reversible suppression of aldosterone synthesis [96]. 
Prostaglandin synthase inhibitors, such as the nons-
teroidal anti-inflammatory drugs (NSAIDs) ibuprofen 
and indomethacin, impair K+ excretion by reducing 
glomerular filtration (from afferent arteriolar constric-
tion) and distal nephron flow, as well as suppressing 
renin and aldosterone secretion [17, 72]. The cal-
cineurin inhibitors cyclosporine and tacrolimus may 
cause hyperkalemia by suppressing renin release and 
subsequent aldosterone synthesis [86]. Azole anti-
fungals inhibit adrenal steroid synthesis, which can 
lead to mineralocorticoid deficiency. ACE inhibitors 
block the conversion of angiotensin I to angiotensin II, 
which is a physiologic stimulus for aldosterone release 
[132]. They also reduce glomerular filtration and may 

 provoke the generation of bradykinin, which may 
cause a dry cough and hypotension. Most ACE inhibi-
tors are excreted by the kidneys, and hence may have 
a prolonged effect in children with renal insufficiency. 
ARBs block AT1 receptors and have similar physi-
ologic effects as ACE inhibitors, but hyperkalemia is 
less severe. They do not lead to bradykinin generation 
and are primarily excreted by the liver.

3.4.4 Diagnostic Approach to Hyperkalemia

The basic diagnostic workup of hyperkalemia should 
include a complete medical history including medi-
cation exposure, assessment of intravascular volume 
status, and a complete physical examination. An 
 electrocardiogram should be obtained immediately to 
exclude cardiac toxicity. A plasma chemistry panel, 
including electrolytes, calcium, BUN, and creatinine 
is necessary, as well as the urinalysis, which often 
provides insight about distal tubular function and 
the presence or absence of significant nephropathy. 
Depending on the clinical situation, other studies that 
may be considered include urine electrolytes, osmoles, 
and creatinine; plasma osmoles; uric acid; complete 
blood count; creatine phosphokinase; lactate dehydro-
genase; and concurrent 8 A.M. PRA or direct renin 
assay, aldosterone, and cortisol level.

Reduced effective circulating volume or renal  failure 
is usually recognized quickly. The other major cause of 
hyperkalemia in children is hypoaldosteronism, and like 
the less common causes associated with mineralocorti-
coid resistance, it typically presents with hypovolemia 

Table 3.10 Disorders associated with hyperkalemia, impaired K+ excretion, and adequate renal function

Inherited Acquired

Mineralocorticoid deficiency 21-Hydroxylase deficiency Primary adrenal insufficiency

3 β-Hydroxysteroid-dehydrogenase deficiency Secondary adrenal insufficiency

Congenital lipoid hyperplasia (StAR) Aldosterone synthase deficiency

Hyporeninemic hypoaldosteronism

Impaired renal excretion, 
 mineralocorticoid sufficient

Pseudohypoaldosteronism I

Pseudohypoaldosteronism II

Obstructive uropathy

Lead nephropathy

Sickle cell disease

Papillary necrosis

Systemic lupus erythematosis

Type 4 distal RTA

Renal transplant tubular 
 dysfunction

Antenatal Bartter syndrome (ROMK)

Familial hyperkalemia with hypertension
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and poses a greater challenge to evaluate. 8 A.M. levels 
of PRA (or the newer direct renin assay), aldosterone, 
and cortisol are often necessary. Calculation of the 
TTKG (see “Diagnostic Approach to Hypokalemia”) 
provides complementary information, which is helpful 
to assess distal nephron response to hyperkalemia. A 
TTKG less than 5 in a child with hyperkalemia suggests 
impaired excretion, either from mineralocorticoid defi-
ciency or from resistance. Higher values are consistent 
with appropriate renal excretion of a K+ load.

3.4.5 Therapy of Hyperkalemia

Adrenal insufficiency due to abrupt glucocorticoid 
withdrawal should be recognized and appropriately 
treated with hydrocortisone replacement and volume 
resuscitation if clinically indicated. Patients with 
aldosterone resistance will require salt supplements, 
usually both chloride and bicarbonate salts, and rarely 
may benefit from fludrocortisone.

Urgent treatment is required when plasma K+ con-
centration exceeds 7 meq L−1, or in the presence of ECG 
changes (Table 3.11). Although easily overlooked, it 
is imperative to immediately discontinue ongoing K+ 
input. This may include K+ intake in intravenous fluids, 
parenteral or enteral nutrition, or parenteral or enteral 
K+ supplementation. Available therapies for manage-
ment of acute hyperkalemia target four strategies to 
prevent  complications: (1) removing K+ from the 
body, (2) shifting K+ intracellularly, (3) antagonizing 
the effects of K+ at cell membranes, and (4) diluting 
the ECF. Because all but the first maneuver are tem-
porizing and because the onset and duration of each 
therapy varies, several therapies should be employed 
simultaneously. If hyperkalemia is asymptomatic, sole 
treatment with sodium polystyrene sulfonate is appro-
priate. If widening of the QRS or other dysrhythmias 
is observed, calcium chloride (20–25 mg kg−1 IV over 
2–5 min) should be given immediately.

Removal of K+ from the body is often necessary, but 
it is a slower process, often taking several hours. Sodium 
polystyrene sulfonate (Kayexalate), an ion exchange 
resin, binds K+ in exchange for sodium within the 
intestinal lumen and is very effective for K+ removal. 
Kayexalate in sorbitol or dextrose should be given 
0.5–2.0 g kg−1 PO/NG/PR every 4 hours as needed. 
The resin binds 1 meq of K+ in exchange for 1 meq of 
sodium, and 1 g kg−1 can be expected to reduce plasma 
K+ by 1 meq L−1. Oral doses may be given in up to 70% 
sorbitol or 10% dextrose with 3–4 mL of water per 1 g 

of resin. Rectal doses may be given without sorbitol, 
and in  concentrations not greater than 20% to avoid 
colonic damage [107]. Rectal doses must be retained for 
15–30 min in order to be efficacious. Electrolytes 
should be monitored frequently because the resin is not 
specific for K+. Furosemide should be considered, in 
doses of 1 mg kg−1, to facilitate distal nephron  excretion 
of K+; a higher dose is necessary in patients with renal 
insufficiency. In those with impaired renal function, 
hemodialysis and peritoneal dialysis are effective 
modalities to lower plasma K+. Hemodialysis provides 
more rapid clearance, but peritoneal dialysis may be 
more practical in cardiovascularly unstable neonates 
and infants, or children in whom  hyperkalemia is not 
at a life- threatening level [69, 94].

Several therapies lower K+ levels through redis-
tribution from the extracellular to the  intracellular 
compartment; as such, the following therapies are not 
definitive and often provide only transient  benefit. 
Sodium bicarbonate may be given 1–2 meq kg−1 IV 
over 5–15 min if metabolic acidosis is demonstrated. 
Nebulized albuterol, a β

2
 agonist, has been shown to 

rapidly lower K+ in premature neonates [121], children 
[71, 85, 90], and adults [5–8, 83] with hyperkalemia. 
This effect is mediated by stimulation of Na+–K+–
ATPase, which drives K+ intracellularly [10, 32, 56], 
and can result in a decrease in plasma K+ of 0.5 meq 
L−1 [5, 85]. Insulin, which also shifts K+ intracellularly, 
should be given 0.1–0.2 units kg−1 IV or SQ  following 
administration of glucose 0.5–1.0 g kg−1 IV. Serum 
glucose should be monitored closely. The shift effect 
of insulin begins in 1 h and has a transient duration.

To antagonize the adverse effect of hyperkalemia on 
cardiac conduction, calcium chloride 10–25 mg kg−1 
IV (or 10% calcium gluconate 50–100 mg kg−1 IV) 
should be given over 1–5 min with ECG monitoring. 
Cardiology consultation should be sought in patients 
taking digitalis, as this therapy may provoke other dys-
rhythmias. Treatment with calcium salts should also be 
considered as a temporary measure, since it does not 
reduce plasma K+ levels.

The use of isotonic saline as a therapy of hyperka-
lemia is supported by observational data, which dem-
onstrate that fluid resuscitation results in hypokalemia 
[82]. This is particularly helpful in patients with hypov-
olemia and tenuous renal perfusion, in whom the use of 
diuretics along with vascular volume expansion facili-
tates K+ excretion and lowers the K+  concentration. In 
cases of mineralocorticoid deficiency or resistance, 
fludrocortisone should be considered, as well as saline 
expansion and diuresis.
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3.5 O ther Issues

3.5.1 P oint-of-Care Testing

The i-STAT Portable Clinical Analyzer, a point-of-
care testing system for blood gases and electrolytes 
using the EG7+ and EG8+ cartridges, has been shown 
to yield accurate and rapid K+ values compared with 
traditional laboratory testing in neonatal and pediatric 
populations [91, 98].

3.5.2  Morbidity/Mortality from Hyperkalemia: Prescribing 
K+ Salts in the PICU

In light of the Institute of Medicine’s report To Err 
is Human and national attention directed at the preven-
tion of medical errors, PICUs have begun to focus on 
patient safety initiatives. Leape et al. reported in a ret-
rospective review of over 30,000 charts a 4% incidence 
of medical errors, many of which were  preventable 
[79]. Mistakes in the ordering or administration of K+ 
may lead to ominous outcomes, particularly in the crit-
ically ill population [153, 156]. KCl has been named 
one of the five high-alert medications by the National 
Patient Safety Goals of the Joint Commission of 

Accreditation of Healthcare Organizations (JCAHO) 
because of the high risk of injury when misused [154]. 
In addition, KCl has been implicated by JCAHO as 
the drug contributing to the most sentinel events [155]. 
In a review of the literature evaluating best practices 
for the administration of K+, Tubman et al. published 
a set of recommendations regarding storage, packag-
ing, preparation, and prescribing of KCl [137]. Many 
PICUs have protocols and policies for the administra-
tion of supplemental K+; for example, orders for a KCl 
dose greater than 0.3–0.5 mEq kg-1 h-1 must often be 
cosigned by a fellow or attending physician [147].

When insulin or furosemide infusions are decr-
eased or discontinued, practitioners must also  consider 
decreasing supplemental K+. White et al. introduced 
an intervention requiring the clinician ordering 
K+ to consider whether the patient is symptomatic 
from hypokalemia, had a recent cardiac repair, is on 
 digoxin, is receiving other sources of K+ (IVF, TPN, 
oral supplements), has renal failure, recently had 
increase in K+ content of IVFs, had dialysis discon-
tinued recently, had mannitol or furosemide infusions 
discontinued recently, and the lab values for the most 
recent K+ and creatinine [147]. Such interventions 
are designed to reduced  proximal causes of error, 

Table 3.11 Treatment of hyperkalemia

Therapy Dose Mechanism Onset Duration Comments

Kayexalate 0.5–2.0 g kg−1

 dose−1 
 PO/NG/PR

Removal 1–2 h 4–6 h Rectal route faster

Calcium chloride 20–25 mg 
 kg−1 dose−1 IV

Antagonism; 
 protects 
 myocardium

Immediate 30 min Push over 2–5 min; 
 caution bradycardia; 
 may worsen digitalis 
 toxicity

10% Calcium 
 gluconate

100 mg kg−1 
 dose−1 IV

Antagonism Immediate 30 min Same as above

Insulin (regular) 0.1–0.3 Units kg−1 Redistribution 15–30 min 2–6 h During or after dextrose 
 0.5–2.0 g kg−1 is 
 administered; monitor 
 blood glucoses

Sodium 
 bicarbonate

1–2 meq kg−1 Dilution, 
 antagonism, 
 redistribution

30–60 min 2 h Give over 5–15 min

Sodium chloride 
 (0.9%)

10 mL kg−1 IV Dilution, 
 antagonism

Especially for 
 hyponatremic patients

Albuterol 2.5–5.0 mg 
 nebulized

Redistribution 15–30 min 2–4 h May be given 
 continuously

Furosemide 1 mg kg−1 dose−1 Removal 15–60 min 4–6 h Give with saline if 
 hypovolemic

Dialysis Per nephrology Removal HD, PD, or CRRT
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and in this case resulted in statistically significant 
 reduction in  postinfusion elevation of serum K+ (7.7% 
to 0%) [147].
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Core Messages

› Intracellular calcium concentrations are very low com-
pared to blood concentrations.

› Treatment of calcium disorders requires an understanding 
of the distribution of calcium in the body fluids, primarily 
the extracellular fluid.

› The skeletal system acts as a reservoir for calcium and can 
buffer many changes in the blood calcium concentration.

› Long term regulation of serum calcium involves the 
coordinated function of several organs.

› While hypocalcemia is common in the intensive care 
setting, aggressive treatment is not always indicated.

› Phosphate regulation is primarily achieved by the 
kidneys.

› Treatment of severe hyperphosphatemia usually requires 
renal replacement therapy.

Disorders of Calcium 
and Phosphate Regulation

Raymond Quigley

4

4.1 C alcium
4.1.1 Regulation of Calcium Homeostasis

Figure 4.1 outlines the overall homeostasis of  calcium 
in the adult human. Calcium is both absorbed and 
secreted in the gastrointestinal tract for a net gain 
of about 200 mg day−1. The daily turnover of bone 
calcium is about 500 mg. The kidneys handle a large 
quantity of calcium in the process of filtration and 
reabsorption and serve as the final regulator of home-
ostasis for the body. In patients with normal calcium 
balance, the kidneys will excrete the 200 mg that 
were absorbed by the GI tract. The extracellular pool 
of calcium serves as the medium for the exchange 
of calcium from these various pools. We will review 
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the distribution of calcium in these pools and then 
discuss the regulation of the absorption and excretion 
of calcium as well as the regulation of the turnover of 
calcium in the bones.

4.1.1.1 Calcium Distribution in Body Fluids

Calcium is the most abundant cation in the adult body, 
making up about 2% of the total body weight [1–3]. 
Most of the body’s calcium (∼99%) is in the skeleton in 
the form of hydroxyapatite (Ca

10
(PO

4
)

6
(OH)

2
). Only a 

small fraction is in the soft tissues where it plays a critical 
role in the regulation of cellular processes. The remain-
ing calcium is in the extracellular fluid compartment 
(ECF; ∼1,000 mg in the adult). This includes the blood 
space from which we measure calcium. Calcium meas-
urements are reported in various units depending on the 
laboratory. Conversion from one unit of measurement to 
another is outlined in Table 4.1. These calculations are 
based on the atomic weight of calcium, 40.06 Da, which 
for all practical purposes can be rounded to 40 Da.

The ECF calcium is approximately 40% bound 
to plasma proteins, 48% free or ionized, and 12% 
 complexed with other ions such as phosphate, citrate, 
and bicarbonate [3, 4]. Because a large percentage of 
the calcium in the ECF is protein bound, variations in 
the blood protein concentration will affect the measured 
total calcium concentration. For example, patients with 
a low serum albumin from nephrotic syndrome will 
have a low total calcium concentration; however, their 

ionized calcium concentration is usually normal. There 
have been several rules of thumb for correcting the total 
calcium concentration for the altered albumin concentra-
tion. Usually, for every g dl−1 decrease in albumin, the 
total calcium concentration will decrease by about 0.8 g 
dl−1. However, studies have indicated that these rules 
can be misleading [5–9]. As a result, it is much safer to 
measure the ionized calcium  concentration directly and 
not rely on estimates of the ionized calcium based on the 
albumin  concentration. Most hospital laboratories rou-
tinely measure ionized calcium, so this should not be a 
problem.

The ionized fraction of calcium is the portion that 
exerts physiologic effects and is the concentration that 
is regulated by the body. The fraction of calcium that is 
protein bound is determined to some degree by the blood 
pH. As the pH decreases, hydrogen ions will displace cal-
cium from proteins and increase the ionized calcium con-
centration. Alkalosis has the opposite effect. As the pH 
increases, more binding sites on the proteins for calcium 
will be available and the ionized calcium concentration 
will decrease. The general rule of thumb is that every 
0.1 change in the pH will change the ionized calcium by 
approximately 0.12 g dl−1 [3, 4]. The fraction of calcium 
binding to serum proteins is also influenced by the con-
centration of protein. At lower concentrations of albumin, 
the fraction of bound calcium is higher than when the 
albumin concentration is in the normal range [10]. This 
is one of the main reasons that estimating the ionized cal-
cium from the albumin concentration can be misleading.

4.1.1.2 C alcium Homeostasis

The physiologic regulation of calcium involves the 
 coordination of three primary organ systems (Fig. 4.1). 
The intestines are involved in the absorption of  calcium 
from the diet. The kidneys filter and excrete calcium. The 
kidneys, as well as the skin and the liver, are involved 

Fig. 4.1 Calcium homeostasis. Dietary intake of calcium is 
approximately 1,000 mg. About 350 mg is absorbed into the 
blood stream while 150 mg is secreted into the gastrointestinal 
tract for a net absorption of 200 mg. There is constant turn over 
of 500 mg day−1 of calcium in the bones. The ionized fraction of 
calcium is filtered in the kidney. The tubules then reabsorb the 
bulk of the calcium so that the urinary excretion is 200 mg

Table 4.1 Conversion of units of measure for calcium (atomic 
weight is 40.06)

mg dl−1 mmol l−1 mEq l−1

mg dl−1 ×1 ×0.25 ×0.5

mmol l−1 ×4 ×1 ×2

mEq l−1 ×2 ×0.5 ×1

Conversion is from the units in the left hand column to the 
column in the table. For example, to convert 10 mg dl−1 of 
calcium into mmol l−1, the multiplication factor would be 
0.25 so that the result would be 2.5 mmol l−1. This would also 
correspond to 5 mEq l−1.
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in the production of vitamin D which in turn affects the 
intestinal absorption of calcium and the bone turnover 
rate. The skeletal system serves as a large storehouse for 
calcium. The endocrine control of calcium is performed 
by the parathyroid gland which secretes parathyroid 
hormone (PTH) and the thyroid gland which secretes 
calcitonin. We will discuss basic principles of cellular 
calcium homeostasis and transepithelial calcium trans-
port and then discuss the functions and coordination of 
these organ systems in more detail.

4.1.1.3 Cellular Calcium Homeostasis

The concentration of ionized calcium in the blood is 
approximately 5 mg dl−1 (∼1.25 mmol l−1) [1–3]. The 
concentration of ionized calcium in the  intracellular 
space is several orders of magnitude lower (∼10−7 mol l−1) 
It is critical for the cell to maintain a low  intracellular 
calcium concentration because of its toxicity. This 
 concentration gradient is maintained by the function of 
a calcium ATPase located in the plasma membrane that 
actively transports calcium from the cellular compart-
ment to the extracellular compartment [11, 12]. Some 
cells have another transport system that exchanges 
calcium for sodium to help maintain a low intracellu-
lar calcium concentration [13, 14]. In addition, most of 
the intracellular calcium is sequestered in organelles 
that have higher concentrations of calcium that can be 
released upon activation. This system is used as a signal 
transduction mechanism for many hormonal signals and 
for secretion of compounds from the cell such as insulin 
or acetylcholine [15]. This is a complex system and the 
details are beyond the scope of this chapter [15–17].

Striated muscle cells use a similar compartmental-
ized pool of calcium for electromechanical coupling. 
Calcium is stored in the sarcoplasmic reticulum until the 
action potential reaches the myocyte. This electrical sig-
nal stimulates release of calcium that is then used in the 
actin–myosin contraction coupling. This system requires 
a calcium ATPase in the membrane of the sarcoplasmic 
reticulum to move the calcium from the cytoplasmic 
compartment back into the storage pool in the sarcoplas-
mic reticulum. This  system is also responsible for elec-
tromechanical coupling in the  cardiac myocytes [18].

Smooth muscle cells also use calcium to cause 
contraction. This is a slower process since there are 
no action potentials to create a rapid synchronized 
 depolarization of the smooth muscle bed. Instead, 
 signals that are delivered to the smooth muscle cell 
(e.g. from hormones or endothelial cells) cause calcium 
channels in the plasma membrane to open and allow 

the influx of calcium. There are other  intracellular 
pools of calcium that play a role in the regulation of 
smooth muscle contraction [19, 20].

Specialized epithelial cells in the intestine and kidney 
that transport calcium across an epithelium must do so 
in a fashion that does not expose the cytoplasmic com-
partment to a high ionized calcium concentration. This 
is accomplished by proteins in the cell, known as calbin-
dins, which bind calcium and transport the calcium ions 
through the cell [21]. These proteins are found in high 
abundance in the cells that are responsible for the trans-
port of calcium. This will be discussed in detail below.

4.1.1.4 Epithelial Transport of Calcium

We will next review the general principles involved in 
the transepithelial transport of calcium [22]. Fig. 4.2 
shows a generic epithelial cell that transports calcium. 
This could represent a cell in the small intestine that 
reabsorbs calcium from the diet or a renal epithelial cell 
transporting calcium from the filtered fluid back into 
the blood stream. The cell has a luminal membrane and 
a basolateral membrane. In addition, the cells of the epi-
thelium also have attachments to their neighboring cells. 
These junctions make up the  paracellular pathway.

Epithelial transport can be transcellular or paracellular. 
Transcellular transport requires energy input but has the 
advantage of being highly  regulated. It is also  necessary 
for the transport of solutes against a  concentration 

Luminal
Membrane

Basolateral
Membrane

ATP

ADP+Pi

3 Na+

2 K+

Fig. 4.2 Generic epithelial cell. Transport across the epi-
thelium can occur by way of the paracellular pathway or the 
transcellular pathway
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 gradient. Paracellular transport has the advantage of 
being passive so that the energy  requirements are mini-
mal. While this form of  transport can be regulated, it is 
not as tightly regulated as the transcellular transport.

The orientation of these epithelial cells ascertains that 
calcium will be transported into the cell across the lumi-
nal membrane and subsequently into the blood stream by 
crossing the basolateral membrane. As discussed above, 
the intracellular concentration of calcium is very low, 
usually about 10−7 mol l−1. The calcium concentration in 
the luminal fluid is much higher, which provides a driv-
ing force for calcium entry into the cell. The simplest 
way to allow for calcium entry into the cell is through a 
channel. This channel is known as the Epithelial Calcium 
Channel (ECaC). There is evidence for at least two iso-
forms of ECaC, ECaC1, and ECaC2. These channels are 
members of the transient receptor potential (TRP) chan-
nel family (TRPV5 and TRPV6) [23–25]. The exit step 
across the basolateral membrane is not as well defined. 
Some cells utilize a sodium–calcium exchanger while 
other cells rely on the plasma membrane Ca-ATPase.

While calcium is traversing the cytoplasmic com-
partment, it is bound to a calbindin (calbindin-D) 
[21]. This class of proteins is found in the tissues 
that transport calcium, primarily the kidney and the 
intestines, and plays a critical role in maintaining a 
low  intracellular ionized calcium concentration in 
these cells. The predominant isoform in the kidney is 
 calbindin-D

28 K
, and the predominant isoform in the 

intestine is calbindin-D
9 K

.

4.1.2 G astrointestinal System

The intestine is responsible for absorption of cal-
cium from the diet [26]. About 90% of the calcium 
is absorbed in the small intestine. The fraction of the 
calcium that is transported via the transcellular versus 
the paracellular route depends on the amount of cal-
cium in the diet. When the dietary calcium is low, the 
active transcellular route is stimulated by vitamin D to 
help maintain the body’s calcium balance. If dietary 
calcium intake is high, then the bulk of the absorbed 
calcium is transported via the paracellular route. Since 
this is not as tightly controlled, excess dietary intake 
can lead to hypercalcemia. This is especially true if the 
patient takes vitamin D supplements.

Vitamin D has several effects on the intestinal han-
dling of calcium [27, 28]. It upregulates the expression 
of ECaC as well as the expression of calbindin-D

9
 
K
. 

Studies  indicate that the expression of calbindin-D
9
 
K
 

directly correlates with the transport rate of calcium 

[27]. In addition, the expression of calbindin-D
9
 
K
 is 

tightly controlled by vitamin D [28]. Thus, calbindin-
D

9
 
K
 appears to be one of the primary targets of vita-

min D and a key regulator of intestinal absorption of 
calcium.

The expression of these transport molecules in the 
intestinal tract correlates with data on the  location of 
active and passive transport of calcium. The  duodenum 
has been shown to be the site for active transport of cal-
cium. When calcium in the diet is limited, the expression 
of TRPV6 (ECaC2) and calbindin-D

9
 
K
 in the duode-

num increase in response to vitamin D. This enhances 
the duodenum’s ability to absorb calcium actively from 
the intestinal lumen. The  jejunum and ileum appear to 
have more passive transport of  calcium. The regulation 
of calcium transport in these segments is not tightly 
regulated and does not respond as well to vitamin D.

4.1.3. Renal Transport of Calcium

The fraction of calcium that is protein bound is not 
available for filtration at the glomerulus [29]. Thus, 
only the 60% that is ionized or complexed is filterable. 
In the adult, this is approximately 10,000 mg day−1 (Fig. 
4.1). The renal tubules are then  responsible for reab-
sorbing the bulk of the calcium and regulating the final 
excretion of the amount necessary to keep the body in 
balance. We will briefly discuss the role of the nephron 
segments involved in the  reabsorption of calcium.

The proximal tubule is responsible for reabsorbing the 
bulk of the glomerular ultrafiltrate. This is accomplished 
primarily by active transport of sodium. Transport of 
other solutes such as glucose and amino acids are then 
coupled to the transport of sodium. Transport of phos-
phate is also coupled to sodium and will be discussed in 
greater detail in the section on phosphorus regulation. 
These transport processes result in bulk fluid reabsorp-
tion due to the high water permeability in the proximal 
tubule. This will increase the luminal concentration of 
calcium and allow for passive paracellular transport to 
occur, resulting in the reabsorption of 60–70% of the 
filtered load of calcium [3, 29].

The descending and ascending thin limbs of Henle 
do not appear to transport calcium to any significant 
degree. The thick ascending limb of Henle, however, is 
responsible for reabsorbing about 20% of the  filtered 
load of calcium [29]. It is important to understand the 
mechanism of transport in this segment since loop 
diuretics have a large effect on calcium transport. 
Figure 4.3 illustrates transport in the thick ascending 
limb. The sodium–potassium ATPase on the  basolateral 
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 membrane provides the energy for transport by main-
taining a low  intracellular sodium concentration. On the 
luminal membrane, the sodium–potassium-2  chloride 
co-transporter (NKCC2) uses the sodium gradient to 
transport these ions into the cell. The potassium chan-
nel (ROMK) on the luminal membrane will recycle 
the potassium back into the lumen of the tubule which 
makes the tubule lumen electrically positive. This will 
then provide the driving force for passive absorption 
of cations such as calcium across the paracellular path-
way. Loop diuretics such as furosemide will inhibit 
NKCC2 and will abolish the lumen positive voltage. 
This then inhibits the reabsorption of calcium as well 
as other cations.

The distal convoluted tubule actively reabsorbs cal-
cium in a manner that is similar to the small intestine 
[29, 30]. As shown in Fig. 4.4, the apical membrane has 
a calcium channel, TRPV5 (ECaC1) that regulates the 
entry of calcium into the cell. Calcium is then bound 
to calbindin-D

28 K
 and is transported to the basolateral 

membrane where it then exits the cell by way of the 
plasma membrane Ca-ATPase. There is evidence for 
a sodium–calcium exchanger that also serves to trans-
port calcium out of the cell and into the blood stream. 
These processes may also be regulated by vitamin D, 
but this remains unclear. It is clear, however, that PTH 
will upregulate this process to help  conserve calcium.

4.1.4 Bone Turnover

In addition to serving as a framework for our body, the 
skeletal system also serves as a reservoir for calcium. 
This is accomplished by a complex interplay of PTH, 
vitamin D, and calcitonin. In addition, the blood pH 
and other factors can alter the bones’ metabolism of 
calcium. When the ionized calcium concentration in 
the blood falls, the parathyroid gland will release PTH 
which then activates the osteoclasts to release calcium 
from the bone. The mechanism for sensing the calcium 
concentration will be discussed in the next section on 
the parathyroid gland.

Formation of bone is a complex process [3]. The 
osteoblasts will begin the formation of bone by secret-
ing osteoid. This is a cartilaginous substance that pro-
vides the framework for the mineral, hydroxyapatite, 
to be deposited on. Vitamin D activates calcification 
of osteoid and is thus a key player in the formation of 
new bone. When the body is deficient in vitamin D as 
the bone is growing, the patient will develop rickets. 
Calcitonin can also stimulate the movement of cal-
cium into the bone [31]. Another factor in the calci-
fication of bone is the abundance of phosphate. If the 
patient is phosphate deficient, the osteoblasts will be 
unable to form hydroxyapatitie and will not be able to 

2 Cl−
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Cl−

K++

Na+
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ATP
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Fig. 4.3 Thick ascending limb cell. The thick ascending limb 
of Henle is a key regulator of calcium transport. The lumen pos-
itive potential is created by the potassium channel in the luminal 
membrane. Inhibition of transport by loop diuretics will abolish 
this potential and lead to an increase in calcium excretion

3 Na+Ca2+

Ca2+

Ca2+

ATP

ADP+Pi

Fig. 4.4 Distal convoluted tubule cell. The apical membrane 
calcium channel is TRPV5 (also known as ECaC1). The baso-
lateral exit step is a plasma membrane calcium pump as well as 
the sodium calcium exchanger
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mineralize the bone in the presence of vitamin D. Other 
factors that will cause difficulty in calcifying the bone 
are acidosis, aluminum toxicity, and immobilization. 
These conditions will enhance the release of calcium 
from the bone and will lead to hypercalcemia.

4.1.5 P arathyroid Gland

The parathyroid gland, four small glands attached to the 
thyroid, is responsible for the minute to minute regula-
tion of the serum ionized calcium  concentration. The 
parathyroid gland monitors the serum ionized calcium 
concentration through the calcium sensing  receptor 
(CaSR) [32]. This receptor is a G-protein coupled 
receptor that binds calcium and other divalent ions. 
When the receptor is activated by high calcium con-
centrations, it inhibits the secretion of PTH. When the 
calcium concentration is low, the receptor then triggers 
a cascade of events that results in the secretion of PTH 
which will then help to increase the serum calcium. 
A complete discussion of the  function of the CaSR is 
beyond the scope of this chapter, but the intensivist 
and nephrologist should be aware that mutations in the 
CaSR can be responsible for chronic alterations in the 
patient’s serum calcium  concentration [32, 33].

Primary hyperparathyroidism is very rare in  pediatric 
patients. Secondary hyperparathyroidism is commonly 
seen in patients with chronic renal failure. This occurs 
because the kidney can no longer activate vitamin D 
because of decreased 1- α-hydroxylase activity. The 
patient then becomes  hypocalcemic which then acti-
vates the release of PTH. The serum calcium concen-
tration can be maintained in the normal range until 
the bones are depleted of their stores which results in 
renal osteodystrophy. In the extreme case, the patient 
can develop osteitis firbrosis cystica (fibrosis of the 
bone marrow) or can develop brown tumors. In most 
patients, treatment with vitamin D analogs will correct 
the serum calcium and will then suppress the secretion 
of PTH. In addition, medications that directly stimu-
late the CaSR have been developed and can be used to 
suppress the secretion of PTH. Rarely, the patient could 
develop tertiary hyperparathyroidism, where the par-
athyroid gland has hypertrophied to the point of escape 
from control by the usual factors, allowing autonomous 
PTH secretion.

4.1.6 Calcit onin

Calcitonin is produced by parafollicular C cells in 
the thyroid gland and promotes movement of calcium 

from the blood into the bone cells by mechanisms that 
are not completely understood.

4.2 Phosphorus

4.2.1 Regulation of Phosphorus Homeostasis

Figure 4.5 illustrates the overall metabolism of phos-
phorus in the adult human. The intestines absorb about 
1,100 mg and secrete about 200 mg for a net gain of 
900 mg. There is a daily turnover of 350 mg in the bones. 
The kidneys will filter 7,000 mg of phosphorus and then 
reabsorb 6,100 mg so that the kidneys excrete the 900 mg 
that was absorbed in the intestines. We will first briefly 
review the cellular metabolism of phosphate, and then 
will review the regulation of total body phosphate.

4.2.2 Distribution of Phosphorus

In the adult human, phosphorus accounts for about 
1% of the body weight, or roughly 700 g. Most of the 
phosphorus (85%) is located in the skeleton and teeth 
with the remaining 15% in soft tissues [3]. In the blood 
stream, phosphate is found as phospholipids, phosphate 
esters, and inorganic phosphate. The primary forms of 
inorganic phosphate are HPO

4
2− and H

2
PO

4
− and at a pH 

of 7.4 are in a 4:1 ratio. Thus, 1 mmol of phosphate at 

Fig. 4.5 Phosphorus homeostasis. Dietary intake of phospho-
rus averages about 1,400 mg day−1. Of this, 1,100 mg is absorbed 
into the blood stream. About 200 mg is secreted by the gastroin-
testinal tract so that 500 mg is excreted in the stool. Daily turn 
over in the bones is about 350 mg. Phosphate is  filtered in the 
kidney and the bulk is reabsorbed by the tubules so that 900 mg 
is excreted in the urine
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pH 7.4 is 1.8 mEq of phosphate. Laboratory measure-
ments of phosphate are generally reported as mg dl−1 
of phosphorus. Since the atomic weight of phosphorus 
is 30.9 Da, 1 mmol l−1 of phosphate is  approximately 
3.1 mg dl−1 of phosphorus.

4.2.3 Cellular Metabolism of Phosphorus

Inside the cell, most of the phosphate is in the form 
of organic molecules such as DNA, RNA, and phos-
pholipids or nucleotides such as ATP or ADP. The cell 
utilizes a ubiquitous sodium phosphate transporter for 
constant uptake of phosphate to ensure its availability 
for these metabolic processes [34].

4.2.4 Intestinal Transport of Phosphate

Phosphate absorption in the intestines occurs primarily 
in the duodenum and jejunum [3]. As with calcium, the 
transepithelial transport of phosphate can be paracellular 
or transcellular. When dietary phosphate is high, most 
of the phosphate is absorbed passively by the paracel-
lular route. During periods of low phosphate intake, the 
active transport route increases and will ensure absorp-
tion of the necessary phosphate. The active transport of 
phosphate is mediated by an apically located sodium-
phosphate co-transporter termed NaPi IIb. This trans-
port protein is regulated by vitamin D. There is very little 
absorption of phosphate in the large bowel, but there is 
some secretion of phosphate by the intestinal tract.

4.2.5 Renal Transport of Phosphate

About 90% of the inorganic phosphate in the blood is 
freely filtered at the glomerulus. The proximal tubule 
is responsible for the reabsorption of phosphate and is 
the primary regulator of phosphate balance in the body. 
Thus, understanding of proximal tubule  transport of 
phosphate is critical to the understanding of phosphate 
metabolism by the body.

Transport in the proximal tubule is driven  primarily 
by the sodium–potassium ATPase which is located in 
the basolateral membrane of the cell [35, 36]. This 
pump maintains a low intracellular sodium concentra-
tion which can then be used by transporters located in 
the apical membrane for secondary active transport 
(Fig. 4.6). Most of the active transport processes in 
the proximal tubule are driven by this low intracellu-
lar sodium concentration by way of sodium coupled 
transporters. This includes mechanisms involved in the 
reabsorption of phosphate.

Under normal conditions about 85% of the filtered 
phosphate is reabsorbed by the proximal tubule using 
the sodium–phosphate co-transporter (NaPi2a) [37]. 
This can be significantly increased under conditions 
of low phosphate intake so that the body will con-
serve phosphate. In the setting of a high phosphate 
intake the tubule will reabsorb less of the filtered 
phosphate so that a larger fraction will be excreted. 
PTH is one of the most potent hormonal regulators 
of phosphate transport and promotes renal excre-
tion of phosphate. It has now become clear that the 
mechanism of action of PTH is to stimulate endo-
cytosis of the NaPi2a co-transporters from the api-
cal membrane of the proximal tubule cells [37, 38]. 
The PTH receptor is a G-protein coupled receptor 
that stimulates the production of cAMP. Activation 
of PKA by cAMP then causes internalization 
of NaPi2a. The mechanism by which this occurs 
serves as a paradigm for regulation of transport in 
the proximal tubule and has revealed the coordinated 
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Fig. 4.6 Proximal tubule cell. Phosphate is taken up into the 
cell across the apical membrane due to the driving force of the 
sodium concentration gradient. The high intracellular concen-
tration of phosphate then allows for passive diffusion across the 
basolateral membrane via a facilitative transporter. PTH causes 
the sodium-phosphate cotransporter to be endocytosed so that 
reabsorption of phosphate will be inhibited
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interaction of scaffolding proteins in the apical mem-
brane of the tubule [39–42].

4.2.6 Phosphot onins

Phosphotonins are another recently discovered class of 
regulators for phosphate transport [43]. Briefly, these 
factors result in inhibition of phosphate transport and, 
therefore, promote phosphate excretion independently 
from PTH. They play a role in tumor induced osteoma-
lacia and X-linked and autosomal dominant forms of 
hypophosphatemic rickets and will be discussed in the 
section on hypophosphatemia [43].

4.3  Dysregulation of Calcium 
and Phosphate

Having reviewed the normal regulation and physiol-
ogy of calcium and phosphate, we will now review 
conditions where there are alterations in calcium and 
phosphate.

4.3.1 H ypercalcemia

4.3.1.1 Signs and Symptoms

Hypercalcemia is associated with a number of signs 
and symptoms depending on the severity and duration 
of the hypercalcemia [4, 44]. One of the first symp-
toms is anorexia. As the hypercalcemia worsens, the 
patients can develop headache, irritability, abdominal 
pain, nausea and vomiting, and muscle cramps. They 
may also become constipated. In the kidney, hypercal-
cemia leads to nephrocalcinosis and can eventually 
cause renal failure. Early on, the patients develop a 
concentrating defect which can become frank nephro-
genic diabetes insipidus. Because of the nausea and 
vomiting in combination with the diabetes insipidus, 
the patients can become very dehydrated.

The common causes of hypercalcemia are listed 
in Table 4.2 [45–47]. The frequency of causes in the 
 pediatric population is different from that in the adult 
population, but many of the same principles apply to the 
differential diagnosis of hypercalcemia. The  problem 
can be related to increased resorption of calcium from 
the bones due to an increase in PTH or acidosis, an 
increase in gastrointestinal absorption of calcium due 
to excess vitamin D or intake of calcium, or decreased 
excretion of calcium from the kidneys. We will discuss 
briefly some of the more common causes of hypercal-
cemia that are seen in the ICU.

Many cases of sustained hypercalcemia are due to 
hyperparathyroidism, so one of the first diagnostic 
studies to do is to check the serum PTH concentration. 
PTH is secreted as a full length peptide of 81 amino 
acids. It then undergoes degradation to N-terminal and 
C-terminal fragments. These peptides each have dif-
ferent activities in the body. The full length (81-amino 
acid) peptide is the most important to measure in the 
long-term care of patients with secondary hyperpar-
athyroidism from end stage renal disease. Tumors can 
also produce a PTH related protein (PTHrp) that will 
act like PTH and cause hypercalcemia.

Acidosis can also lead to hypercalcemia via the 
following mechanisms. First, acidosis will cause the 
 ionized calcium fraction to increase. As discussed 
above, this is due to displacement of calcium by hydro-
gen ions from binding sites on albumin. Secondly, 
with time, hydroxyapatite in the bones will be used to 
buffer the hydrogen ions. The hydroxyapatite releases 
calcium and phosphate into the blood as it releases the 
hydroxyl group to neutralize the acid. If this process 
continues for a protracted period of time, the bone will 
become demineralized and will be easily fractured.

Long-term immobilization will also lead to hyper-
calcemia [48–50]. It is unclear what the initiating 
events are in the sequence, but it appears to be related 

Table 4.2 Disorders leading to hypercalcemia

1. Increased intestinal absorption

   a. Vitamin D excess

    b. Granulomatous diseases

2. Increased bone reabsorption

   a. Hyperparathyroidism

   b. Hypercalcemia of malignancy

   c. Immobilization

  d. Hypophosphatemia

   e. Aluminum toxicity

3. Excess calcium intake

   a. Total peripheral nutrition

   b. Milk-alkali syndrome

4. Other causes

   a. William’s syndrome

   b. Thyroid disease

   c. Pheochromocytoma
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to activation of osteoclasts. This can be a severe prob-
lem in patients who are in the intensive care unit for a 
prolonged course of time and is often compounded by 
concomitant chronic acidosis.

Excess intake of calcium with or without excess 
vitamin D can also cause hypercalcemia. The gastroin-
testinal absorption of calcium is mostly paracellular 
when the intake of calcium is high which means that 
the absorptive rate is not well regulated under these 
conditions. If there is excessive vitamin D activity in 
parallel with the high calcium intake, absorption both 
via the transcellular and paracellular routes will be 
increased. Excess vitamin D could be from an exog-
enous source (oral forms of vitamin D) or from tumor 
production of vitamin D or granulomatous diseases 
such as sarcoidosis. The milk-alkali syndrome has 
been reported in adults as high oral intake of calcium 
leading to hypercalcemia.

Decreased excretion of calcium by the kidneys occurs 
in an inherited condition known as familial hypocal-
ciuric hypercalcemia. This condition is caused by a 
 mutation in the CaSR [33]. Thiazide diuretics inhibit the 
 excretion of calcium and may lead to hypercalcemia.

4.3.1.2 T reatment

Of course, the ultimate treatment of hypercalcemia 
will depend on the cause of the hypercalcemia [46, 
47]. Thus, it is crucial to determine the etiology of 
the disorder for the best long term treatment. While 
the workup is being done, the patient will need to be 
treated empirically to avoid any short term or long 
term consequences of hypercalcemia.

In patients with normal renal function, saline diure-
sis will be the best treatment for reducing the  calcium 
concentration [47]. The calcium excretion can be 
enhanced by giving the patient a loop diuretic such as 
furosemide. As discussed above, this will inhibit the 
reabsorption of calcium in the thick ascending limb 
and will promote calcium excretion.

If the patient does not have good renal function, 
another therapeutic approach is administration of 
calcitonin [31]. This is a temporary treatment option 
because many patients will quickly develop resistance 
to calcitonin because of the generation of antibodies. 
Commercially available calcitonin is derived from 
salmon and is therefore a foreign protein. However, it 
can usually be used for a long enough period of time to 
bring the calcium into the normal range.

Another option is to use a bisphosphonate [51, 52]. 
These compounds act by inhibiting the osteoclast from 

reabsorbing calcium from the bones. Since many of the 
causes of hypercalcemia are due to calcium reabsorp-
tion from the bones, these compounds tend to work 
very well. The problem with them is that they are very 
long acting. Thus, it is possible that the patient will 
quickly become hypocalcemic and can remain hypoc-
alcemic for a prolonged period of time [53]. Because 
of the extremely long half-life of these compounds, 
their administration to girls may even pose a risk of 
subsequent teratogenicity [54]. Biphosphonates have 
also been associated with necrosis of the mandible 
[55]. Lastly, and of special nephrological importance, 
these agents can not only induce acute renal failure 
[56], but their dose may also need to be adjusted when 
used for the treatment of patients with chronic kidney 
disease [57].

4.3.2 H ypocalcemia

A number of studies have shown that hypocalcemia 
is very common in the intensive care unit [58–60]. 
Many septic patients have low ionized calcium con-
centrations. The exact mechanism for this is unclear 
and might be related to dysregulation of PTH or 
calcitonin. The precursor molecule of calcitonin 
( procalcitonin) has been shown to be elevated in septic 
patients and might be a good indicator of  significant 
infection [61–63].

While the mechanism of hypocalcemia in this set-
ting is not clear, it is becoming clearer that treatment 
of hypocalcemia in the ICU must be judicious, as 
there is evidence from animal studies that aggressive 
 treatment of hypocalcemia could lead to problems: in 
a rat study of sepsis, administration of calcium cor-
related with a higher mortality rate [64], and another 
model utilizing pigs also demonstrated no improve-
ment in blood pressure and tissue perfusion with the 
administration of calcium [65].

Hypocalcemia is also common in patients with renal 
failure. As mentioned earlier, the kidneys perform the 
1-α -hydroxylase step in the activation of vitamin D. In 
renal failure, this step is impaired, potentially leading 
to profound hypocalcemia. Treatment should be aimed 
at providing renal replacement therapy and activated 
vitamin D.

Other causes of hypocalcemia are found in associ-
ation with hyperphosphatemia. These include tumor 
lysis syndrome and rhabdomyolysis. These will be 
discussed in detail in the next section on hyper-
phosphatemia. It should be pointed out though that 
in the setting of hyperphosphatemia, hypocalcemia 
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 cannot be treated with excess calcium infusion. With 
an elevated calcium–phosphate cross product, there 
will be precipitation of calcium and phosphate in the 
tissues. In patients with end stage renal disease, this 
has led to a condition known as calciphylaxis that 
can be fatal.

4.3.3 H yperphosphatemia

In general, sustained hyperphosphatemia is a result 
of renal failure. Since the kidneys are responsible for 
the regulation and excretion of phosphate, renal fail-
ure results in the retention of phosphate. Patients with 
chronic renal failure are usually placed on low phos-
phate diets as well as phosphate binders to reduce 
the amount of phosphate absorbed from their diet. 
Nevertheless, hyperphosphatemia and its consequences 
can often be a major problem in the long-term manage-
ment of these patients.

Acute hyperphosphatemia can occur when cells 
break down and release their intracellular stores of 
phosphate. As mentioned earlier, the intracellular 
forms of phosphate are organic in nature and include 
DNA, RNA, phospholipids, and other nucleotides. The 
two primary conditions featuring significant release of 
phosphate form cells are tumor lysis syndrome and 
rhabdomyolysis. Both of these conditions can also 
lead to acute renal failure which will exacerbate the 
hyperphosphatemia. Therefore, hemodialysis should 
be initiated promptly if patients develop renal failure 
and severe hyperphosphatemia.

Tumor lysis syndrome is most commonly associ-
ated with rapidly expanding tumors such as Burkitt’s 
lymphoma [66–68]. The tumor either outgrows its 
blood supply and begins to break down on its own 
or will begin to break down when chemotherapy 
is begun. Acute renal failure develops as a result of 
uric acid nephropathy or in some cases as a result 
of calcium– phosphate precipitation in the kidneys. 
Recently, uricase has become available for the treat-
ment of hyperuricemia and has greatly reduced the 
incidence of renal failure as a result of tumor lysis 
[69]. Consequently, it might now be feasible to reduce 
the efforts to alkalinize the urine if the serum uric 
acid concentration is minimal to avoid precipitating 
 calcium and phosphate.

Rhabdomyolysis can result from infections, usually 
influenza, or from excessive exercise [70, 71]. In addi-
tion, a number of medications as well as hypokalemia or 
hypophosphatemia can result in rhabdomyolysis [72]. 
Myoglobin released from the muscle cells can damage 

the kidneys and result in acute renal failure. Therapy is 
usually aimed at hydrating the patient and attempting 
to alkalinize the urine to prevent the heme moiety of 
the myoglobin from causing damage to the renal epi-
thelium. When rhabdomyolysis occurs, a tremendous 
amount of phosphate is released from the muscle cells. 
When the cell membrane breaks down, calcium can 
furthermore enter and lead to hypocalcemia as well 
as soft tissue calcification. Recommendations for the 
treatment of rhabdomyolysis, therefore, include treat-
ing hypocalcemia only when it is symptomatic and not 
attempting to normalize the serum calcium concentra-
tion. Moreover, and after taking up large amounts of 
calcium, muscle cells will eventually release it back, 
possibly causing at times severe hypercalcemia during 
recovery from rhabdomyolysis.

4.3.4 H ypophosphatemia

Acute hypophosphatemia can occur as a result of shift-
ing phosphate from the extracellular fluid space to the 
intracellular space [73]. This is most often seen in the 
treatment of diabetic ketoacidosis when insulin therapy 
is initiated, but it can also result from respiratory alka-
losis. The refeeding syndrome is probably also related 
to suddenly increased  secretion of insulin and can be a 
devastating cause of hypophosphatemia [73].

Chronic hypophosphatemia usually occurs from 
renal wasting of phosphate or from long-term star-
vation. To determine whether or not the kidneys are 
wasting phosphate, the fractional excretion of phos-
phate should be determined. This is done by meas-
uring urinary phosphate and creatinine as well as 
serum phosphate and creatinine and using the fol-
lowing equation:
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ing syndrome. If the FE
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Causes of renal phosphate wasting include the Fan-
coni syndrome, X-linked hypophosphatemia, auto-
somal dominant hypophosphatemic rickets, and tumor 
induced osteomalacia. The Fanconi syndrome is a gen-
eralized defect of the proximal tubule that leads to wast-
ing of phosphate as well as glucose, bicarbonate, and 
amino acids [74]. The other  conditions are caused by 
an increase in activity of phosphotonins [43, 73]. This 
class of hormones causes renal wasting of phosphate 
through various mechanisms. In X-linked hypophos-
phatemia, the enzyme PHEX (phosphate regulating 
gene with homologies to endopeptidase on X chromo-
some) can no longer metabolize fibroblast growth fac-
tor-23 (FGF-23), leading to increased circulating levels 
of this growth factor and consequent phosphate wast-
ing. The autosomal dominant form of the disease is due 
to a mutation in FGF-23 that prevents it from being 
degraded. Tumor induced osteomalacia is a result of 
phosphotonins that are secreted by the tumor.

4.4 C onclusions

Our understanding of the regulation of calcium and 
phosphorus has increased dramatically over the past 10 
years. Growing knowledge about the molecular  biology 
of ECaCs, the CaSR, the vitamin D  receptor and PTH 
translates into our improved ability to diagnose and 
treat disorders of calcium regulation. Similarly, the 
key molecules in phosphate regulation that have been 
recently uncovered are the phosphotonins. As our 
understanding of these molecules expands, treatment 
strategies for  hypophosphatemia and  osteomalacia 
should also improve.

4.4.1 Illustra tive Cases

4.4.1.1 Hyperc alcemia

A 2-week-old infant has been evaluated by the car-
diologist for a murmur. On examination, the infant 
is somewhat jittery and is very irritable. The blood 
pressure is normal and the physical exam reveals an 
infant with elfin shaped ears and a harsh 4/6 systolic 
murmur. On laboratory examination, the electrolytes 
and creatinine were all normal except for the serum 
calcium which was found to be 14.8 mg dl−1. The infant 
is admitted and the next day the calcium is 15.2 mg dl−1 
and the infant continues to be very irritable and not 
feed well. Salmon calcitonin is administered over 
the next 2 days and the serum calcium decreases to 
11.3 mg dl−1. The infant is much more consolable and 
is feeding well. A dose of bisphosphonate is given and 
the calcium becomes stable at 10.6 mg dl−1. The infant 
is discharged home and on follow up at 2 weeks, the 
calcium was found to be 10.8 mg dl−1.

4.4.1.2 Hyperphosphat emia

A 10-year-old male is admitted with a diagnosis 
of T-cell ALL and has a white blood cell count of 1 
million mm−3. His initial laboratory studies revealed 
a phosphorus concentration of 8.3 mg dl−1, creatinine 
of 0.8 mg dl−1, and uric acid of 12.5 mg dl−1. He was 
 receiving intravenous fluids at a rate of 1.5 times the 
maintenance rate when his urine output was noted to 
have decreased to less than 1 ml kg−1 h−1. His serum 
chemistries were repeated and his creatinine was found 
to be 2.3 mg dl−1 and his phosphorus had increased to 
14.6 mg dl−1. At this time a central venous catheter was 
inserted and hemodialysis was initiated. After 3 h of 
treatment, his phosphorus was 5.5 mg dl−1 and the dial-
ysis treatment was discontinued. Twelve hours later, his 
phosphorus had increased again to 12.3 mg dl−1 and he 
underwent a second treatment of  hemodialysis for 3 h. 
Subsequent to this treatment, his  phosphorus became 
stable at 8.6 mg dl−1 and his creatinine at 1.2 mg dl−1. He 
was then able to undergo the necessary  chemotherapy 
for treatment of his T-cell ALL.
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› Magnesium physiology depends on a balance between 
intestinal absorption and renal excretion.

› Magnesium is the major regulator of its own homeostasis. 
Hypomagnesemia stimulates and hypermagnesemia inhib-
its the reabsorption of Mg2+ in the loop of Henle.

› Magnesium is a cofactor in all reactions that require 
adenosine triphosphate (ATP), and it is essential for the 
 activity of Na+–K+–ATPase.

› Symptomatic magnesium depletion needs repletion via 
oral or parenteral route. Extracellular magnesium does 
not readily equilibrate with intracellular stores; therefore, 
fast infusion rapidly increases the plasma concentration 
but does not correct the total body magnesium.

› Hypermagnesemia usually occurs in two clinical settings: 
compromised renal function or excessive magnesium intake.

› Hypomagnesemia induces hypocalcemia via multiple 
mechanisms including both decreased secretion and 
peripheral resistance to parathyroid hormone (PTH) and 
Vitamin D;  thus, low, normal, or slightly elevated levels 
of PTH can be seen in the presence of laboratory picture 
of hypoparathyroidism.

› As soon as the diagnosis of hypomagnesemia is confir-
med, treatment with enteral magnesium for at least 7–10 
days is necessary for normalization of magnesium stores.

Core Messages

Abnormalities 
in Magnesium Metabolism

D. Samsonov

5
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Case Vignette

A 6-day-old baby was admitted to the Pediatric 
Cardiac ICU after surgery for complex congeni-
tal heart disease. During the operation, the patient 
was on  cardiopulmonary bypass for 4 h. The early 
 postoperative admission was complicated by cardiac 

 instability,  pulmonary edema, and mild ATN necessi-
tating  ionotropic support and daily furosemide admin-
istration. The patient was on IV fluids and minimal 
enteral feeding. Laboratory evaluation on day 6 post-
operation showed hypocalcemia (ca. 7.3 mg dL–1, ion-
ized calcium 3.5 mg dL–1, albumin level 3.4 mg dL–1), 
and treatment with oral calcium and vitamin D sup-
plementation was started. Labs consistently showed 
hypocalcemia, hyperphosphatemia, and hypercalciu-
ria suggesting  hypoparathyroidism. However, serum 



70 D. Samsonov

PTH level returned slightly elevated (116 ng L–1; nor-
mal range 10–65 ng L–1). 1, 25 VitD level, which was 
drawn after treatment with vitamin D was initiated, was 
normal. Despite treatment, calcium levels remained 
low and furosemide  treatment was discontinued. On 
postoperative day 8, laboratory evaluation showed sig-
nificant  hypomagnesemia (1.1 mg dL–1) treated with 
intravenous magnesium sulfate. For the next 2 days, 
magnesium and calcium levels remained low despite 
repeated daily magnesium infusions and continuous 
treatment with calcium and vitamin D. Following con-
sultation with Pediatric Nephrology, enteral magnesium 
replacement was started on day 11 postoperation. After 
4 days of enteral magnesium treatment calcium levels 
normalized, and calcium and magnesium supplemen-
tation was subsequently decreased and discontinued.

5.1 In troduction

Magnesium is the second most common intracellu-
lar cation after potassium, and the fourth most com-
mon cation in the body. Magnesium is a cofactor in 
more than 300 enzymatic reactions and is involved in 
multiple processes including hormone receptor bind-
ing, calcium channel gating, regulation of adenylate 
cyclase, muscle contraction, neuronal activity, cardiac 
excitability, and others [14, 37]. Under physiological 
conditions, serum magnesium concentration is main-
tained in a narrow range. Magnesium homeostasis 
depends on intestinal absorption and renal excretion. 
Interestingly, magnesium itself is the major regulator 
of its own homeostasis. Magnesium deficiency can 
result from low intake, reduced intestinal absorption, 
and/or renal loss. Magnesium excess is usually a con-
sequence of decreased excretion in acute or chronic 
renal failure. For the clinician, a complete understand-
ing of the normal magnesium physiology, knowledge 
of signs and symptoms of magnesium deficiency or 
excess, and basic principles of therapy are important 
for the treatment of a critically ill child.

5.2  Units of Measurement and Normal 
Plasma Concentration

Most laboratories in the United States report the 
results of body fluid magnesium concentration in units 
of milliequivalents per liter or milligrams per deciliter, 
while other countries use also millomoles per liter. The 

relationship among these units can be expressed by the 
following equations:

1 mg dL–1 = [1 mmol L–1 ́  10]/mol wt.,
1 meq L–1 = 1 mmol L–1 / valence

Since the molecular weight of magnesium is 24.3 and 
the valence is +2, 1 meq L–1 is equivalent to 0.50 mmol 
L–1 and to 1.2 mg dL–1. The normal range of plasma 
magnesium concentration of 1.2–1.9 meq L–1 is equiv-
alent to 0.60–0.95 mmol L–1 and 1.5–2.3 mg dL–1.

5.3 Magnesium Physiology

5.3.1 Overview

Magnesium is predominantly stored in bone (53%), 
the intracellular compartment of muscle (27%), and 
soft tissues (19%). Serum magnesium comprises less 
than 1% of total body magnesium and presents in three 
states: ionized (62%), protein bound (33%), mainly to 
albumin, and bound to anions (5%) such as phosphate 
and citrate [44, 47].

The average daily dietary intake of magnesium 
is about 300–400 mg in adults and about 5–10 mg 
kg–1 in children. The main sources of magnesium are 
green vegetables, soybeans, seafood, and whole grain 
cereals [27, 49]. Thirty percent to fifty percent of 
the dietary magnesium is absorbed, but this can vary 
from 10–20% in a high-magnesium diet to 65–75% 
in a low-magnesium diet. Absorption of magnesium 
in the GI tract occurs mainly in the small intestine via 
two different mechanisms: a saturable active transcel-
lular transport and a nonsaturable paracellular passive 
transport [16, 19, 23]. At low intraluminal concentra-
tions, magnesium is absorbed primarily via the active 
transcellular route, whereas at higher concentra-
tions, paracellular passive route becomes significant 
(Fig. 5.1). The major identified epithelial transcellular 
magnesium transporter (TRPM6) belongs to the tran-
sient receptor potential family of cation channels and 
accounts for both intestinal absorption and renal tubu-
lar transcellular reabsorption of magnesium [38, 45].

About 70% of serum magnesium (not protein bound) 
is freely filtered at the glomerulus to the Bowman 
space [23, 47]. In contrast to other ions, only a small 
fraction of filtered magnesium (15–20%) is reabsorbed 
in the proximal tubule (Fig. 5.2). In immature animals, 
the proximal tubule accounts for 60–70% of magne-
sium ions (Mg2+) reabsorption [26]. The mechanism 
of this phenomenon remains unknown. The  majority 
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of  magnesium (70%) is reabsorbed in the loop of 
Henle, especially in the  cortical thick ascending limb 
(TAL) [23, 36]. Transport in this segment appears to 
be  passive and paracellular, driven by the favorable 
 electrical  gradient resulting from the reabsorption of 
sodium chloride (Fig. 5.3a). Paracellular magnesium 
reabsorption is facilitated by the tight junction  protein 
paracellin-1, which also serves as a main route for 
calcium reabsorption in this segment. The  remaining 
5–10% of the filtered magnesium is reabsorbed in the 
distal convoluted tubule (DCT). Magnesium transport 
in the DCT is active and transcellular [23]. The pro-
posed model of magnesium absorption in DCT includes 
apical entry via TRPM6 and extrusion via unidentified 
sodium–magnesium exchanger (Fig. 5.3b).

5.3.2 Regulation of Renal Magnesium Handling

In contrast to other body cations, no single  hormone has 
been identified as an important regulator of magnesium 
intestinal absorption or kidney  excretion [36]. Serum 
magnesium concentration appears to be the major fac-
tor determining renal magnesium  handling. Most of the 
filtered Mg2+ ions are reabsorbed passively in the TAL 
(Fig. 5.3a). Mg2+ reabsorption in the TAL is driven by 
a transepithelial voltage generated by apical Na+–K+–
2Cl- cotransporter (NKCC2) concominant with apical 
K+ recycling via potassium channel ROMK (rat outer 
medulla K+ channel), basolateral Cl- exit through the 
chloride channel, and basolateral Na+ exit via Na+–K+–
ATPase. The  resulting lumen positive (under normal 
circumstances)  voltage is expected to drive the Mg2+ 
reabsorption even against the concentration  gradient. 
Factors controlling Mg2+ reabsorption in the TAL 
include transepithelial voltage and permeability of the 
 paracellular pathway. Factors diminishing the voltage 
will decrease Mg2+ transport in the TAL. For exam-
ple, loop diuretics inhibit Na+–K+–2Cl- cotransporter 
NKCC2 and prevent establishment of transepithelial 
voltage gradient in TAL, thus reducing Mg2+ reabsorp-
tion [36, 47]. Volume expansion results in decreased 
Na+ and Cl- reabsorption in TAL and  subsequent 
reduction of Mg2+ reabsorption. Permeability of the 

Fig. 5.1 a Schematic model of intestinal magnesium absorp-
tion via two independent pathways: passive absorption via the 
paracellular pathway and active, transcellular transport consist-
ing of an apical entry through a putative magnesium channel 
and a basolateral exit mediated by a putative sodium-coupled 
exchange. b Kinetics of human intestinal magnesium absorp-
tion. Paracellular transport lineary rising with intraluminal 
concentrations (dotted line) and saturable active transcellular 
transport (dashed line) together yield a curvilinear function for 
net magnesium absorption (solid line). HSH hypomagnesemia 
with secondary hypocalcemia, TRPM6 epithelial transcellular 
magnesium transporter (from [39], with permission)
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 paracellular  pathway can be diminished as a result of 
paracellin-1 mutations (see Sect. 5.4.4.2) [39]. The 
major factor regulating Mg2+ transport in the TAL 
is Mg2+ serum concentration, whereas hypomag-
nesemia stimulates and hypermagnesemia inhibits the 
 reabsorption of Mg2+ [36]. The  proposed mechanism 
involves binding of Mg2+ to calcium sensing receptor 
(CaSR) on the basolateral membrane with subsequent 
modulation of adenylate cyclase activity and activation 
of phospholipase C, which results in the inhibition of 
apical (luminal) potassium channels [21]. This in turn 
reduces K+ recycling and decreases activity of Na+–
K+–2Cl- cotransporter NKCC2, preventing establish-
ment of positive lumen voltage. Obviously, binding of 
Ca2+ to basolateral CaSR should have similar effect on 
Mg2+ handling. Thus, hypercalcemia also inhibits Mg2+ 
and Ca2+ reabsorption in the TAL resulting in hypercal-
ciuria and hypermagnesuria [47]. The role of magne-
sium feedback loop via CaSR is debated because the 
affinity of the receptor for magnesium is quite low. In 
experimental studies, a number of hormones includ-
ing PTH, calcitonin, glucagons, and vasopressin have 
been shown to increase magnesium transport in the 
TAL but none has a primary importance. All of them 
work through adenylate cyclase activity and activation 
of phospholipase C. Metabolic acidosis, hypokalemia, 
and phosphate depletion inhibit magnesium reabsorp-
tion in the TAL [36]; however, the mechanism remains 
unknown (Table 5.1).

The distal tubule reabsorbs 5–10% of filtered 
Mg2+ (Fig. 5.2). Mg2+ enters the tubular cell via a 
recently identified membrane protein TRPM6, which 
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Fig. 5.3 a Magnesium reabsorption in the thick ascending limb 
(TAL) of Henle’s loop. Paracellular reabsorption of magnesium and 
calcium is driven by lumen-positive transcellular reabsorption of 
NaCl. b Magnesium reabsorption in the distal convoluted tubule 
(DCT). Magnesium is reabsorbed actively via the transcellular 
pathway involving an apical entry step through a magnesium-selec-
tive ion channel and a basolateral exit, presumably mediated by a 
sodium-coupled exchange mechanism. ADH autosomal dominant 
hypoparathyroidism, BSND Bartter syndrome with sensorineural 
deafness, CaSR calcium sensing receptor, cBS classic Bartter 
syndrome, CLC-Kb chloride channel, ECaC epithelium calcium 
channel, FHHNC familial hypomagnesemia with hypercalciuria 
and nephrocalcinosis, GS Gitelman syndrome, HPS/aBS hyperpro-
glastandin E syndrome/antenatal Bartter syndrome variant, IDH 
isolated dominant hypomagnesemia, NKCC2 Na+–K+–2Cl– cotrans-
porter, ROMK rat outer medulla K+channel, TRPM6 epithelial trans-
cellular magnesium transporter (from [39], with permission)

Table 5.1 Factors affecting magnesium tubular reabsorption

Factor TAL DT Total effect

Volume expansion . ? .

Hypomagnesemia - No change -

Hypermagnesemia . No change .

Hypercalcemia . No change .

Hypocalcemia - No change -

Phosphate depletion . . .

Metabolic acidosis .? . .?

Metabolic alkalosis ? ? -?

PTH - -? -

Loop diuretics . No change .

Thiazide diuretics -? .? No change

TAL thick ascending limb of Henle, DT distal tubule, PTH 
parathyroid hormone
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functions as a Mg2+ channel (Fig 5.3b). Mutation 
of TRPM6 is responsible for familial hypomag-
nesemia with secondary hypocalcemia, an auto-
somal recessive disorder characterized primarily by 
intestinal malabsorption of Mg2+ (see Sect. 5.4.4.1) 
[38, 45]. TRPM6 is expressed in intestine and highly 
expressed in the distal tubule. Evaluation of these 
patients reveals additional defect of magnesium renal 
handling. Compared with normal individuals these 
patients have lower threshold for magnesium urinary 
wasting during magnesium  sulfate infusion [38, 39]. 
Some data suggest that Mg2+ exits the basolateral 
membrane via not identified Na+–Mg2+ exchanger. 
The driving force for the exchange is a high-
sodium concentration gradient between extracellu-
lar (140 meq L–1) and intracellular (10–15 meq L–1) 
compartments, which favors Na+ entry and Mg2+ exit. 
Because Mg2+ transport in the distal tubule operates 
close to its maximal capacity, it is believed that the 
DCT plays minor role in regulating Mg2+ homeostasis. 
However, some evidence suggests that this segment 
regulates the final urine magnesium excretion. Both 
phosphate depletion and metabolic acidosis increase 
magnesium urinary losses, which were localized to the 
TAL and the DCT (Table 5.1). Amiloride, a potassium 
and magnesium sparing  diuretic, causes hyperpolari-
zation of the membrane voltage that increases the 
driving force for Mg2+ entry. The result is increased 
Mg2+ reabsorption in the DCT. Interestingly, thiazide-
type diuretics have little effect on Mg2+ handling. 
Thiazide diuretics primarily act on the Na+–K+–2Cl− 
cotransporter NKCC2, which is located in the DCT. 
The resulting decrease in transmembrane volt-
age diminishes Mg2+ reabsorption in this segment 
[13, 36]. However, both human studies and animal 
micropuncture studies fail to demonstrate increase 
in Mg2+ excretion after treatment with thiazide diu-
retics [47]. These findings are puzzling when com-
pared with evaluation of patients with Gitelman 
syndrome, who have inactivating mutation of NCCT 
and most universally show renal magnesium wasting. 
One possible explanation to this discrepancy could be 
the modest impairment of Na+ transport in proximal 
tubule caused by some thiazide diuretics due to partial 
inhibition of carbonic anhydrase [48]. This effect is 
not clinically important and does not contribute to net 
diuresis since the excess fluid and sodium delivered 
out of the proximal tubule are reabsorbed in the TAL. 
This may account for mild increase of Mg2+ reabsorp-
tion in the TAL  counterbalancing Mg2+  wasting in the 
distal segment.

5.3.3 Regulation of Magnesium Serum Concentration

In contrast to other ions, serum Mg2+ concentration is 
not under tight hormonal regulation. Bone, the major 
intracellular Mg reservoir, does not readily exchange 
with extracellular Mg2+, and equilibration with bone 
stores may take several weeks [41]. These physiological 
observations have very important clinical implications. 
First, negative magnesium balance due to low intake 
or decreased intestinal absorption can be compensated 
only by increased renal reabsorption. Fractional excre-
tion of Mg2+, which is normally between 3 and 5%, 
may decrease to 0.5% with magnesium depletion due 
to extrarenal losses. Thus, patients treated with intra-
venous fluids containing dextrose and sodium chloride 
may develop hypomagnesemia rather quickly, espe-
cially in the presence of tubular damage and the inabil-
ity to conserve Mg2+. Second, the human body has no 
good protection against hypermagnesemia in the pres-
ence of impaired renal function.

5.4  Magnesium Deficiency 
and Hypomagnesemia

Hypomagnesemia is a common problem occurring in 
7–11% of hospitalized patients and in as many as 60% 
of intensive care unit (ICU) patients. Magnesium defi-
ciency can be demonstrated in up to 40% of patients 
with other electrolyte and acid–base abnormalities, 
especially hypokalemia, hypophosphatemia, hypo-
calcemia, and metabolic alkalosis. Hypomagnesemia 
in ICU patients is associated with a higher mortality 
[44, 46]. Hypomagnesemia may cause multiple 
 cardiac, neuromuscular, and metabolic abnormali-
ties; however, cardiac and neurological symptoms can 
also frequently be attributed to coexisting metabolic 
abnormalities such as hypokalemia or hypocalcemia. 
Also, many patients with significant hypomagnesemia 
remain completely asymptomatic. Thus, the clinical 
significance of mild hypomagnesemia remains some-
what controversial. Table 5.2 summarizes the clinical 
signs of hypomagnesemia and their proposed mecha-
nisms. Magnesium is a cofactor in all reactions that 
require ATP, and it is essential for the activity of Na+–
K+–ATPase. The impaired function of Na+–K+–ATPase 
activity with secondary intracellular hypokalemia is 
the major effect of hypomagnesemia [1, 44].

Because extracellular magnesium accounts for only 1% 
of total body magnesium, serum Mg2+ concentration may 
not reflect the overall magnesium status. Unfortunately, 
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no simple clinical test is available to measure body 
magnesium stores. The magnesium tolerance test has 
been used for many years and is thought to be the most 
accurate way to assess magnesium  status. The test is 
performed by collecting twice 24-h urine for magne-
sium – one collected before and second after the admin-
istration of 2.0 mg kg–1 of parenteral Mg2+. Retention 
of more than 20% of the administered Mg2+ is sug-
gestive of magnesium depletion. Even though clini-
cal studies show good correlation between the results 
of the test and magnesium status assessed by skeletal 
and muscle magnesium content, the test’s clinical use 
remains limited [34, 44]. The test is invalid in patients 
with impaired renal function or in presence of diuretics 
affecting magnesium renal  handling. The duration of 
the test is another limiting factor in the ICU setting.

5.4.1  Metabolic Abnormalities 
in Hypomagnesemia

Hypokalemia is a frequent finding in hypomagnesemic 
patients. Some conditions may result in simultaneous 
loss of potassium and magnesium; however, hypomag-
nesemia by itself can induce hypokalemia via two 
mechanisms: intracellular potassium depletion and 
renal potassium wasting. Hypomagnesemia induces 
impairment of Na+–K+–ATPase function, which 
causes K+ leakage from cells with subsequent K+ loss 

in the urine. The exact mechanism of renal K+ wasting 
in hypomagnesemia remains unknown; some data sug-
gest a defect in the TAL [1, 34].

Hypocalcemia is present in about half of the patients 
with severe hypomagnesemia. Multiple mechanisms, 
contributing to hypocalcemia, have been identified. 
The first identified cause is a suppression of PTH 
secretion by hypomagnesemia. Most hypomag-
nesemic– hypocalcemic patients have either low or 
normal (inappropriately low for low calcium concen-
tration) PTH levels, which increase rapidly following 
magnesium  supplementation. A second observation 
suggests end-organ resistance to PTH. PTH-induced 
calcium release from isolated bone is impaired when 
Mg2+ concentration falls below 1 mg dL–1. Several 
studies suggest that this effect may be even of greater 
importance than reduced PTH secretion, because 
last effect requires more severe hypomagnesemia. 
Hypomagnesemia also impairs secretion of active 
vitamin D (1.25(OH)

2
D) and causes end-organ resist-

ance to this hormone [1, 34, 44]. The exact mecha-
nisms for these effects are unknown.

5.4.2  Effect of Hypomagnesemia 
on the Cardiovascular System

One of the major effects of magnesium depletion is an 
impaired function of Na+–K+–ATPase with subsequent 

Table 5.2 Clinical signs of magnesium deficiency and proposed mechanism

Clinical sign Mechanism

Metabolic

 Hypokalemia . Na+–K+–ATPase activity, renal K+ wasting

 Hypocalcemia . PTH, . 1.25(OH)
2
D, end-organ resistance to PTH, and 

1,25(OH)
2
D

Cardiac

 Electrocardiographic abnormalities (nonspecific T-wave 
 abnormalities, U waves, prolonged QT, and QU intervals)

. Na+–K+–ATPase activity, Intracellular hypokalemia

 Arrhythmias (ventricular ectopy, ventricular tachycardia, 
 Torsdaes de pointes, ventricular fibrillation)

. Na+–K+–ATPase activity, Intracellular hypokalemia, 
especially in presence of myocardial hypoxic damage

Neuromuscular system

 Muscle tremor and twitching

 Tetany

Hypomagnesemia-induced excitation of glutamate-sensitive 
NMDA receptors

 Positive Trousseau and Chvostec signs  

 Seizures  

 Paresthesias  

 Muscle weakness  

PTH parathyroid hormone, 1.25(OH)
2
D active vitamin D, NMDA N-methyl-D-aspartate-type glutamate receptors
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intracellular hypokalemia. The intracellular hypoka-
lemia may potentially produce depolarized resting 
membrane potential predisposing to ectopic excita-
tion and tachyarrhythmias. A reduced outward K+ 
gradient diminishes K+ efflux during repolarization 
that is needed to terminate cardiac action potential. 
As a result, the most common electrocardiographic 
(ECG) abnormalities seen in hypomagnesemia reflect 
abnormal cardiac repolarization and include nonspe-
cific T-wave abnormalities, U waves, and prolonged 
QT interval. Association of hypomagnesemia with 
ventricular arrhythmias, especially during myocar-
dial ischemia, is of great clinical importance and is 
reviewed extensively in the  literature [2, 34, 44].

5.4.3  Effect of Hypomagnesemia 
on Neuromuscular System

Isolated magnesium depletion may induce multiple 
symptoms of neuromuscular irritability including 
tetany, muscle twitching, tremor, and positive Chvo-
stec and Trousseau signs. Tonic–clonic  generalized 
 convulsions were described as a first manifestation of 
hypomagnesemia and sometimes can be triggered by 
noise. Data from animal studies suggest that effect of 
magnesium deficiency on brain neuronal excitability 
is mediated via N-methyl-D-aspartate (NMDA)-type 
glutamate  receptors. Glutamate is a major excitatory 
neurotransmitter in the brain acting as an agonist at 
NMDA receptors. Extracellular Mg2+ normally blocks 
NMDA receptors, thus hypomagnesemia may release 
the inhibition of NMDA receptor with subsequent 
glutamate-mediated depolarization of the postsynaptic 
membrane and enhancement of epileptiform electrical 
activity [1, 34, 44].

5.4.4 Causes of Hypomagnesemia

Magnesium deficiency can be induced by either 
decreased intake or increased losses. Because bone 
magnesium reservoir does not readily exchange 
 magnesium with plasma pool, negative magnesium 
balance can cause hypomagnesemia rather quickly. 
This is in contrast to calcium metabolism, where 
negative balance is compensated by PTH-induced 
Ca2+ release from bone. Decreased intake of mag-
nesium can be  secondary to diminished amount 
of enteric Mg2+ delivery or reduced absorption 
(Table 5.3). Magnesium wasting can be via gastroin-
testinal or renal route. Approach to the  differential 
 diagnosis of hypomagnesemia will be discussed in 
the Sect. 5.4.4.3.

5.4.4.1 Extrarenal Causes of Hypomagnesemia

Nutritional Deficiency
Since magnesium is present in almost all foods in sig-
nificant amounts, hypomagnesemia is almost never 
observed in normal individuals even on a strict diet. 
In clinical practice, hypomagnesemia can be found in 
circumstances of severe protein-calorie malnutrition, 
pure magnesium-free parenteral feeding, and alcohol-
ism [34]. Patients receiving pure parenteral nutrition 
without magnesium supplementation are at risk for 
 developing hypomagnesemia. This is particularly true 
in ICU patients as those patients are sicker and often 
have additional risk factors for hypomagnesemia, 
including renal  magnesium  wasting secondary to 
 nephrotoxin-induced tubulopathy.

Intestinal Malabsorption
Different malabsorption syndromes including celiac 
and inflammatory bowel disease can be associated with 
hypomagnesemia. In case of fat malabsorption, free 
fatty acids in the intestinal lumen combine with cations 
(saponification) and form nonabsorbable soaps. This 
process can interfere with Mg2+ absorption [25, 34].

Congenital defect of magnesium absorption has 
been recently described. This condition manifests 
as hypomagnesemia with secondary hypocalcemia, 
which usually responds to magnesium repletion. Both 
X-linked recessive and autosomal recessive inherit-
ances were described. Affected patients were found 
to have mutation in TRMP6 gene that encodes a new 
protein involved in transcellular transport of Mg2+ 
in the intestinal lumen and the DCT (Figs. 5.1 and 
5.3b). The major reason of hypomagnesemia in these 
patients is intestinal malabsorption; however, addi-
tional tubular defect in Mg2+ renal reabsorption has 
also been confirmed. The hypomagnesemia is usu-
ally severe and can manifest with seizures in infants. 
High doses of enteral magnesium are required to 
keep serum magnesium and calcium levels close to 
normal range [38, 45].

Intestinal Losses
Generally, secretions from the lower gastrointestinal 
tract have much higher magnesium concentrations (up 
to 16 mg dL–1) than from the upper gastrointestinal 
tract. As a result, patients with biliary or pancreatic 
fistulas, iliostomy or gastric drainage rarely develop 
hypomagnesemia. In contrast, chronic diarrhea and 
short bowel syndrome can be  associated with hypo-
magnesemia [30, 34, 44].
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Cutaneous Losses
Sweat Mg2+ concentration does not exceed 0.5 mg 
dL–1; therefore, contribution of cutaneous magne-
sium loss during exertion is not significant. Observed 
decrease in Mg2+ concentration most likely is second-
ary to intracellular shift of magnesium. Patients with 
severe burns can be prone to develop hypomagnesemia 
due to losses with cutaneous exudates [34].

Redistribution to the Intracellular Compartment
Rarely refeeding syndrome can cause hypomag-
nesemia. In this condition, rapid cellular uptake of 
water, glucose, potassium, phosphorus, and magne-
sium may result in electrolyte abnormalities including 
hypomagnesemia [7].

Hungry Bone Syndrome
Some patients with hyperparathyroidism develop 
hypocalcemia and hypomagnesemia after parathyroid-
ectomy. Cessation of high bone turnover state due to 
PTH-induced bone resorption results in high rate of 
bone formation, which is thought to be responsible for 
Ca2+ and Mg2+ sequestration into bone tissue [17].

5.4.4.2 Renal Causes of Hypomagnesemia

Since 60% of filtered magnesium is reabsorbed 
 passively in the TAL, any factor that blocks reabsorp-
tion of sodium and chloride in this segment promotes 
urinary loss of magnesium. In the ICU setting, magne-
sium renal losses can be especially hazardous in patients 
with low magnesium intake. Expansion of extracellular 

Table 5.3 Causes and proposed mechanisms of magnesium deficiency

Mechanism of magnesium deficiency Disorder

Low intake No magnesium in intravenous fluids

Starvation

Anorexia

Malabsorption: saponification by fat Fat malabsorption syndromes

Pancreatitis

Malabsorption: congenital defect due to TRMP6 mutation Congenital hypomagnesemia with hypocalcemia

Increased gastrointestinal losses Nasogastric suction

Vomiting

Short bowel syndrome

Diarrhea

Laxative abuse

Increased cutaneous loss Extensive burns

Increased renal losses Volume expansion (hyperaldosteronism)

Osmotic diuresis (glucose, mannitol, urea)

 Diuretics (loop diuretics, mannitol)

 Polyuric phase of ATN including kidney transplant

 Postobstructive diuresis

 Drugs (cisplatin, carboplatin, amphotericin B, cyclosporine, 
tacrolimus, pentamidine, foscarnet, aminoglycosides)

Inborn defects:

 Gitelman’s syndrome

 Isolated familial hypomagnesemia

 Familial hypomagnesemia with hypercalciuria and 
 nephrocalcinosis

 Autosomal dominant hypocalcemia

Electrolyte imbalance Hypercalcemia

Increased cellular uptake of magnesium Hungry bone syndrome
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fluid volume as a result of hyperaldosteronism or inap-
propriate antidiuretic hormone secretion can result in 
mild hypomagnesemia. Hypermagnesuria can occur 
during polyuric phase of acute tubular necrosis (ATN), 
postobstructive, osmotic diuresis, and recovery from 
postischemic injury of  transplanted kidney [1].

Hypercalcemia
Hypercalcemia directly induces renal Mg2+ wasting, 
the effect that is clearly observed in patients with 
malignant bone metastases [5]. Hypercalcemia results 
in increased glomerular filtration of Ca2+ and increased 
Ca2+ reabsorption in the TAL. Most likely, since Mg2+ 
and Ca2+ share the same paracellular transporter for 
their reabsorption in the TAL, increased delivery and 
reabsorption of Ca2+ results in decreased uptake of 
Mg2+. In primary hyperparathyroidism, direct effect of 
PTH-induced increase in Mg2+ reabsorption is counter-
balanced by the hypercalcemia-induced Mg2+ wasting. 
The net result is usually normal magnesium handling 
in this clinical situation [34, 47].

Diuretics
Loop diuretics block chloride and sodium reabsorption 
in the TAL and when used in large amounts can cause 
profound hypomagnesemia. Hypomagnesemia can 
also be associated with osmotic diuretics (mannitol, 
glucose in diabetic hyperglycemia). Interestingly, thi-
azide diuretics that block NCCT and mimic Gitelman 
syndrome do not cause significant hypermagnesuria 
and hypomagnesemia (see Sect. 5.3.2).

Other Medications
Medication-induced tubular damage may cause hyper-
magnesuria in a polyuric phase of ATN. Some medi-
cations can induce specific tubular defect resulting in 
hypermagnesuria.

Aminoglycosides cause tubular damage that typi-
cally presents with hypokalemia, hypocalcemia, and 
hypomagnesemia [11, 24, 34, 40]. Hypomagnesemia 
can also be an isolated finding in patients receiving 
aminoglycosides and can occur few weeks after dis-
continuation of the antibiotic treatment and persist for 
several months. Most reported adult patients who were 
treated with high total dose of aminoglycosides had 
normal therapeutic levels suggesting that cumulative 
dose of aminoglycosides is a predictor of development 
of magnesuria. However, normal cumulative dose does 
not exclude development of Bartter-like syndrome. 
Importantly, no correlation has been found between 
aminoglycoside-induced ATN and hypomagnesemia 

in both preclinical and clinical studies. All clinically 
available aminoglycosides including gentamicin, 
amikacin, and tobramycin can cause similar tubular 
defect. Also topically administered for extensive burn 
injury,  neomycin can cause classical metabolic triad 
of hypokalemia, hypocalcemia, and hypomagnesemia 
presenting with seizures in children [4, 34]. Even 
symptomatic hypomagnesemia as a  complication of 
accepted 3–5 mg kg–1 day–1 standard dose regimen is 
relatively rare; asymptomatic hypomagnesemia can 
be observed in up to 30% of adult patients. For our 
knowledge, all reported  pediatric cases, who devel-
oped Bartter-like  syndrome during the treatment with 
aminoglycosides, had complete recovery of the tubular 
function after cessation of antibiotic treatment [24, 40]. 
The exact mechanism of gentamicin-induced Bartter-
like syndrome is unknown. Low PTH levels despite 
hypocalcemia  suggest possibility that gentamicin may 
activate calcium-sensing receptor on the TAL and the 
DCT [11].

Cisplatin is a widely used antineoplastic agent for 
solid tumors. Nephrotoxicity is a well-appreciated com-
plication of cisplatin toxicity [3]. Hypomagnesemia 
is observed in more than 50% of patients receiving 
monthly cycles of cisplatin and does not correlate with 
the incidence of cisplatin-induced acute renal failure. 
Renal magnesuria can manifest during treatment and 
continue for months or even years after cessation of 
cisplatin treatment. Some patients may develop per-
manent tubular damage manifesting with hypoka-
lemic metabolic acidosis, hypermagnesuria, and 
 hypocalciuria [32]. Close resemblance to Gitelman 
syndrome suggests distal tubular defect; however, 
exact mechanism of cisplatin-induced tubulopathy 
remains unknown. Carboplatin, an analog of cisplatin, 
appears to be less nephrotoxic and rarely causes acute 
renal failure in adults [34]. Prospective study of 651 
pediatric patients treated with either cisplatin or car-
boplatin in combination with ifosfamide demonstrated 
hypomagnesemia in 12.5 and 15.6% of patients receiv-
ing cisplatin or carboplatin, respectively, and was sig-
nificantly higher than in control group. In all groups, 
the frequency of hypomagnesemia was decreasing 
during the follow-up period of 2 years, but serum mag-
nesium remained lower in platinum-treated patients in 
the end of the study [43].

Amphotericin B-induced nephrotoxicity is the ma-
jor side effect of this potent antifungal medication. 
Nephrotoxicity can present with acute renal failure 
due to tubular necrosis, potassium wasting, distal renal 
tubular acidosis, or magnesium wasting. Interestingly, 
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amphotericin-induced hypermagnesuria is usually 
accom panied by hypocalciuria suggesting distal 
tubular defect somewhat similar to cisplatin toxicity. 
Hypocalciuria prevents hypomagnesemia-induced 
hypocalcemia; the resulting serum calcium levels are 
usually normal [6, 18].

Calcineurin inhibitors may induce renal Mg2+  wasting 
and hypomagnesemia in posttransplant patients. Mg2+ 
loss does not correlate with trough cyclosporine levels 
[34], most likely, because of poor correlation between 
cyclosporine trough levels and area under the curve 
[12]. In contrast, tacrolimus trough level is a good 
predictor of the drug area under the curve [15], and 
 tacrolimus-induced magnesium urine loss correlates 
well with tacrolimus levels [31]. Interestingly, ret-
rospective analysis of patients with biopsy proven 
cyclosporine nephrotoxicity shows that hypomag-
nesemia is an additional risk factor for fast decline of 
renal function [22]. It has been proposed that some of 
the neurological symptoms that were always attributed 
to cyclosporine toxicity can actually be a consequence 
of the drug-induced hypomagnesemia [34].

Intravenous pentamidine and foscarnet can cause 
Mg2+ renal wasting and hypomagnesemia, which is 
often accompanied by hypocalcemia [34].

Inherited Tubular Defects of Magnesium Handling
Bartter syndrome includes a group of  inherited disor-
ders characterized by chloride wasting, hypo- kalemic 
metabolic alkalosis, and usually hypercalciuria. 
Affected children usually present with failure to thrive 
in infancy or early childhood. Classic Bartter syndrome 
is caused by inactivation mutation of gene coding for 
the chloride channel CLC-Kb (Fig. 5.3) in the TAL and 
the DCT. Hypomagnesemia can be detected in up to 
50% of patients with this mutation. Neonatal forms of 
Bartter syndrome, resulting from abnormal Na+–K+–
2Cl- cotransporter NKCC2, potassium channel ROMK, 
or Barttin, are rarely associated with disturbances of 
magnesium homeostasis [33, 39].

Gitelman’s syndrome is a variant of Bartter syn-
drome characterized by potassium and magnesium 
urine loss and hypocalciuria. Patients with Gitelman’s 
syndrome usually have milder symptoms than Bartter 
patients and present after the age of 6 years with 
metabolic abnormalities including mild hypokalemic 
metabolic alkalosis, hypomagnesemia, and hypocal-
ciuria. Some patients can be asymptomatic and oth-
ers complain of transient episodes of weakness, tetany, 
abdominal pains, and salt craving. The defect in most 
studied families is a result of inactivating mutation of 

thiazide-sensitive Na+–Cl- cotransporter (NCCT) that 
is mainly located in the DCT (Fig. 5.3b) [33, 39]. The 
exact mechanisms responsible for hypocalciuria and 
hypermagnesuria remain poorly understood.

Isolated hypomagnesemia is a rare congenital disor-
der with either autosomal dominant or autosomal reces-
sive mode of inheritance. Clinical presentation may 
vary from asymptomatic cases to generalized convul-
sions in early childhood. Laboratory findings include 
hypermagnesuria, hypomagnesemia, and hypocalciuria 
without any other electrolyte abnormalities. Whereas 
a genetic locus in the autosomal  recessive form has 
not been yet identified, in the autosomal dominant 
form a locus was mapped to chromosome 11q23. The 
 identified gene FXYD2 encodes the Na+–K+–ATPase 
g-subunit localized in the distal tubule. The mechanism 
by which FXYD2 mutations cause hypermagnesuria 
remains unclear [29, 39].

Familial hypomagnesemia with hypercalciuria and 
nephrocalcinosis (FHHNC) is distinguished from other 
congenital hypomagnesemic syndromes by the presence 
of significant calcium, in addition to magnesium, renal 
wasting. Most FHHNC patients present in early child-
hood with nephrocalcinosis and/or renal stones, failure 
to thrive, polyuria, and polydipsia. Nephrocalcinosis 
and renal stones resulting from hypercalciuria are the 
major clinical findings. Nephrocalcinosis-related renal 
insufficiency, distal acidification, and concentrating 
defects have been also described. Some patients may 
develop symptomatic hypocalcemia. This syndrome 
is also associated with frequent ocular abnormalities 
including corneal calcifications, choreoretinitis, kera-
toconus, and macular coloboma. The association of 
hypercalciuria and hypermagnesuria was suggestive of 
the TAL reabsorptive defect. Indeed, genetic analysis 
revealed a locus on chromosome 3q and determined 
that mutated gene is responsible for paracellin-1 pro-
tein (Fig. 5.3a). Paracellin-1 is a member of the claudin 
family of tight junction proteins, which is expressed 
only in the TAL and distal tubule. Paracellin-1 is also 
known as claudin-16; both names are used in the litera-
ture that can be confusing. This protein plays a critical 
role in the paracellular Ca2+ and Mg2+ reabsorption in 
the TAL. Paracellin-1 gene expression is also shown 
in cornea and retinal epithelium in animals explaining 
the link with ocular abnormalities observed in some 
patients [34, 39, 42].

Autosomal dominant hypocalcemia results from 
activating mutation of calcium-sensing receptor. 
CaSR is expressed in the parathyroid gland and the 
TAL. Activation of CaSR causes a clinical picture 
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resembling primary hypoparathyroidism including 
hypocalcemia and inadequately low PTH levels. In 
the parathyroid gland activation of the CaSR results 
in diminished PTH secretion, whereas in the  kidney 
activation of the CaSR contributes to decreased rea-
bsorption of Ca2+ and Mg2+ in the TAL. Resulting 
hypomagnesemia helps to  differentiate these patients 
from primary hypoparathyroidism [39].

5.4.4.3  Clinical Approach to the Diagnosis 
of Hypomagnesemia

The serum Mg2+ concentration remains the most practi-
cal clinical test to assess magnesium deficit. In contrast to 
other electrolytes, the plasma magnesium concentration 
is not always a routine screening blood test. The presence 
of hypomagnesemia should be suspected in pediatric 
patients with chronic diarrhea, hypocalcemia, and unex-
plained neurological or muscular symptoms. It is reason-
able to perform serum  magnesium screening in most 
ICU patients on admission. Hypomagnesemia is defined 
as a decrease in serum Mg2+ concentration to levels less 
than 1.5 mg dL–1. If hypomagnesemia is confirmed on 
two consecutive blood draws, the  diagnosis can often be 
obtained from careful medical history and clinical picture 
(Table 5.3). ICU patients are prone to develop hypomag-
nesemia due to coexistence of two or more factors as, 
for example, due to low intake and increased gastroin-
testinal or renal loss. If the cause of hypomagnesemia 
remains unclear, the differential diagnosis between renal 
and extrarenal losses can be performed using 24-h uri-
nary magnesium excretion, fractional excretion of Mg2+ 
(FEMg), or urine magnesium to creatinine ratio. The 
latter two tests are easier to perform since they do not 
necessitate 24-h urine collection. FEMg can be calcu-
lated from the following formula:

FEMg = (UMg ´ PCr) ´ 100/(0.7 ´ PMg ´ UCr),

where UMg and UCr are urine concentrations and PMg 
and PCr are plasma concentrations of magnesium and 
 creatinine, respectively. The plasma concentration of 
magnesium is multiplied by 0.7 to estimate the free 
(not bound to albumin) concentration of magnesium, 

since only free magnesium is available for glomerular 
filtration.

The normal renal response is to diminish magne-
sium excretion in the presence of hypomagnesemia 
to very low levels. In adults, 24-h urine magnesium 
excretion falls to lower than 20 mg and FEMg to less 
than 1–2%. Urine excretion of more than 20–30 mg 
and fractional excretion above 2% are suggestive of 
renal magnesium loss. Normal values of urine mag-
nesium to creatinine ratio in different age groups are 
summarized in Table 5.4 [1, 28].

5.4.4.4 Treatment of Hypomagnesemia

Monitoring of magnesium status becomes a routine 
screening test in severely sick children. It is of pri-
mary importance in ICU pediatric patients maintained 
with parenteral nutrition for a long time. Parenteral 
nutrition should contain magnesium; otherwise, these 
patients are prone to develop hypomagnesemia. In 
most patients, hypomagnesemia can be prevented 
by sufficient daily magnesium supplementation 
(Table 5.5 [49]).

If hypomagnesemia develops, the treating physician 
should try to answer the following questions to opti-
mize the treatment:

1. What is the etiology of magnesium deficit? Can the 
etiologic factor(s) be withdrawn or ameliorated?

2. Is the patient symptomatic with regard to magne-
sium depletion?

3. Does the patient need magnesium repletion? If he 
does, what is the best route for the repletion and 
what is the appropriate dosage?

If hypomagnesemia is attributed to loop diuretic or tubu-
lar-toxic medication, then the possibility of switching 
to another medication should be considered. Patients 
with renal magnesium wasting may benefit from the 
addition of potassium-sparing diuretics, such as ami-
loride or triamterene, which decrease magnesium renal 
losses in the distal tubule.

The second question is not always easy to answer. 
Most hypomagnesemic pediatric patients do not present 

Table 5.4 Urine magnesium to creatinine ratio (mg mg–1) limits (5th and 95th percentile) by age groups [28]

Age (years) 0.1–1 1–2 2–3 3–5 5–7 7–10 10–14 14–17

5th percentile 0.1 0.09 0.07 0.07 0.06 0.05 0.05 0.05

95th percentile 0.48 0.37 0.34 0.29 0.21 0.18 0.15 0.13

Magnesium concentration measured using colorimetric reaction with xylidil blue (from [28], with permission)
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with neurological, muscular, or cardiac  symptoms. 
However, other electrolyte abnormalities frequently 
coexist in these patients. It can be  difficult to differ-
entiate if these electrolyte abnormalities result from 
magnesium deficit or independent of magnesium renal 
wasting. For example, hypokalemia is often associated 
with hypomagnesemia and can result from the tubu-
lar wasting. On other hand, hypomagnesemia by itself 
causes hypokalemia due to impaired Na+–K+–ATPase 
function and loss in the urine. Thus, in some cases dif-
ferentiation may be practically impossible.

Obviously, symptomatic magnesium depletion needs 
repletion. The importance of treating asymptomatic 
hypomagnesemia remains controversial. Most authors 
recommend to replete any hypomagnesemic patient 
with significant underlying cardiac disease, convulsive 
disorder, or concurrent hypokalemia or hypocalcemia. 
Also severe asymptomatic magnesium depletion 
(<1.2–1.4 mg dL–1) should be corrected [1, 34, 44]. In 
asymptomatic patients with mild hypomagnesemia, we 
suggest to assess, if possible, magnesium balance, and 
in case of negative balance provide sufficient magne-
sium supplementation.

The route of magnesium repletion depends on the 
urgency of the clinical situation. Obviously, the seiz-
ing patient should be given magnesium intravenously 
(2–5 mg kg–1 of elemental magnesium) over 8–24 h. 
Small bolus of 1–2 mg kg–1 can be given over 5 min 
in the beginning (Table 5.6). Because extracellular 

magnesium does not readily equilibrate with intracel-
lular stores, fast infusion rapidly increases the plasma 
concentration but does not correct the total body 
magnesium. Furthermore, since plasma magnesium 
concentration is the major regulator of magnesium 
renal handling, acute rise in magnesium concentration 
results in hypermagnesuria with loss of up to 50% of 
infused magnesium [1]. Therefore, slow continuous 
intravenous infusion over 24 h is effective and safe. 
The dose may be repeated or adjusted to maintain 
serum Mg2+ concentration above 1–1.2 mg dL–1. As 
mentioned, magnesium uptake by cells is very slow 
and days may be needed to correct intracellular mag-
nesium deficit. Thus, once started magnesium reple-
tion should be continued for 3–7 days despite normal 
blood  magnesium concentration [1, 34]. The main 
adverse effects of fast magnesium repletion are due to 
development of hypermagnesemia. These side effects 
include facial flushing, hypotension, loss of deep 
 tendon reflexes, and atrioventricular block. Monitoring 
of deep tendon reflexes can be used in nonparalyzed 
ICU patients. In addition, intravenous administration 
of magnesium sulfate results in decrease in plasma 
Ca2+ concentration due to  binding of Ca2+ and sulfate 
ions. Therefore, in case of concurrent hypocalcemia 
calcium replacement should precede the magnesium 
repletion. Another disadvantage of magnesium sulfate 
salt is the fact that sulfate cannot be reabsorbed in the 
distal tubule; the resulting negative luminal potential 
increases potassium renal loss [34].

Oral magnesium replacement is usually used either 
in mild cases or for continued replacement after ini-
tial intravenous repletion (Table 5.6). The advantage 
of oral replacement is a slow elevation in magnesium 
serum concentration preventing hypermagnesemia 
and its side effects. Multiple oral Mg2+ salts are avail-
able. Bioavailability of oral magnesium preparations is 
assumed to approximately 33% in patients with normal 
intestinal function. Side effects include diarrhea in high 
doses and metabolic abnormalities. Mg2+ hydroxide and 

Table 5.5 Dietary reference intake of magnesium by age [49]

0–6 months 50 mg

6–12 months 70 mg

1–10 years 150–250 mg

11–18 years 300–400 mg

>18 years 300–400 mg

Pregnant/lactating +150 mg

Table 5.6 Magnesium preparations and dosages

Preparation
Amount of elemental 
magnesium Route and forms

Dosage (mg elemental 
magnesium per kg)

Sol magnesium sulfate 50% 50 mg/1 mL IV 2–5 mg kg–1 (0.05–0.1 mL kg–1) over 
8–24 h, repeat if needed

Magnesium sulfate granules 10 mg/100 mg (50 mg/5 g) PO granules 10–20 mg kg–1 dose–1 3–4 times daily

Magnesium oxide 60 mg/100 mg PO tablets, capsules 10–20 mg kg–1 dose–1 3–4 times daily

Magnesium gluconate 5.4 mg/100 mg PO tablets 10–20 mg kg–1 dose–1 3–4 times daily
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Mg2+ oxide can exaggerate metabolic alkalosis, whereas 
Mg2+ sulfate and gluconate may potentially worsen K+ 
wasting. Patients on magnesium replacement therapy 
should be monitored for magnesium, potassium, cal-
cium, and bicarbonate levels [34].

5.5 Hypermagnesemia

In normal individuals most of the filtered magne-
sium load is reabsorbed in the TAL; the process is 
regulated mainly by magnesium serum concentration. 
Increased magnesium load results in decreased Mg2+ 
 reabsorption and excretion of the excess Mg2+ in the 
urine. This mechanism is so efficient that hypermag-
nesemia usually is not seen in the presence of normal 
kidney  function. In clinical practice, hypermagnesemia 
usually occurs in two settings: compromised renal 
function or excessive magnesium intake.

5.5.1 Causes of Hypermagnesemia

5.5.1.1 R enal Failure

In chronic renal failure, the remaining nephrons adapt 
to the decreased filtered magnesium load by increas-
ing their fractional excretion of magnesium. This 
adaptive mechanism preserves normal magnesium 
serum concentration even in the presence of advanced 
renal failure. In patients with creatinine clearance 
below 15 mL min–1 mild hypermagnesemia can be 
observed. Severe hypermagnesemia can be seen in 
patients who receive exogenous magnesium as antac-
ids or laxatives [8, 34].

5.5.1.2 Excessive Magnesium Intake

Hypermagnesemia can be seen in patients with nor-
mal kidney function when magnesium intake exceeds 
the renal excretory capacity. It is rarely observed in 
children, but is a well-appreciated complication of 
large magnesium infusions in pregnant women with 
preeclampsia. Severe hypermagnesemia has been 
described in children with Epsom salt (contain-
ing Mg2+ sulfate) poisoning, in laxative abusers, or 
in patients receiving magnesium as a cathartic [8, 
20]. Hypermagnesemia from oral magnesium salts 
is more common in patients with bowel inflam-
matory disease, obstruction, or perforation [34]. 
Extreme hypermagnesemia with hypercalcemia has 
been described in pediatric and adult patients with 
Dead Sea water poisoning, since the ingested water 

 contains very high concentrations of both calcium 
and magnesium [35].

5.5.1.3 Miscellaneous

Mild to moderate hypermagnesemia can be occasionally 
observed in patients with familial hypocalciuric hyper-
calcemia, tumor lysis syndrome, milk-alkali syndrome, 
hypothyroidism, Addison disease, lithium therapy, and 
theophylline intoxication [34]. Neonates born prema-
turely with asphyxia or hypotonia are often hypermag-
nesemic. Spontaneous return to normal values occurs 
within 72 h. Whether hypermagnesemia plays a patho-
physiological role in asphyxic child remains unknown. 
Hypermagnesemia can be dangerous in neonates born 
from magnesium-treated eclamptic mothers [9]. Low 
glomerular filtration rate observed in neonates may 
slow the normalization of serum magnesium level.

5.5.2 Symptoms of Hypermagnesemia

Symptoms of hypermagnesemia usually correlate 
well with plasma magnesium concentration. Mild 
hypermagnesemia is usually asymptomatic, whereas 
severe hypermagnesemia can potentially be a fatal 
condition. Initial manifestations are seen when magne-
sium concentration exceeds 4–5 mg dL–1 and include 
 nausea, vomiting, flushing, headache, drowsiness, and 
diminished deep tendon reflexes. Plasma magnesium 
concentrations between 7 and 12 mg dL–1 are often 
associated with somnolence, hypocalcemia, absent 
deep tendon reflexes, hypotension, bradycardia, ileus, 
urinary retention, and ECG changes. Further elevation 
of magnesium concentration above 12 mg dL–1 may 
result in flaccid muscular paralysis, respiratory depres-
sion, AV heart block, and cardiac arrest (Table 5.7).

5.5.2.1 C ardiovascular System

Hypotension usually appears when magnesium con-
centration exceeds 5–6 mg dL–1 and is thought to be the 
result of peripheral vasodilatation. Mg2+ is an effective 
calcium-channel blocker both intracellular and extracel-
lular; it also modulates the function of K+ channels in 
cardiac muscle and aortic smooth muscle cells [2]. ECG 
changes are common with magnesium concentrations 
above 8 mg dL–1 but nonspecific. Sinus or junctional 
bradycardia, AV and His bundle conduction block, pro-
longed QRS duration, and Q-T intervals can be observed 
[34]. Complete heart block and cardiac arrest may occur 
at plasma concentrations above 18 mg dL–1.
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Table 5.7 Clinical manifestations and treatment of hypermagnesemia

Plasma magnesium 
concentration (mg dL–1) Clinical signs Treatment

2.5–4 Usually asymptomatic Cessation of magnesium supplements

4–6 Nausea, vomiting, flushing, headache, drowsiness, 
and diminished deep tendon reflexes

As above
Forced diuresis with normal saline and 

loop diuretics

6–12 Somnolence, hypocalcemia, absent deep tendon 
reflexes, hypotension, bradycardia, ileus, urinary 
retention, and ECG changes (prolongation of the 
P-R interval, increased duration of the QRS complex 
and Q-T interval, increased height of the T waves)

As above
IV calcium gluconate 10% 0.2–0.3 mL 

kg–1 by slow infusion
Fluid resuscitation
Dialysis in the presence of renal failure 

or ineffectiveness of forced diuresis 
to decrease magnesium levels

>12 Flaccid muscular paralysis, respiratory 
depression, coma, AV heart block, and 
cardiac arrest (>18 mg dL–1)

As above
Respiratory support

5.5.2.2 Neurom uscular System

Increased concentrations of extracellular Mg2+ pro-
duce curare-like effect by inhibition of  acetylcholine 
release and decreased impulse transmission across the 
 neuromuscular junction [2]. Clinical manifestations 
progress from hyporeflexia to flaccid muscle  paralysis, 
respiratory depression, smooth muscle paralysis with 
urinary retention, and ileus. Central nervous system 
depression manifests with somnolence, lethargy, and 
coma in severe hypermagnesemia [34].

5.5.2.3 Hypocalcemia

Hypermagnesemia can suppress the PTH  secretion 
[10]. Resulting mild hypocalcemia is usually asymp-
tomatic and thought not to be clinically important.

5.5.3 Treatment of Hypermagnesemia

Most cases of hypermagnesemia can be prevented by 
avoidance of magnesium-containing  preparations in 
patients with advanced renal failure (Table 5.7). Mild 
hypermagnesemia in the presence of preserved renal 
function usually requires only discontinuation of mag-
nesium supplementation. The next step of treatment is 
forced diuresis using normal saline infusion and loop 
diuretics, which results in increased  magnesium wast-
ing. In cases of severe symptoms, especially cardiac 
toxicity, intravenous calcium is given as a magnesium 
antagonist. In patients with renal failure, dialysis is the 
only way to clear the magnesium excess. Both hemo-
dialysis and peritoneal dialysis have been successfully 
used for this application. Hemodialysis provides higher 

KT/V and thus is more effective in magnesium clear-
ance. The typical dialysate for hemodialysis contains 
0.6–1.2 mg dL–1 of magnesium; however, Mg2+-free 
dialysate can also be used [20, 34].

› About 70% of serum magnesium (not protein bound) is 
freely filtered at the glomerulus to the Bowman space. 
The majority of filtered magnesium is reabsorbed in the 
loop of Henle via paracellular passive transport, which is 
facilitated by a tight junction protein paracellin-1 and is 
driven by the transepithelial voltage. A small amount of 
filtered magnesium is reabsorbed in the distal tubule via 
transcellular active transport.

› Hypokalemia, hypocalcemia, cardiac and neurological 
abnormalities are clinical signs of hypomagnesemia.

› Secretions from the lower gastrointestinal tract have much 
higher magnesium concentrations (up to 16 mg dL–1) than 
from the upper gastrointestinal tract, thus chronic diarrhea 
can result in hypomagnesemia.

› Renal loss of magnesium can occur during polyuric phase 
of ATN, postobstructive and osmotic diuresis, recovery 
from postischemic injury of transplanted kidney, and 
treatment with loop diuretics, amphotericin, calcineurin 
inhibitors, and cisplatin.

› Rare inherited tubular defects of magnesium handling 
include Gitelman syndrome, isolated familial hypomag-
nesemia, familial hypomagnesemia with hypercalciuria 
and nephrocalcinosis as well as autosomal dominant 
hypocalcemia.

› 7–10 day course of magnesium supplementation is neces-
sary to correct a symptomatic hypomagnesemia.

Take-Home Pearls
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› Acute kidney injury (AKI) complicates the course of 
many children admitted to the ICU. The etiology is  usually 
multifactorial, and ischemic, hypoxic, and  nephrotoxic 
insults are all common.

› The evaluation of AKI should be sequential. A care-
ful  history identifies risk factors for kidney injury and 
potential causes of acute dysfunction. Physical findings, 
laboratory assessment, and diagnostic imaging are aimed 
at both elucidating the cause of AKI and determining the 
extent of its severity.

› Treatment of AKI ranges from supportive care to  dialysis 
therapies. The decision to begin dialysis in the ICU should 
be made collaboratively between the  intensivist and the 
nephrologist. Choice of dialysis modality depends on 
clinical factors and local resources.

› Mortality rates for children requiring dialysis in the ICU 
for AKI are high, especially in children who develop mul-
tiorgan system dysfunction. Children who survive AKI in 
the ICU are at risk for long-term renal dysfunction.

› The creation of specific pediatric criteria to define AKI 
may facilitate further clinical research, including the iden-
tification of useful biomarkers for AKI and the response 
of kidney injury to specific directed therapies.
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Case Vignette

A 10-year-old boy with Williams syndrome presents 
for assessment of dehydration. He is usually in good 
health and has been followed since infancy for sup-
ravalvular aortic stenosis and is status post a patch 
repair of his ascending aorta. He does have some 
residual aortic coarctation and has also been found 

to have mild narrowing of his left renal artery. He 
is maintained on enalapril and atenolol with blood 
pressure readings of 120/80 and had a normal CBC 
and chemistry panel 4 months ago. Over the last 2 
months, he has developed increasing dysphagia and 
has been treated for gastroesophageal reflux and ero-
sive esophagitis with proton pump inhibitors. He has 
had significant decrease in oral intake because of 
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his dysphagia, and his mother  estimates that he has 
gone down from taking in 1.5 L daily to only ½ L of 
bottled water. He has had vomiting 3–4 times daily 
and visible blood in his stools over the last week. 
His blood pressures at home have dropped to the 
90–100 range systolic but he has continued to take 
his  antihypertensive therapy each day. His mother has 
noticed that he is not urinating regularly. On exami-
nation, he is pale, has a resting pulse of 70, a blood 
pressure of 90/50 while sitting, and a standing blood 
pressure cannot be done because he feels too weak. 
The remainder of his examination is nonfocal and 
unchanged from his last clinic visit. Diagnostic eval-
uation includes a CBC noteworthy for hemoglobin of 
5 g dL−1 with a low reticulocyte count, electrolytes 
with serum bicarbonate of 18 meq L−1, normal cal-
cium levels, a mildly elevated serum phosphorus level 
to 6 mg dL−1, a BUN of 120 mg dL−1, and a serum 
creatinine (SCR) of 6 mg dL−1. He receives an initial 
bolus infusion of normal saline and a transfusion of 
packed red blood cells. His antihypertensive therapy 
is held. Repeat chemistries 12 h later show that the 
BUN has fallen to 90 mg dL−1 and the creatinine is 
now 5.2 mg dL−1, and he has begun to produce urine 
more regularly. The patient continues to vomit clear 
fluid and then develops hematemesis accompanied 
by blood pressure instability. He is transferred to the 
pediatric ICU where he requires significant volume 
resuscitation and the initiation of a dopamine drip to 
maintain a systolic pressure greater than 90 mmHg. 
He develops oliguria and his BUN and creatinine 
steadily increase with each laboratory assessment. 
Plans are made to initiate continuous veno-venous 
hemodialysis.

6.1 In troduction

Acute renal failure denotes the abrupt onset of renal 
dysfunction leading to the inability to regulate acid 
and electrolyte balance and excrete wastes and fluid 
[4]. Increased understanding of the pathophysiology 
and clinical spectrum of acute renal failure has led to 
a change in nomenclature of this condition to acute 
kidney injury (AKI), acknowledging that acute renal 
dysfunction occurs due to injurious endogenous or 
exogenous disease processes.

Glomerular filtration rate (GFR) decreases in AKI 
and is characterized clinically by an increase in the 
measured SCR and often a concomitant decrease in 
urine output. The clinical spectrum of AKI ranges 

from mild, where effects on outcome are still unclear, 
to severe, a life-threatening condition mostly  affecting 
severely ill, hospitalized patients [31, 62]. While 
much has been learned about the cellular and molecu-
lar pathways of AKI [11, 22, 32, 46, 48, 49], study 
with respect to pediatric AKI epidemiology has only 
recently received focus.

Diagnosis and management of AKI constitutes one 
of the most important roles of the pediatric nephrolo-
gist in an intensive care unit. Proper management of 
pediatric AKI requires understanding the multiple 
pathophysiologic and clinical events that lead to renal 
injury, the life-threatening and nonlife-threatening 
effects of AKI, and when conservative or supportive 
care is indicated vs. more invasive maneuvers. This 
chapter will provide an overview of the epidemiol-
ogy, pathophysiology, risk factors and causes, clini-
cal presentation, and diagnosis of AKI in the pediatric 
intensive care units. Management of AKI complica-
tions and acute dialysis for AKI will be covered in 
other chapters and only briefly reviewed here.

6.2 AKI Epidemiology

The epidemiologic importance of AKI as a public 
health problem is underscored by evidence showing 
that even a small reduction (0.3 mg dL−1 SCr increase) 
in the renal function of hospitalized adult and pediat-
ric patients is a risk factor for morbidity and mortal-
ity [15, 45]. Although little data exist to describe the 
incidence of pediatric AKI, the prevalence of hospital 
and PICU-acquired AKI appears to be increasing [60], 
which may result from changes in diagnostic profiles 
over the last 10–20 years and increasing use of more 
invasive management to support critically ill children 
and higher illness severity of these patients. Studies 
have defined AKI using differing definitions, ranging 
from varying increases in SCr to decreases in urine 
output to dialysis requirement [9]. When requirement 
for some form of renal replacement therapy (RRT) as 
the strictest definition of AKI is used, its incidence 
in the PICU ranges from less than 1–2% [7, 39, 60]. 
When less strict AKI definitions are used, such as 
doubling of SCr, the incidence of AKI ranges from 
1–21%, depending on population characteristics [3, 
7, 24, 39, 60, 62]. Infants undergoing cardiopulmo-
nary bypass (CPB) procedures have been studied more 
extensively than other groups of children, and the AKI 
incidence is fairly consistent in the range of 10–25% 
[14, 41, 54]. Patients receiving stem cell transplants 
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are also at higher risk than  general PICU patients, 
with an  incidence of AKI, defined by SCr doubling, of 
approximately 20% [33].

In 2004, a consensus definition for AKI was pro-
posed by the Acute Dialysis Quality Initiative: the 
RIFLE criteria (risk, injury, failure, loss, end-stage 
renal disease) [9]. The adult-derived RIFLE defini-
tion was modified, and then applied and validated in 
pediatric patients and renamed as the pediatric RIFLE 
(pRIFLE) criteria. pRIFLE stratifies AKI from mild 
(RIFLE R, risk) to severe (RIFLE F, failure) based 
on changes in SCR or estimated creatinine clearance 
(eCCl) and urine output (Table 6.1). The first study 
that defined AKI using the pRIFLE criteria found that 
AKI occurred in 82% of the most critically ill chil-
dren admitted to a PICU [3]. Similar to adult studies 
[2, 30, 34, 37, 59], AKI defined by these criteria was 
an independent risk factor for both increased hospital 
length of stay and mortality. While the pRIFLE crite-
ria are not currently applicable in the clinical setting 
for medical decision making, they provide a multidi-
mensional research tool to assist with AKI descriptive 
and outcome studies. Further epidemiologic research 
utilizing this common definition will contribute to 
understanding the true incidence of mild to severe AKI 
in a wide range of geographic and diagnostic patient 
populations.

6.3  Etiology, Classification, 
and Pathophysiology of AKI

The etiology of AKI has changed over the last 10–20 
years from primary renal disease (e.g., hemolytic 
uremic syndrome, glomerulonephritis) to the renal 
complications of systemic illness or its treatment 
(postoperative cardiac surgery, oncologic diseases). 
Sepsis also remains an important etiologic factor of 
AKI [3, 7, 28, 31, 38, 43, 60, 62]. Table 6.2 lists AKI 
causes commonly seen in the PICU.

A recent pediatric retrospective epidemiologic study 
revealed that the most common causes of AKI in a ter-
tiary health care center were renal ischemia, nephro-
toxic medication use, and sepsis [31]. While each of 
these conditions cause AKI via different mechanisms, 
they lead to a final common pathway of acute tubular 
necrosis (ATN), characterized by renal tubular epi-
thelial cell death. ATN is the most common cause of 
severe AKI in critically ill children. The remainder of 
this section will provide an overview of how AKI is 
classified and how this  classification is linked to AKI 
pathophysiology.

6.3.1 Prerenal AKI

AKI is traditionally classified as being of prerenal, 
renal (intrinsic renal disease), or postrenal (obstruc-
tive) origin (Table 6.2). Prerenal AKI refers to the 
abrupt decrease in GFR following renal  hypoperfusion, 
either from intravascular volume depletion or from 
reduced effective circulating volume. Intravascular 
volume depletion can occur from dehydration, in 
which total body water is reduced, or from fluid shifts 
outside the intravascular space, such as in the setting of 
severe hypoalbuminemia (nephrotic syndrome, severe 
liver disease) or capillary leak, as seen with systemic 
inflammatory response syndrome (SIRS). Low effec-
tive circulating volume occurs with poor cardiac output 
or systemic vasodilation. Prerenal AKI can also more 
rarely occur due to renal artery stenosis or compression 
(bilateral with two kidneys or unilateral with a single 
kidney). In either case, the common final pathway for 
all these processes is decreased effective perfusion of 
the kidney parenchyma.

In the setting of this decreased renal perfusion, sev-
eral adaptive responses come into play, all aimed at 
maintaining GFR and restoring intravascular volume 
via neurohormonal mechanisms (Fig. 6.1). Decreased 
renal perfusion leads to increase in adrenergic activity 
and stimulation of the renin–angiotensin– aldosterone 

Table 6.1 Pediatric RIFLE criteria definition of acute kidney 
injury

 Pediatric RIFLE criteriaa

Estimated CCl (eCCl)b Urine output

Risk eCCl decrease by 25% <0.5 mL kg−1 h−1 
 for 8 h

Injury eCCl decrease by 50% <0.5 mL kg−1 h−1 
 for 16 h

Failure eCCl decrease by 75% 
 or eCCl <35 mL min−1 
 per 1.73 m2

<0.3 mL kg−1 h−1 for 
 24 h or anuric 
 for 12 h

Loss Persistent failure >4 
 weeks

End 
 stage

End stage renal disease 
 (persistent failure >3 
 months)

a  Patients are classified as having acute kidney injury if they 
attain either eCCl or urine output criteria

b  Estimated creatinine clearance (mL min−1 per 1.73 m2) 
is calculated using the Schwartz formula: k × height in 
centimeters/SCr [50]
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(RAA) axis and  antidiuretic hormone (ADH) release 
[10, 22]. The increase in adrenergic activity leads to 
systemic vasoconstriction, thereby  increasing blood 
pressure. Stimulation of the RAA system leads to 
reabsorption of salt and water through angiotensin 
II (proximal tubule) and aldosterone (distal tubule). 
Increase in systemic ADH leads to retention of water 
by the collecting tubule. While each of these mecha-
nisms favors the  maintenance of intravascular volume 
and systemic blood pressure, other mechanisms also 
act simultaneously to maintain GFR. Elevated angi-
otensin II causes preferential vasoconstriction of the 

glomerular efferent arteriole (distal to the glomerulus) 
while vasodilators such as prostaglandins and nitric 
oxide cause afferent arteriolar vasodilation, leading to 
increase in glomerular pressure and thus GFR [5, 35].

If renal hypoperfusion is ameliorated promptly, such 
as when intravascular fluid volume is rapidly opti-
mized, GFR may be restored quickly. If renal hypo-
perfusion is severe or prolonged, however, acute tubu-
lar necrosis (ATN) can occur (Fig. 6.1) [35, 53]. Once 
ATN ensues, restoration of intravascular volume will 
not restore GFR, as the pathophysiologic process of 
ischemic renal injury has been triggered. Clinically, it 

Table 6.2 Causes of pediatric acute kidney injury in the intensive care unit

Prerenal (renal hypoperfusion)

Low intravascular volume

 Hemorrhage/bleeding: postoperative, trauma

 Severe dehydration: vomiting/diarrhea, nasogastric drainage, chest tube/abdominal drain losses, urinary losses 
(diabetes insipidus, Bartter’s syndrome, adrenal disorders), diuresis (diuretic-induced or osmotic)

 Third-space losses: sepsis and capillary leak, burns, trauma, hypoalbuminemia (nephrotic syndrome/liver disease)

Decreased effective circulating volume

 Cardiac dysfunction: congestive heart failure, cardiac tamponade/pericarditis, sepsis-associated cardiac dysfunction

 Renal artery obstruction: stenosis, mass

 Sepsis-associated diffuse vasodilation

Renal (intrinsic)

Glomerular

 Glomerulonephritis: rapidly progressive (pauci-immune, immune-mediated, goodpasture’s syndrome), 
immune-mediated diseases (lupus, post-infectious, IgA nephropathy, membranoproliferative, vasculitis).

Vascular

 Hemolytic uremic syndrome: Eschericia coli ingestion, drug – induced (calcineurin inhibitors), streptococcus 
pneumoniae, genetic.

 Vascular injury: cortical necrosis, renal vein/artery thrombosis, disseminated intravascular coaggulation, 
thrombotic disease, malignant hypertension.

Interstitial

 Acute interstitial nephritis: drug-induced, post-infectious, immune-mediated.

 Infection/pyelonephritis.

Tubular

 Acute tubular necrosis: hypoxic/ischemic injury, drug-induced, exogenous toxins (metals, venom, illicit drugs 
(mushrooms), ethylene glycol, methanol), endogenous toxins (rhabdomyolysis, hemolysis, tumor lysis syndrome).

 Tumor lysis syndrome

Postrenal (obstruction of urinary tract)

 Urethral obstruction: posterior urethral valves in neonates; urinary catheter obstruction

 Obstruction of solitary kidney urinary tract: congenital (ureteral–pelvic junction, ureteral stenosis, uretero–vesical 
junction, mass), stones, mass

 Bilateral ureteral obstruction: mass, stones
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is not difficult to recognize the presence of dehydra-
tion that may be correctable with fluid provision. It is 
equally important, however, to  recognize clinical sce-
narios where effective circulating volume is reduced or 
when fluid shifts are the cause of intravascular deple-
tion, sometimes in the setting of apparent total body 
volume overload. In the critical care setting, when 
faced with patients who often manifest reduced cardiac 
output, capillary leak (SIRS, inflammatory/infectious 
diseases), severe hypoalbuminemia, and third-space 
losses, this contradistinction between effective vol-
ume and total body volume is common. Because of 
the underlying disease process, compensatory salt 
and water retention may not actually improve effec-
tive perfusion but lead to progressive fluid overload 

and resultant  complications. Management should be 
aimed toward correcting the underlying cause of renal 
hypoperfusion (provision of albumin, improvement 
of cardiac function, and treatment of sepsis), while 
 minimizing the effect of  excessive fluid overload.

6.3.2 Intrinsic AKI

Intrinsic renal causes of AKI refer to any acute 
 reduction in GFR secondary to direct damage to renal 
tissue, be it from vascular, tubular, interstitial, or 
glomerular causes (Table 6.2). In the critical care set-
ting, however, ATN is by far the most common cause 
of intrinsic AKI, and has been the focus of ongoing 

Renal hypoperfusion

Neurohormonal activation

Systemic effects

Restoration of renal perfusion

Return to normal renal function

Severe or prolonged renal ischemia

Renal effects

OR

RAA System
Sympathetic nervous system
Antidiuretic hormone
Prostaglandins 

Vasoconstriction
Blood pressure maintenance
Improved renal perfusion 

Efferent arteriolar vasoconstriction
Afferent arteriolar vasodilation
Maintenance of glomerular capillary pressure
Salt and water retention 

Pathophysiologic processes of acute tubular necrosis

Increase in intrarenal vasoconstrictors (endothelin, angiotensin II)
Endothelial damage
Intrarenal inflammation
Tubular cell ATP depletion
Generation of free radicals 

Acute tubular necrosis

Cytoskeletal degeneration
Loss of cell polarity
Tubular cell death and desquamation
Cast formation / obstruction 

Fig. 6.1 Relationship between prerenal acute kidney injury (AKI) and ischemic acute tubular necrosis. RAA renin– anigiotensin–
aldosterone, ATP adenosine triphosphate
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research. ATN occurs via many mechanisms,  including 
ischemic, toxic, vascular insults and  inflammation 
[53]. Critically ill patients are at high risk for all these 
processes.

6.3.2.1 Hypoxic/Ischemic Acute Tubular Necrosis

Hypoxic/ischemic AKI is the most common cause 
of ATN. The pathophysiology of ischemic ATN 
involves a series of intrarenal vascular and tubular 
cell-mediated events. ATN is associated with pro-
found intrarenal vasoconstriction particularly in the 
low oxygen tension regions of the outer medulla, 
leading to tubular cell necrosis of the S3 segment of 
the proximal tubule and the medullary thick ascend-
ing limb [22]. Endothelial injury leads to release 
and activation of both vasodilators such as nitric 
oxide (NO) and vasoconstrictors such as endothelin, 
although vasoconstrictive factors are favored [5, 35]. 
Endothelial and tubular injury also cause intrarenal 
inflammation, independent of systemic inflamma-
tion, causing further injury [5, 22, 27, 35]. Leukocyte 
recruitment occurs and intrarenal inflammatory 
cytokines are released, including interleukin-6 and 8 
and tumor necrosis factor-alpha. Tubular cell abnor-
malities result from ischemic injury, but also con-
tribute to ongoing injury [22]. Prolonged ischemia 
leads to reduction in tubular intracellular ATP, pro-
tease activation, and tubular cytoskeletal degrada-
tion. With reperfusion, reactive oxygen molecules 
are released that then moderate further injury.

Damage to the renal tubular epithelial cells  ultimately 
leads to loss of the brush border and cell polarity, cell 
death, and sloughing of cellular debris into the tubular 
lumen, contributing to tubular obstruction and further 
nephron injury [22]. The process of healing is char-
acterized by tubular cell dedifferentiation and pro-
liferation into normal epithelial layers. While much 
has been learned about the molecular mechanisms of 
ischemic ATN, ongoing research is likely to elucidate 
therapeutic strategies.

6.3.2.2  Other Mechanisms of Acute Tubular 
Necrosis

Other common causes of ATN in the PICU are sep-
sis and nephrotoxin injury (Table 6.2). Sepsis causes 
cytokine-mediated systemic vasodilation and capil-
lary leak, leading to renal hypoperfusion and similar 
processes associated with prerenal AKI and ischemic 
ATN [49]. However, sepsis also causes direct renal 
injury via multiple complex mechanisms, including 

intrarenal vasoconstriction, inflammation, glomerular 
and vascular microthrombi, and endotoxin-stimulated 
release of oxygen-free radicals [49].

While the pathophysiology of nephrotoxin-induced 
ATN is beyond the scope of this chapter, there are sev-
eral pathways leading to renal cell injury, including 
direct tubular damage with resultant free-radical release, 
mitochondrial damage, as well as changes in glomeru-
lar and intrarenal hemodynamics – all leading to cell 
death [16]. Many antibiotics, particularly aminogly-
cosides, cause direct tubular injury, often character-
ized by tubular functional defects with resultant losses 
of fluids and electrolytes rather than an oliguric state. 
Aminoglycoside nephrotoxicity is frequently related to 
high serum levels and lengthy duration of treatment, and 
may only become apparent after cessation of therapy 
[57]. The antifungal agent amphotericin B also causes 
direct distal tubular injury as well as afferent arteri-
olar vasoconstriction. Amphotericin nephrotoxicity is 
characterized by acute reduction in GFR, distal renal 
tubular acidosis, salt wasting, polyuria, and significant 
losses of potassium and magnesium [21, 57]. Several 
 chemotherapeutic agents also lead to ATN. Table 6.3 
 displays many drugs that lead to renal injury.

Other forms of intrinsic renal diseases cause AKI 
in the critical care unit. Acute glomerulonephritis 
can occur as a result of several immune-mediated or 
primary glomerular diseases. Vascular insults include 
macrovascular events, such as renal vein thrombosis, 
and microvascular events, such as hemolytic–uremic 
syndrome. These diseases are usually clinically appar-
ent. Acute interstitial nephritis, leading to widespread 
interstitial inflammation, tubular damage, and reduced 
GFR, can occur due to infectious or autoimmune ill-
nesses, but more commonly  secondary to drug reac-
tion, such as seen with  nonsteroidal anti-inflammatory 
agents and several types of  antibiotics (Table 6.3).

6.3.3 Postrenal Causes of AKI

Postrenal AKI refers to reduced GFR occurring as a 
result of obstruction of the urinary tract. In the pediat-
ric critical care setting, such obstruction is a fairly rare 
cause of AKI and generally is related to tumors or bilat-
eral ureteral obstruction from mass effect, stones, or 
blood clots. In children with indwelling Foley catheters, 
unappreciated catheter obstruction may also contribute 
to postrenal AKI. In neonates, congenital obstructive 
uropathies such as posterior urethral valves may con-
tribute to AKI, especially when such  anomalies have 
not been appreciated prenatally.
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6.3.4 Risk Factors for AKI

From the earlier discussion of epidemiology, classifi-
cation, and pathophysiology of AKI, it is clear that the 
most important risk factors for AKI in the PICU are 
clinical conditions predisposing to renal  hypoperfusion 
or to direct renal injury.

Illness severity in itself is a risk factor for devel-
oping AKI. For example, with the critically ill patient 
who is intubated and receiving vasoactive medications, 
AKI incidence may exceed 80%, compared with levels 
approximating 5% in general PICU patients [3, 7].

Patients receiving stem cell transplants are at sub-
stantial risk of developing AKI. This risk is a result of 
several factors including the extensive use of nephro-
toxic medications, veno-occlusive disease in associa-
tion with hepatorenal syndrome, the high incidence of 
sepsis, and tumor lysis syndrome [33, 40, 61]. Because 
of the large amounts of fluid received during their 
treatment, these patients are also at particularly high 
risk of developing  substantial fluid overload.

Patients undergoing cardiopulmonary bypass are at 
risk of postoperative AKI. The pathophysiology of AKI 
in this setting is mostly ischemic. With such patients, 
it is important to note preoperative renal function, 
intraoperative details such as ischemic time, periods 
of severe hypotension, bypass pump time, as well as 
any perioperative hypoperfusion event. Depending 
on the case series and AKI definition used, the inci-
dence of AKI in the  cardiopulmonary bypass popula-
tion approximates 10–25% [41, 54]. In a more recent 
report, nearly 30% of infants undergoing cardiopul-
monary bypass had at least a 50% rise in SCr post-
operatively, equivalent to RIFLE R AKI [41]. Some 
centers perform peritoneal dialysis catheter insertion 
at the time of cardiac surgery given the risk of AKI; 
there is no evidence, however, suggesting benefit or 
harm to this practice vs. later catheter placement if 
indicated [25, 55].

6.4 Clinical Features of AKI

6.4.1 C linical History

In the critical care unit, it is unlikely to identify a 
 single cause of AKI. The goal of the history is to 
identify all potential causes and risk factors of AKI 
to direct appropriate management and avoid further 
renal injury. Renal hypoperfusion events will be 
extremely common, resulting from excessive blood 

loss,  sepsis with SIRS and capillary leak, cardiac dys-
function, vomiting, inadequate fluid replacement, and 
burns. A detailed fluid balance history is necessary. A 
negative balance may suggest effective volume deple-
tion and renal hypoperfusion, whereas a positive bal-
ance may suggest a defect with water excretion. If 
available, serial weights are invaluable for the assess-
ment of fluid balance. Actual urine output alone is 
not useful without knowing contemporaneous fluid 
intake. Urine output may seem adequate; however, if 
this output coupled with other sensible and insensible 
losses is less than the fluid input, and leads to pro-
gressive increases in positive fluid balance, then it is 
likely that there is a defect in water excretion, either 
due to significant AKI or increased ADH.

A detailed medication history assesses for 
drug-induced nephrotoxicity (e.g., aminoglycosides, 
amphotericin-B, chemotherapeutic agents, angiotensin 

Table 6.3 Common nephrotoxic medications encountered in 
the pediatric intensive care unit [16]

Nephrotoxins primarily causing tubular dysfunction

 Aminoglycosides

 Beta-lactam antibiotics (cephalosporins, carbapenem)

 Contrast media

 Cisplatin

 Ifosfamide

 Nonsteroidal anti-inflammatory drugs

 Acetaminophen

 Amphotericin B

 Acyclovir

 Foscarnet

 Cidofovir

 Calcineurin inhibitors

Nephrotoxins directly causing decreased GFR

 Amphotericin B

 Angiotensin-converting enzyme inhibitors

 Nonsteroidal anti-inflammatory drugs

 Foscarnet

 Calcineurin inhibitors

 Vasoconstrictor pressor medications

Nephrotoxins causing acute interstitial nephritis

 Beta-lactam antibiotics (methicillin, penicillin, 
 cephalosporins)

 Tetracyclines
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converting enzyme inhibitors, or calcineurin inhibi-
tors). Serum levels of pertinent medications must be 
reviewed for supratherapeutic levels that may have 
contributed to AKI.

An understanding of baseline renal function is 
important, moreover, to determine the extent of renal 
injury and put into context any decline in GFR. 
Reviewing SCR values that may have been obtained 
prior to any AKI and comparing with more recent 
values will clarify the degree of acute dysfunction. 
Using SCR values and height measurements in the 
Schwartz formula will allow more specific estima-
tion of GFR [50].

6.4.2 Ph ysical Examination

The physical examination serves two purposes. First, it 
may provide the clues as to the cause of AKI. Patients 
with nephritis may reveal signs of vasculitis with 
rashes or arthritis. The patient with severe liver dis-
ease and hepatorenal syndrome may have remarkable 
ascites, abdominal vascular anomalies, or even jaun-
dice. Labile blood pressure and poor peripheral per-
fusion will strongly suggest hypoxic–ischemic ATN as 
an AKI etiology.

Second, the physical examination allows some 
determination of the extent that the effects of either 
the primary renal disease or AKI are having on the 
patient, particularly with relation to fluid overload. 
A patient with glomerulonephritis may have severe 
volume overload with hypertension, requiring imme-
diate management with diuretics or  antihypertensive 
medication. Alternatively, the patient with sepsis and 
severe capillary leak syndrome may have severe total 
body volume overload and edema, but decreased 
effective volume and renal perfusion, better addressed 
by judicious ultrafiltration. Correlating changes in 
oxygen  requirement and ventilatory support with 
changes in fluid balance may help determine the extent 
to which fluid overload is impeding respiratory status.

6.4.3 L aboratory Investigation

Focused laboratory investigation serves to elucidate 
the cause of AKI and helps determine the extent of its 
severity. A urinalysis must be performed (Table 6.4). 
Urine specific gravity may be very high in patients 
who are severely volume-depleted. However, if ATN 
is established, specific gravity may be low or nor-
mal due to the presence of tubular dysfunction and 
limitations in urinary concentration. Glycosuria may 

suggest tubular dysfunction or could point toward 
an osmotic diuresis with resultant hypovolemia. The 
presence of leukocytes and positive nitrites on urine 
dipstick suggests urinary tract infection. If blood on 
urine dipstick is strongly positive with no or only few 
red blood cells seen on microscopic examination, 
myoglobin (as seen with rhabdomyolysis) or free 
hemoglobin (severe hemolysis) in the urine must be 
suspected. Proteinuria may be a nonspecific marker of 
renal injury or can point toward significant intrinsic 
glomerular injury with nephrosis. Patients with ATN 
may have granular or muddy brown casts, and their 
presence may be helpful in recognizing renal injury 
in patients with hypovolemia as a primary cause of 
AKI who may not yet manifest profound alterations 
in SCR.

Review of urine chemistries is also useful. The 
 fractional excretion of filtered sodium and urea can 
be used to help differentiate between AKI of prerenal 
origin and ATN (Table 6.4). The fractional excretion of 
sodium is calculated by the following formula:

(Urine sodium × serum creatinine/serum sodium × 
urine creatinine) × 100.

The fractional excretion of urea is similarly calcu-
lated by concomitant measurements of urinary and 
serum urea nitrogen and creatinine. With prerenal 
AKI, sodium and urea reabsorption will be increased, 
leading to low fractional excretion (<1% for sodium 
and <35% for urea), whereas with ATN and tubular 
dysfunction, fractional excretion will be higher (>2% 
for sodium and >35% for urea). When diuretics are 
used, the fractional excretion of sodium may not be 
reliable. The fractional excretion of urea is, however, 
much less affected by diuretic use [35].

Blood tests that should be drawn include creati-
nine, urea nitrogen, electrolytes, sodium, potassium, 
bicarbonate or total carbon dioxide, phosphorous, cal-
cium, glucose, albumin, hemoglobin, and platelets. 
Other tests may be required in specific  clinical set-
tings. Unlike urinalysis, many of these tests are rela-
tively nonspecific in determining the cause of AKI, but 
are useful in determining the extent of AKI severity. 
On occasion, specific laboratory assessments may be 
useful in pinpointing AKI etiology. For example, with 
hypovolemia BUN may be elevated out of proportion 
to creatinine, and hematocrit and platelet counts may 
be higher than expected.

Hyponatremia is very common in AKI and is 
 usually dilutional due to decreased free-water clear-
ance or secondary to states of inappropriate ADH 
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 secretion. AKI-associated hyponatremia is not usu-
ally severe (<120 meq L−1), unless associated with 
severe hyponatremic dehydration or inappropriately 
dilute fluid administration. Conversely, hypernatremia 
may also be seen in the setting of severe dehydration, 
hypertonic solution administration such as the septic 
patient receiving sodium bicarbonate boluses, or in 
diseases with severe urinary losses of water such as 
Bartter’s syndrome.

Hyperkalemia occurs in AKI due to reduced renal 
excretion of potassium and can be life-threatening 

at levels greater than approximately 6.5 meq L−1. 
Hypokalemia may be seen in patients who have 
polyuric AKI and is particularly common in patients 
with Amphotericin B and aminoglycoside neph-
rotoxicity. Metabolic acidosis, hypocalcemia, and 
hyperphosphatemia may also manifest with AKI, 
and these perturbations should be corrected as they 
exacerbate.

Other laboratory tests that should be considered will 
be directed by the clinical presentation of the patient, 
for example, antinuclear antibody and antinuclear 

Table 6.4 Laboratory investigation of acute kidney injury

Urine

 Urinalysis dipstick: Infection (nitrites or leukocyte esterase reaction), diabetes mellitus (glucose or ketones positive), 
  concentrating defect with ATN or interstitial nephritis (specific gravity ≤ 1.01), nephritis (hematuria), nephrotic 

syndrome (proteinuria)

 Urinalysis microscopy: Nephritis (red blood cell or white blood cell casts), ATN (granular casts), acute interstitial 
 nephritis (eosinophiluria)

 Fractional excretion of sodium: <1% with prerenal AKI, >2% with ATN or other tubular disease

 Fractional excretion of urea: <35% with prerenal AKI, >35% with ATN

Serum/blood

 SCr: To establish AKI, compared with previous baseline

 Blood urea nitrogen: Much higher relative to increase in SCr with prerenal AKI

 Electrolytes: Hyperkalemia, hypocalcemia, hyperphosphatemia, hyponatremia, hypernatremia if hypernatremic 
 dehydration; with tubular dysfunction/fanconi syndrome, hypokalemia, hypophosphatemia

 Blood gas: Metabolic acidosis, compensated or not

 Hemoglobin and platelets: Both low with hemolytic uremic syndrome or other microangiopathy, both elevated with 
 intravascular depletion

 Albumin: Low with nephrotic syndrome or liver disease/hepatorenal syndrome

 Liver enzymes: Elevated with severe hepatic disease

 Medication serum levels: Aminoglycosides, calcineurin inhibitors

 Coagulation profile: Abnormal with disseminated intravascular coaagulation, prerenal biopsy assessment

 Creatinine kinase: Elevated with rhabdomyolysis

 Autoimmune work-up: antinuclear antibody, antinuclear cytoplasmic antibody, complements 3 and 4 for evaluation 
 of glomerulonephritis

Imaging

 Renal ultrasound: Increased echogenicity and loss of corticomedullary differentiation with ATN, glomerulomegaly 
  with glomerulonephritis, urinary tract dilation with obstruction, determine anatomy/rule out dysplasia or congenital 

abnormalities

 Renal vessel doppler study: Increased resistive indices with ATN and thrombosis

 Computed tomography/magnetic resonance: Assessment of renal vasculature

 Radionucleotide scan: Lack of blood flow with cortical necrosis (neonates), rule out/determine level of obstruction 
 with neonatal congenital obstructive uropathy

 Voiding cystourethrogram: Diagnose posterior urethral valves

Renal biopsy: Diagnose glomerulonephritis, acute interstitial nephritis
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 cytoplasmic antibody for patients with rapidly progres-
sive glomerulonephritis or creatine kinase concentra-
tions in patients with suspected rhabdomyolysis.

6.4.4 Imaging

Urinary tract imaging helps diagnose conditions such 
as acquired or congenital obstruction of the urinary 
tract, renal dysplasia, or renal cystic disease. Doppler 
examination of renal vessels is a useful adjunct if vas-
cular perfusion anomalies are suspected, although more 
specialized imaging such as computed tomography 
or magnetic resonance imaging may be needed to 
make a more definitive diagnosis. In general, however, 
ultrasound examination is routinely performed in any 
child with AKI to document normal genitourinary 
anatomy and  normal-sized kidneys.

6.5 T reatment of AKI

Current management of AKI in the pediatric intensive 
care unit is largely supportive and aimed at prevent-
ing life-threatening fluid or electrolyte complica-
tions, avoiding or minimizing further renal injury, 
and providing appropriate nutrition to allow recovery 
from acute illness and renal dysfunction (Table 6.5). 
Severe AKI or milder AKI in association with severe 
fluid overload or solute imbalance may require renal 
replacement therapy (RRT). One of the most impor-
tant roles of the pediatric nephrologist in the ICU is to 
help decide in collaboration with the pediatric inten-
sivist when RRT is indicated and the optimal RRT 
modality. This decision will be based upon specific 
patient characteristics as well as local expertise with 
specific dialysis techniques.

Attention to fluid and electrolyte  abnormalities is 
essential in managing the patient with AKI. Prevention 
of fluid overload is extremely important, but often 
difficult to achieve. Many patients suffer from hemo-
dynamic instability requiring repeated fluid boluses. 
Patients with stem cell transplant often require large 
volumes of fluids and blood products with their 
chemotherapy regimen or just with supportive care. 
ICU patients often require multiple medication infu-
sions, vasopresor drips, and parenteral nutrition in 
the face of declining GFR and urine output. The neg-
ative effects of fluid overload on patient survival in 
the ICU have become apparent in recent years. One 
suggested method to assess fluid overload status is 

to express the difference in fluid output from fluid 
intake since PICU  admission as a percentage of the 
patient’s estimated dry weight, using the following 
formula:

(Fluid input liters – fluid output liters) / weight in kg × 100 [40]

Children receiving stem cell transplants with greater 
than 10% fluid overload had a higher mortality than 
those with less than 10% fluid overload [40]. Increased 
fluid overload is also associated with increased mortal-
ity in children receiving continuous renal replacement 
therapy [26, 29]. Frequent calculation of fluid balance 
and reassessment of fluid provision should be part 
of the care of the AKI patient, with a low threshold 
to employ diuretics or  ultrafiltration to assist with 
volume balance.

Avoidance of further renal injury is also a necessary 
focus of care but difficult to achieve in the critically ill 
patient with multiple organ dysfunction. Serum levels 
of nephrotoxic medication should be followed closely, 
and drugs that are renally excreted should be dosed 
to estimated GFR. When GFR is estimated to be less 
than 50% of normal, most drugs that are excreted by 
the kidney will require modifications in scheduled 
dosing. Use of nonnephrotoxic medication as alter-
natives to more traditional nephrotoxic medication 
should be considered. Hypotensive episodes, medica-
tions known to further reduce GFR (such as nonster-
oidal anti-inflammatories and  angiotensin-converting 
enzyme inhibitors), and radiocontrast agents should be 
avoided.

Specific therapeutic interventions for AKI have 
eluded researchers attempting to learn how to treat and 
prevent extensive renal injury. The use of furosemide 
and renal dose dopamine (ranging from 1 to 5 μg kg−1 
min−1) for critically ill oliguric patients is prevalent 
in the ICU, but does not improve renal outcome or 
patient survival when studied [36, 52, 58]. Moreover, 
dopamine infusion has also been associated with other 
potentially adverse physiologic effects in critically ill 
patients [5].

Other drugs, such as calcium channel-blockers and 
N-acetyl cysteine have been studied in adults with 
AKI but have shown no substantial beneficial effect 
on mortality or renal outcomes [13, 44]. The selec-
tive dopamine A-1 antagonist fenoldapam has been 
suggested to improve urine output in children under-
going cardiopulmonary bypass surgery [19]. Some 
studies suggest that the human natriuretic peptide 
nesiritide may have favorable renal hemodynamic 
effects and can increase urine output after cardiac 
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surgery [8, 17, 18]. Randomized controlled trials 
are lacking in children, however, for both fenolda-
pam and nesiritide. Several other potential therapies 
such as growth factors [42], erythropoeitin [51], and 

free- radical scavengers [20, 23] are also being inves-
tigated in animal  models from which AKI pathophys-
iologic mechanisms were originally delineated.

6.6 Outcome of AKI

Children requiring acute dialysis for AKI have high 
mortality rates. Depending on the AKI definition 
used and the population studied, mortality ranges 
up to 70% [12, 31, 54, 56]. A recent multicenter 
study of children receiving CRRT revealed that 
patients with nonrenal organ disease or multiple 
organ  system dysfunction syndrome (MODS) have 
a higher mortality rate (>50%) compared to other 
diagnoses (<30%) [56]. Because pediatric MODS 
tends to occur early in the PICU course [47], death 
also often occurs in these patients within the first 
week of MODS diagnosis. Infants demonstrate even 
higher mortality rates when compared with older 
children [56, 62].

Little data exist to describe the long-term  outcome 
of children with PICU-acquired AKI. Two-thirds of 
patients who had hospital acquired AKI in a tertiary 
health care center had complete recovery of their renal 
dysfunction by hospital discharge, whereas 30% had 
improved renal function but some element of chronic 
kidney disease, and 5% required ongoing renal 
replacement therapy at discharge [31]. In a 3–5 year 
follow-up study of patients who suffered from AKI 
during PICU admission, patient survival was 80%, 
although 60% of patients had some renal abnormality 
at follow-up (decreased GFR, hypertension, micro-
albuminuria, or hematuria) [6]. Premature neonates 
with perinatal AKI had higher SCR levels and were 
more likely to have proteinuria at 1 year follow-up 
compared with premature neonates without perinatal 
AKI [1]. Overall, hospital mortality of patients with 
AKI is related to the level of illness severity. In those 
who survive significant AKI, there appears to be a 
definite risk of long-term renal dysfunction including 
impaired GFR.

6.7 Summary and Future Directions

Understanding the pathophysiology, risk factors, and 
management of AKI is essential for the clinician in the 
PICU. Critically ill children rarely have one cause of 
AKI. They tend to be medically complex patients with 
multiple organ dysfunction. Early recognition of AKI 

Table 6.5  Overview of the general concepts of managing 
acute kidney injury

Treatment of underlying disease: sepsis, cardiac dysfunction, 
correction of dehydration

Correction of electrolyte abnormalities

 Acidosis: Enteral or parenteral sodium bicarbonate 
 (monitor serum calcium and sodium)

 Hyperkalemia: Sodium bicarbonate, calcium 
  gluconate, insulin and glucose, beta-agonists for severe 

hyperkalemia; sodium polystyrene sulfonate for 
moderate hyperkalemia; potassium restriction

 Hypocalcemia: Intravenous calcium gluconate or enteral 
 calcium salts

 Hyponatremia: Removal of excess fluid or fluid 
  restriction, calculate sodium deficit and replace 

(<125 meq L−1), hypertonic saline (<120 meq L−1 
with neurologic deficits)

 Hyperphosphatemia: Phosphorous restriction; calcium 
 salts

Management of fluids

 Restriction of fluids if fluid overloaded (provide 
  insensible losses and urine output to maintain equal 

balance, if desired)

 Diuretics for fluid overload prevention or volume 
  associated hypertension (avoid excessive use 

if severe AKI)

 Closely follow daily fluid balance and weights with daily 
 calculation of % fluid overload

Avoidance of further renal injury

 Maintain blood pressure, avoid nephrotoxic medication/
 agents, follow serum aminoglycoside levels

Nutritional management

 Encourage enteral feeding and use of parenteral 
  nutrition if necessary to achieve target nutrition; use of 

renal disease-sepcific formulas if high potassium and 
phosphorous, provide at least basal metabolic needs for 
calories; provide at least 2 g kg−1 day−1 protein; daily 
recommended intake for vitamins and minerals

Appropriate drug dosing

 Calculation of estimated GFR; review all medications that 
  require adjusted dosing, with frequent reassessment of 

changes in GFR

Renal replacement therapy when indicated

The table provides an overview of AKI management. Each 
item is described in more detail in other chapters
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and timely interventions aimed at preventing further 
renal injury and limiting  complications are crucial to 
promote both renal and nonrenal recovery. AKI can 
no longer be considered a hospital-acquired condition 
that eventually resolves in survivors, but is now recog-
nized to impact long-term renal function including the 
potential for future chronic kidney disease. Ongoing 
research should help elucidate more accurate diag-
nostic methods such as biomarkers to detect AKI and 
lead to  therapeutic strategies to prevent acute injury, 
 minimize renal damage, and  promote recovery.

References

 1. Abitbol CL, Bauer CR, Montane B, et al. (2003) Long-term 
follow-up of extremely low birth weight infants with neo-
natal renal failure. Pediatr Nephrol 18: 887–893

 2. Abosaif NY, Tolba YA, Heap M, et al. (2005) The outcome 
of acute renal failure in the intensive care unit according to 
RIFLE: Model application, sensitivity, and predictability. 
Am J Kidney Dis 46: 1038–1048

 3. Akcan-Arikan A, Zappitelli M, Loftis LL, et al. (2007) 
Modified RIFLE criteria in critically ill children with acute 
kidney injury. Kidney Int 71: 1028–1035

 4. Andreoli S (2004) Clinical evaluation and manage-
ment. In: Avner E, Harmon W, Niaudet P (eds) Pediatric 
Nephrology, 5th edn. Lippincott Williams and Wilkins, 
Philadelphia, PA

 5. Andreoli SP (2002) Acute renal failure. Curr Opin Pediatr 
14: 183–188

 6. Askenazi DJ, Feig DI, Graham NM, et al. (2006) 3–5 Year 
longitudinal follow-up of pediatric patients after acute renal 
failure. Kidney Int 69: 184–189

 7. Bailey D, Phan V, Litalien C, et al. (2007) Risk factors of 
acute renal failure in critically ill children: A prospective 
descriptive epidemiological study. Pediatr Crit Care Med 8: 
29–35

 8. Beaver TM, Winterstein AG, Shuster JJ, et al. (2006) 
Effectiveness of nesiritide on dialysis or all-cause mortality 
in patients undergoing cardiothoracic surgery. Clin Cardiol 
29: 18–24

 9. Bellomo R, Ronco C, Kellum JA, et al. (2004) Acute renal 
failure – Definition, outcome measures, animal mod-
els, fluid therapy and information technology needs: the 
Second International Consensus Conference of the Acute 
Dialysis Quality Initiative (ADQI) Group. Crit Care 8: 
R204–R212

10. Benfield MR, Bunchman TE (2004) Management of 
acute renal failure. In: Avner ED, Haron WE, Niaudet P 
(eds) Pediatric Nephrology, 5 edn. Lippincott, Williams & 
Wilkins Philadelphia

11. Bonventre JV, Zuk A (2004) Ischemic acute renal failure: 
an inflammatory disease? Kidney Int 66: 480–485

12. Bunchman TE, McBryde KD, Mottes TE, et al. (2001) 
Pediatric acute renal failure: outcome by modality and dis-
ease. Pediatr Nephrol 16: 1067–1071

13. Burns KE, Chu MW, Novick RJ, et al. (2005) Perioperative 
N-acetylcysteine to prevent renal dysfunction in high-risk 
patients undergoing cabg surgery: a randomized controlled 
trial. Jama 294: 342–350

14. Chan KL, Ip P, Chiu CS, et al. (2003) Peritoneal dialysis 
after surgery for congenital heart disease in infants and 
young children. Ann Thorac Surg 76: 1443–1449

15. Chertow GM BE, Honour M, Bonventre JV, Bates DW 
(2005) Acute kidney injury, mortality, length of stay, and 
costs in hospitalized patients. JASN 16: 3365–3370

16. Chesney RW, Jones DP, Chapter 52. Nephrotoxins. In: Avner 
ED, Haron WE, Niaudet P (2004) Pediatric Nephrology 5 
edn. Lippincott Williams and Wilkins, Philadelphia, PA

17. Costello JM, Backer CL, Checchia PA, et al. (2005) Effect 
of cardiopulmonary bypass and surgical intervention on the 
natriuretic hormone system in children. J Thorac Cardiovasc 
Surg 130: 822–829

18. Costello JM, Goodman DM, Green TP (2006) A review of 
the natriuretic hormone system’s diagnostic and therapeutic 
potential in critically ill children. Pediatr Crit Care Med 7: 
308–318

19. Costello JM, Thiagarajan RR, Dionne RE, et al. (2006) 
Initial experience with fenoldopam after cardiac surgery 
in neonates with an insufficient response to conventional 
diuretics. Pediatr Crit Care Med 7: 28–33

20. de Vries B, Walter SJ, von Bonsdorff L, et al. (2004) 
Reduction of circulating redox-active iron by apotrans-
ferrin protects against renal ischemia-reperfusion injury. 
Transplantation 77: 669–675

21. Deray G (2002) Amphotericin B nephrotoxicity. J 
Antimicrob Chemother 49 Suppl 1: 37–41

22. Devarajan P (2005) Cellular and molecular derangements 
in acute tubular necrosis. Curr Opin Pediatr 17: 193–199

23. Doi K, Suzuki Y, Nakao A, et al. (2004) Radical scavenger 
edaravone developed for clinical use ameliorates ischemia/
reperfusion injury in rat kidney. Kidney Int 65: 1714–1723

24. Farias JA, Frutos-Vivar F, Casado Flores J, et al. (2006) 
[Factors associated with the prognosis of mechanically ven-
tilated infants and children. An international study]. Med 
Intensiva 30: 425–431

25. Fleming F, Bohn D, Edwards H, et al. (1995) Renal replace-
ment therapy after repair of congenital heart disease in 
children. A comparison of hemofiltration and peritoneal 
dialysis. J Thorac Cardiovasc Surg 109: 322–331

26. Foland JA, Fortenberry JD, Warshaw BL, et al. (2004) Fluid 
overload before continuous hemofiltration and survival in 
critically ill children: a retrospective analysis. Crit Care 
Med 32: 1771–1776

27. Friedewald JJ, Rabb H (2004) Inflammatory cells in 
ischemic acute renal failure. Kidney Int 66: 486–491

28. Gallego N, Perez-Caballero C, Gallego A, et al. (2001) 
Prognosis of patients with acute renal failure without car-
diopathy. Arch Dis Child 84: 258–260

29. Goldstein SL, Somers MJ, Baum MA, et al. (2005) Pediatric 
patients with multi-organ dysfunction syndrome receiv-
ing continuous renal replacement therapy. Kidney Int 67: 
653–658

30. Hoste EA, Clermont G, Kersten A, et al. (2006) RIFLE criteria 
for acute kidney injury are associated with hospital mortality 
in critically ill patients: A cohort analysis. Crit Care 10: R73



Chapter 6 Acute Kidney Injury: General Aspects 97

31. Hui-Stickle S, Brewer ED, Goldstein SL (2005) Pediatric 
ARF epidemiology at a tertiary care center from 1999 to 
2001. Am J Kidney Dis 45: 96–101

32. Kaushal GP, Basnakian AG, Shah SV (2004) Apoptotic 
pathways in ischemic acute renal failure. Kidney Int 66: 
500–506

33. Kist-van Holthe JE, Goedvolk CA, Brand R, et al. (2002) 
Prospective study of renal insufficiency after bone  marrow 
transplantation. Pediatr Nephrol 17: 1032–1037

34. Kuitunen A, Vento A, Suojaranta-Ylinen R, et al. (2006) 
Acute renal failure after cardiac surgery: Evaluation of the 
RIFLE classification. Ann Thorac Surg 81: 542–546

35. Lameire N, Van Biesen W, Vanholder R (2005) Acute renal 
failure. Lancet 365: 417–430

36. Lassnigg A, Donner E, Grubhofer G, et al. (2000) Lack of 
renoprotective effects of dopamine and furosemide during 
cardiac surgery. J Am Soc Nephrol 11: 97–104

37. Lopes JA, Jorge S, Neves FC, et al. (2006) An assessment 
of the rifle criteria for acute renal failure in severely burned 
patients. Nephrol Dial Transplant 22: 285

38. Loza R, Estremadoyro L, Loza C, et al. (2006) Factors 
associated with mortality in acute renal failure (ARF) in 
children. Pediatr Nephrol 21: 106–109

39. Medina Villanueva A, Lopez-Herce Cid J, Lopez Fernandez 
Y, et al. (2004) [Acute renal failure in critically-ill children. 
A preliminary study]. Ann Pediatr 61: 509–514

40. Michael M, Kuehnle I, Goldstein SL (2004) Fluid over-
load and acute renal failure in pediatric stem cell transplant 
patients. Pediatr Nephrol 19: 91–95

41. Mishra J, Dent C, Tarabishi R, et al. (2005) Neutrophil gela-
tinase-associated lipocalin (NGAL) as a biomarker for acute 
renal injury after cardiac surgery. Lancet 365: 1231–1238

42. Nishida M, Hamaoka K (2006) How does G-CSF act on the 
kidney during acute tubular injury? Nephron Exp Nephrol 
104: e123–e128

43. Olowu WA, Adelusola KA (2004) Pediatric acute renal fail-
ure in southwestern Nigeria. Kidney Int 66: 1541–1548

44. Piper SN, Kumle B, Maleck WH, et al. (2003) Diltiazem 
may preserve renal tubular integrity after cardiac surgery. 
Can J Anaesth 50: 285–292

45. Price J, Mott A, Dickerson H, et al. (2007) Worsening renal 
function in children hospitalized with acute decompen-
sated heart failure: Evidence for a pediatric cardiorenal 
syndrome? Ped Crit Care Med (accepted)

46. Price PM, Megyesi J, Saf Irstein RL (2004) Cell cycle 
regulation: Repair and regeneration in acute renal failure. 
Kidney Int 66: 509–514

47. Proulx F, Gauthier M, Nadeau D, et al. (1994) Timing and 
predictors of death in pediatric patients with multiple organ 
system failure. Crit Care Med 22: 1025–1031

48. Schmidt-Ott KM, Mori K, Kalandadze A, et al. (2006) 
Neutrophil gelatinase-associated lipocalin-mediated iron 
traffic in kidney epithelia. Curr Opin Nephrol Hypertens 
15: 442–449

49. Schrier RW, Wang W (2004) Acute renal failure and sepsis. 
N Engl J Med 351: 159–169

50. Schwartz GJ, Haycock GB, Edelmann CM, Jr, et al. (1976) 
A simple estimate of glomerular filtration rate in children 
derived from body length and plasma creatinine. Pediatrics 
58: 259–263

51. Sharples EJ, Yaqoob MM (2006) Erythropoietin and acute 
renal failure. Semin Nephrol 26: 325–331

52. Shilliday IR, Quinn KJ, Allison ME (1997) Loop diuret-
ics in the management of acute renal failure: A prospec-
tive, double-blind, placebo-controlled, randomized study. 
Nephrol Dial Transplant 12: 2592–2596

53. Siegel JN, Van Why SK, Devarajan P (2004) Pathogenesis 
of acute renal failure. In: Avner ED, Harmon WE, Niaudet 
P (eds) Pediatric Nephrology, 5 edn. Lippincott Williams 
and Wilkins, Philadelphia, PA

54. Skippen PW, Krahn GE (2005) Acute renal failure in chil-
dren undergoing cardiopulmonary bypass. Crit Care Resusc 
7: 286–291

55. Sorof JM, Stromberg D, Brewer ED, et al. (1999) Early 
initiation of peritoneal dialysis after surgical repair of con-
genital heart disease. Pediatr Nephrol 13: 641–645

56. Symons JM, Chua A, Somers MJ, et al. (2007) Demo-
graphic characteristics of pediatric continuous renal 
replace ment therapy: A report of the prospective pediatric 
continuous renal replacement therapy registry. CJASN 2: 
732–738

57. Taber SS, Mueller BA (2006) Drug-associated renal dys-
function. Crit Care Clin 22: 357–374, viii

58. Uchino S, Doig GS, Bellomo R, et al. (2004) Diuretics 
and mortality in acute renal failure. Crit Care Med 32: 
1669–1677

59. Uchino S, Bellomo R, Goldsmith D, et al. (2006) An 
 assessment of the RIFLE criteria for acute renal failure in 
hospitalized patients. Crit Care Med 34: 1913–1917

60. Vachvanichsanong P, Dissaneewate P, Lim A, et al. (2006) 
Childhood acute renal failure: 22-Year experience in a 
university hospital in southern Thailand. Pediatrics 118: 
e786–e791

61. Van Why SK, Friedman AL, Wei LJ, et al. (1991) Renal 
insufficiency after bone marrow transplantation in chil-
dren. Bone Marrow Transplant 7: 383–388

62. Williams DM, Sreedhar SS, Mickell JJ, et al. (2002) Acute 
kidney failure: A pediatric experience over 20 years. Arch 
Pediatr Adolesc Med 156: 893–900



Contents
Case Vignette . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  99

7.1 Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  100

7.2 Drug-Associated Kidney Injury . . . . . . . . . . . . . . .  100

7.2.1  Nonsteroidal Anti-Inflammatory 
Drugs (NSAIDs). . . . . . . . . . . . . . . . . . . . . . . . . . .  101

7.2.2 Radiographic Contrast Dye  . . . . . . . . . . . . . . . . . .  101

7.2.3 Vasopressors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  102

7.2.4 Antibiotics  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  102

7.3  Drug Disposition and 
Metabolism in AKI and RRT . . . . . . . . . . . . . . . . .  103

7.3.1  Assessment of the Glomerular Filtration 
Rate (GFR) in Critically Ill Children . . . . . . . . . . .  103

7.3.2 Drug Dosing in AKI . . . . . . . . . . . . . . . . . . . . . . . .  104

7.3.3 Drug Dosing in RRT  . . . . . . . . . . . . . . . . . . . . . . .  105

7.4 Renal Protection and Prevention of AKI  . . . . . . . .  107

7.4.1 Fluid Management  . . . . . . . . . . . . . . . . . . . . . . . . .  107

7.4.2 Diuretics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  108

7.4.3 Fenoldopam  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  108

7.4.4 N-acetylcysteine . . . . . . . . . . . . . . . . . . . . . . . . . . .  108

7.5 Pharmacology of Diuretics. . . . . . . . . . . . . . . . . . .  108

7.5.1 Carbonic Anhydrase Inhibitors. . . . . . . . . . . . . . . .  108

7.5.2 Osmotic Diuretics. . . . . . . . . . . . . . . . . . . . . . . . . .  110

7.5.3 Loop Diuretics  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  110

7.5.4 Thiazide Diuretics  . . . . . . . . . . . . . . . . . . . . . . . . .  110

7.5.5 Potassium-Sparing Diuretics  . . . . . . . . . . . . . . . . .  110

References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  111

Case Vignette

A 13-month-old male with a history of short-gut 
 syndrome and TPN-dependent cholestasis presents 
to the PICU with septic shock. He is treated aggres-
sively with fluid resuscitation, broad-spectrum anti-
biotics (vancomycin, gentamicin, and cefotaxime), 
tracheal intubation and mechanical ventilatory sup-
port, and administration of continuous infusions of 
epinephrine (0.3 μg kg−1 min−1) and dopamine (12 μg 
kg−1 min−1). His cardiorespiratory and hemodynamic 
status stabilizes over the subsequent 48 h, though he 
develops oliguria progressing to anuria despite admin-
istration of diuretics. Laboratory evaluation reveals a 
coincident rise in blood urea nitrogen (BUN) to 95 mg 
dL−1 and serum creatinine to 2.3 g dL−1. His antibiot-
ics are dosed appropriately for his deteriorating  kidney 
function based upon drug-monitoring studies. Because 
of fluid  overload, impaired clearance, and modest 
hemodynamic  instability, he is started on  continuous 

› Several commonly used medications in the pediatric inten-
sive care unit (PICU) are potentially toxic to the kidney.

› The kidney plays a major role in determining the absorp-
tion, distribution, metabolism, and elimination of a multi-
tude of medications that are commonly used in the PICU.  
As such, dosing of these medications needs to be adjusted 
in critically ill children with acute kidney injury.

› Renal replacement therapy can affect the drug levels of 
commonly used medications in the PICU.
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veno-venous hemofiltration (CVVH) for renal replace-
ment therapy (RRT). Adjustments in vancomycin and 
gentamicin dose and intervals are required, as well as 
consideration of CVVH flow rates, ultrafiltration vol-
umes, circuit anticoagulation, and replacement fluid 
composition.

7.1 In troduction

Acute kidney injury (AKI), formerly known as acute 
renal failure, continues to represent a very common and 
potentially devastating problem in critically ill children 
and adults [14, 45, 78, 105, 108]. AKI affects between 5 
and 50% of critically ill children and adults in reported 
series [6, 18, 26, 45, 117, 118]. In the vast majority of 
these patients, AKI is caused by the underlying disease 
process itself (e.g., sepsis, shock, etc.) and is just one 
of many affected organ systems in the multiple organ 
dysfunction syndrome (MODS). However, recent stud-
ies suggest that the kidney plays more than just the role 
of innocent bystander. Instead, the physiologic conse-
quences of AKI (Table 7.1) appear to contribute to a 
chain of events that culminate in the development of 
MODS [22, 44]. To this end, recent studies suggest that 
AKI itself may be an independent risk factor for mortality 
in both critically ill children [1, 6, 83] and adults [4, 23, 
61, 73]. Finally, the kidney plays a major role in deter-

mining the absorption,  distribution, metabolism, and 
elimination of a multitude of  medications that are com-
monly used in the pediatric intensive care unit (PICU). 
A clear  understanding of the altered  pharmacokinetics 
of these drugs in critically ill children with AKI is of 
paramountcy.

Much of what we know about pharmacology in 
children assumes general health. However, in the criti-
cally ill child the physiologic interplay of fluid balance 
related to blood pressure and capillary leak, glomeru-
lar and tubular filtration related to renal insufficiency, 
and even drug metabolism and disposition becomes 
upset. To understand the central role that the kidney 
plays in physiologic and pharmacologic processes 
in the critically ill child, we must first delineate the 
pharmacologic terminology. Pharmacology has been 
described as the science of chemical agents, including 
their composition, uses and effects, and their inter-
action with biologic systems. Pharmacology largely 
depends on the interplay of two entities, namely phar-
macokinetics and pharmacodynamics. The former 
describes the study of the absorption, distribution, 
metabolism, and elimination of drugs, while the  latter 
focuses on the effects of drugs on the organs and 
tissues. The emerging field of pharmacogenomics 
describes the genetic variability in biotransformation 
of a given medication based on the enzyme activity 
of specific drug-metabolizing enzymes [82]. Clinical 
pharmacology, or pharmacotherapy, describes the 
targeted use of drugs to treat disease. The task of 
 understanding these important pharmacologic and 
pharmacotherapeutic concepts in critically ill  children 
with renal insufficiency lies in understanding fluid 
balance and assessment of renal function, and ulti-
mately the unique properties of specific drugs com-
monly used in the PICU setting. In this chapter, we will 
therefore briefly review the  nephrotoxicity of some of 
the pharmacologic agents that are commonly used in 
the PICU. We will briefly discuss the effect of AKI 
and RRT on absorption, distribution, metabolism, and 
elimination of drugs. Finally, we will also review the 
several agents that have been used to  prevent and treat 
AKI in the clinical setting.

7.2 Drug-Associated Kidney Injury

Palliative or corrective surgery requiring cardiopul-
monary bypass for congenital heart disease is the most 
common cause of AKI in critically ill children, while 
sepsis is generally the second most common cause of 

Table 7.1 Physiologic consequences of acute kidney injury

Volume overload

Congestive heart failure

Intra-abdominal hypertension (secondary to ascites 
 and retroperitoneal tissue edema)

Altered lung mechanics (secondary to pulmonary 
 edema, pleural effusions)

Electrolyte and acid–base disturbances

Hyponatremia

Hyperkalemia

Metabolic acidosis (accumulation of organic anions 
 and unmeasured anions)

Uremia

Altered immunity (CRISIS = critical illness stress-induced 
 immunosuppression)

Decreased erythropoietin production 
 (anemia of critical illness)

Poor wound healing

Altered pharmacokinetics
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AKI in most reported series [6, 45, 51, 98, 118]. The 
impact of drug therapy on AKI is well recognized, but 
difficult to define. A recent review of the most fre-
quently used medications in the intensive care units 
(PICU, cardiac ICU, and neonatal ICU) at C.S. Mott 
Children’s Hospital at the University of Michigan 
showed that more than 25% of these medications were 
potentially toxic to the kidney. Moreover, these nephro-
toxic medications accounted for nearly 40% of all the 
medication orders in these units over a 1-year period 
[104]. Therefore, many of the pharmacologic agents 
used in the PICU have the potential to at least contrib-
ute, and in some causes directly cause, AKI. We will 
concentrate on only a few, major classes of agents.

7.2.1  Nonsteroidal Anti-Inflammatory 
Drugs (NSAIDs)

NSAIDs (aspirin, ibuprofen, indomethacin, naproxen, 
ketorolac) were some of the most commonly prescribed 
medications in the aforementioned study performed at 
the University of Michigan [104]. This particular class 
of medications is frequently used for management of 
fever [89] and postoperative pain [39, 63] in the PICU. 
A recent prospective, multicenter study suggested that 
aspirin significantly lowers the risk of shunt thrombosis 
and subsequent death following surgical placement of 
a systemic-to-pulmonary artery shunt in children with 
single-ventricle physiology [62]. Finally, ibuprofen 
and indomethacin are used in the medical management 
of preterm neonates with a patent ductus arterio-
sus [113]. While generally safe and well tolerated in 
previously healthy children, the nephrotoxic potential 
of NSAIDs is compounded in critically ill children 
with preexisting kidney dysfunction, dehydration, 
sepsis, shock, or congestive heart failure. The body’s 
normal compensatory response during these states 
results in increased sympathetic tone, activation of 
the renin–angiotensin–aldosterone axis, and release 
of  vasopressin, all of which act to maintain adequate 
renal blood flow. However, maintenance of renal blood 
flow is also dependent upon the local  conversion of 
arachidonic acid to vasodilatory prostaglandins by 
the two enzymes, cyclooxygenase (COX)-1 and 
COX-2. Increased production of prostaglandin (PG) 
D

2
, PGE

2
, and PGI

2
 counteracts the vasoconstrictive 

effects of norepinephrine, angiotensin II, and vaso-
pressin. NSAIDs disturb this homeostatic balance, 
leading to intense renal vasoconstriction, a decrease in 
renal blood flow, a rapid decline in glomerular filtra-
tion, and subsequent AKI [104, 116]. At the extreme, 

this decrease in renal blood flow may rarely lead to 
papillary necrosis [54, 55, 90]. Finally, NSAIDs have 
been associated with acute interstitial nephritis (AIN), 
a relatively  reversible form of AKI characterized by 
fever, rash, eosinophilia, and eosinophiluria [7]. The 
nephrotoxic potential of NSAIDs appears to be both 
dose- and duration- dependent. Aspirin is generally 
the least nephrotoxic, while indomethacin is the most 
likely NSAID to cause AKI. AKI secondary to the use 
of NSAIDs is generally reversible with supportive care 
and discontinuation of the NSAID.

7.2.2 Radiographic Contrast Dye

Radiographic contrast agents are generally safe 
and well tolerated in previously healthy children. 
Conditions commonly encountered in the PICU, 
including preexisting kidney dysfunction, dehydra-
tion, hypotension, sepsis, and congestive heart fail-
ure significantly increase the risk of AKI following 
administration of radiographic contrast. Radiographic 
contrast nephropathy is the third most common cause 
of hospital-acquired AKI in most adult series, though 
unfortunately comparable data in the pediatric pop-
ulation is not currently available [42]. The patho-
physiology of radiographic contrast nephropathy is 
undoubtedly multifactorial, though evidence sug-
gests that contrast agents induce renal vasoconstric-
tion [43, 104],  possibly through endothelin-1 [19, 
36] or inhibition of locally produced nitric oxide [17, 
43]. Radiocontrast is also directly toxic to the renal 
tubular epithelium [17]. Several evidence-based rec-
ommendations for the prevention of radiographic 
contrast nephropathy exist [8, 58, 96]. Fluid volume 
loading and avoiding other nephrotoxic drugs prior 
to the administration of radiographic contrast are 
particularly important. Hydration with sodium bicar-
bonate (154 meq L−1) was superior to that of sodium 
chloride (154 meq L−1) in a recently published, pro-
spective, single-center, randomized trial [72]. Lower 
osmolality contrast agents are less nephrotoxic than 
high osmolality contrast agents and are generally 
preferred in high-risk patients [8, 43, 58, 104]. The 
administration of N-acetylcysteine (NAC) may be 
effective in the prevention of radiographic contrast 
nephropathy, though the evidence is such that routine 
administration of NAC is not currently recommended 
for all patients [8, 43, 58, 104]. Finally, prophylac-
tic hemodialysis or hemofiltration may be effective 
in preventing AKI following contrast administration 
[66], though further studies are needed.
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The nephrotoxicity of amphotericin B is well rec-
ognized (amphoterrible). Several studies report rates 
of AKI as high as 65% for patients on amphotericin B 
[27, 38]. Amphotericin B induces renal vasoconstric-
tion to reduce renal blood flow and GFR, leading to 
AKI. Amphotericin B is also directly toxic to the dis-
tal tubular epithelium [104]. The latter effect results 
in hypokalemia and the other electrolyte derange-
ments commonly associated with this drug (namely, 
hyponatremia and hypomagnesemia). The risk of 
AKI is compounded in critically ill children with 
preexisting kidney dysfunction, concomitant admin-
istration of other nephrotoxic drugs, sepsis, conges-
tive heart failure, shock, or dehydration [38]. The 
lipid-based formulations of amphotericin B are less 
nephrotoxic, and several antifungal agents with sig-
nificantly less nephrotoxicity are currently available, 
including fluconazole, itraconazole, voriconazole, 
and caspofungin [104]. Sodium and volume loading 
prior to administration of the drug may also minimize 
nephrotoxicity.

The aminoglycosides are the last major class of anti-
biotics commonly used in the PICU that are frequently 
associated with AKI. These antibiotics are cleared by 
the kidney and excreted in the urine and are thought 
to be directly toxic to the renal tubular epithelium. 
Again, the risk of AKI is compounded in critically 
ill children with preexisting kidney dysfunction, con-
comitant administration of other nephrotoxic drugs, 
sepsis, congestive heart failure, shock, or dehydration. 
Administration of higher doses at longer dosing inter-
vals may lessen the risk of AKI [43, 104].

7.3  Drug Disposition and Metabolism 
in AKI and RRT

7.3.1  Assessment of the Glomerular Filtration Rate (GFR) in 
Critically Ill Children

Recent studies have revealed that AKI may be an inde-
pendent risk factor for mortality in both critically ill 
children [1, 6, 83] and adults [4, 23, 61, 73], reinforc-
ing the need for earlier detection of renal injury to 
allow for prompt intervention and potential reversal 
of AKI. Evaluation and assessment of the GFR is but 
one facet in the overall management of patients with 
AKI. The GFR is the most commonly used and widely 
recognized parameter to monitor kidney function in 
the clinical setting. In addition, adjustments in both 
the dose and dosing interval of drugs cleared by the 

kidney are frequently necessary in patients with AKI, 
which depend upon the GFR to reduce the risks of 
drug accumulation and toxicity.

Clearance techniques for GFR assessment involve 
measurement of either intrinsic or intravenously admin-
istered substances that are freely filtered by the glomer-
ulus. The premise behind all clearance techniques is the 
equation:

C
x
 = U

x 
× V/P

x,

where C
x
 = clearance of x, U

x
 = urine concentra-

tion of x, V = urine flow rate (in mL min−1), and P
x
 

= plasma concentration of x. Thus, if a freely filtered 
substance is neither absorbed nor secreted, its plasma 
and urine concentrations measured after a set dose in a 
set period of time can be used to determine  clearance. 
The gold standard for definitive measurement of GFR 
is inulin [86], though the inulin clearance technique is 
 cumbersome in that it requires a continuous intravenous 
 infusion of inulin followed by urine collections at timed 
intervals. Simplified modifications in the inulin clear-
ance technique involving bolus dosing of inulin rather 
than  continuous infusion or measurement of serum inu-
lin with pharmacokinetic calculations that yield inulin 
clearance have been used. However, most experts feel 
that the inulin clearance technique is not practical for 
use in the critical care setting. Other clinically appli-
cable clearance tools include isotope clearance studies 
such as chromium-labeled ethylenediamine tetraacetic 
acid (51Cr-EDTA), 99 mTc-diethylenetriaminepentaacetic 
acid (DTPA), 99 mTc-mercaptoacetyltriglycine (MAG3), 
125I-iothalamate, and iodoth -alamate [37].

Creatinine clearance is the most frequently used 
method for estimation of GFR in the critical care set-
ting. Unfortunately, there are several limitations to 
using creatinine clearance as a surrogate for GFR in 
this population as well. First, creatinine is an  unreliable 
and insensitive indicator during early, acute changes in 
kidney function, as serum creatinine concentrations 
typically do not change until approximately 50% of 
kidney function has already been lost [76]. Second, 
the serum creatinine does not accurately reflect kidney 
function until a steady state has been reached, which 
may require several days following an acute insult 
[76]. Finally, as kidney function deteriorates further, 
a greater fraction of creatinine is secreted by the renal 
tubules, and creatinine clearance will then typically 
overestimate GFR.

In children, creatinine clearance is calculated using 
the Schwartz formula [93–95] and is normalized to 
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body surface area in order to allow for comparison 
with published standards:

CrCl (mL min−1 per 1.73 m2) =  k × length (cm)/serum 
creatinine (mg dL−1)

The constant, k varies with age. For patients with age 
less than 2 years, k = 0.45, if between 2 and less than 
13 years, k = 0.55, and if age is 13 and less than 20 
years, k = 0.7 for male and 0.55 for female. Cystatin 
C, a 13-kD nonglycosylated basic protein that is freely 
filtered by the glomerulus has been  investigated as an 
alterative means to calculate clearance. The age and 
sex variability described earlier seems to be mini-
mal in cystatin C measurements. Though evidence 
exists both in favor and against the use of cystatin C 
 measurements as a favorable alternative to creatinine 
clearance equations, particularly at higher levels of 
GFR, it is not clear whether cystatin C measurements 
offer improvement in estimating GFR [101].

7.3.2 Drug Dosing in AKI

The physiologic derangements that characterize critical 
illness can significantly affect the pharmacokinetics and 
pharmacodynamics of drugs that are commonly used 
in the PICU [13, 56]. These effects are compounded 
further in the presence of AKI. AKI can adversely 
affect both the volume of distribution and clearance 
of medications, which can either increase the toxicity 
or decrease the efficacy of any one particular medica-
tion, depending on context. For example, critically ill 
children with volume overload secondary to AKI will 
have a higher volume of distribution for many medi-
cations (e.g., aminoglycosides, vancomycin) and thus 
may require a higher dose to achieve the desired thera-
peutic range. Changes in serum albumin frequently 
have  untoward consequences on the relative amount of 
free and unbound medication in the blood. Some of the 
most commonly used medications in the PICU and how 
they are affected by AKI are described briefly in the 
following sections.

7.3.2.1 A ntibacterials

Antibiotics are one of the most commonly administered 
classes of medications in the PICU. The goal for anti-
microbial therapy relies on reaching adequate active 
drug concentrations that result in bacterial killing 
while avoiding drug-induced toxicity. Most antibiotics 
are eliminated by the  kidneys, and the presence of AKI 

will necessitate dosing adjustments with careful moni-
toring of serum drug concentrations (when available). 
Penicillins and cephalosporins usually do not require 
adjustment until the patient’s GFR is ≤30 mL min−1 per 
1.73 m2. However, there are reports of neurotoxicity 
and seizures  associated with cephalosporin therapy in 
patients with renal impairment, so care must be taken 
to adjust doses and monitor patients  accordingly [21, 
68]. The aminoglycosides are all cleared by the kidney 
and their dosage must be adjusted in patients with AKI. 
As discussed earlier, since the bactericidal activity of 
these medications is concentration-dependent, the goal 
is to have a high peak and a lower trough level to help 
minimize nephrotoxicity [64]. To achieve this, patients 
with AKI require longer dosing intervals to allow 
adequate time for drug clearance while still reaching 
a therapeutic peak level. These patients may also have 
variable volumes of distribution, requiring dosage 
increase to achieve the desired peak level. Several dos-
age guidelines have been published that can serve as a 
guide to initial therapy with these agents, but individual 
dosage adjustment based on clinical pharmacokinetic 
monitoring will provide the most accurate dosing to 
optimize therapy and minimize toxicity [25]. Dosing 
guidelines have been published to aid in adjusting van-
comycin in patients with AKI as well, but again the 
guidelines are designed as initial dosing ranges with 
individualized therapy determined based on drug lev-
els and the patient’s unique pharmacokinetic parame-
ters [25]. Care must be taken in patients with end-stage 
renal disease, however, due to falsely high vancomycin 
serum concentrations related to cross-reactivity of a 
vancomycin pseudometabolite [99]. Other antibacteri-
als such as nafcillin, clindamycin, and linezolid are not 
renally eliminated and thus do not require adjustment 
in dosing [16]. However, patients with AKI who are 
receiving linezolid may have an associated increased 
incidence of  thrombocytopenia. Imipenem-cilastatin 
should be used cautiously in patients with AKI, as it 
is more likely to cause convulsions, especially if these 
patients also have other risk factors for seizures [77].

7.3.2.2 A ntivirals

Acyclovir is the most commonly used antiviral agent 
in the PICU. As discussed earlier, acyclovir has been 
associated with the development of transient increases 
in BUN and serum creatinine caused by crystal neph-
ropathy and acute tubular necrosis. The dose of acy-
clovir should be adjusted in children with AKI or in 
children who are at risk for AKI. Adequate hydration 
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is of paramountcy. Other commonly used antiviral 
agents (ganciclovir,  cidofovir, foscarnet) also require 
dosage adjustments in patients with AKI.

7.3.2.3 A ntifungals

We have already discussed the adverse effects of 
amphotericin B on kidney function. Whenever fea-
sible, alternative antifungal agents should be used in 
lieu of amphotericin B. Voriconazole is a  relatively 
new antifungal agent used increasingly more often in 
 critically ill children with fungal infections,  particularly 
aspergillosis. It is available in both oral and intravenous 
dosage forms. Oral voriconazole does not require dos-
age adjustments in patients with AKI. The intravenous 
formulation, however, is not recommended in patients 
with a GFR < 50 mL min−1 per 1.73 m2 due to the accu-
mulation of the vehicle sulfobutyl ether beta-cyclodex-
trin sodium. This carrier compound has been associated 
with proximal renal tubule vacuole formation in experi-
mental rat models. We feel that oral  voriconazole should 
be used in critically ill children with impaired GFR 
whenever voriconazole therapy is necessary.

7.3.2.4 Gastrointestinal Protective Agents

Agents commonly used in the PICU for gastric mucosal 
protection include the histamine (H

2
) antagonists (e.g., 

ranitidine, famotidine), proton-pump inhibitors (e.g., 
omeprazole, lansoprazole, pantoprazole), and sucral-
fate. Thrombocytopenia has been rarely reported in 
patients with AKI receiving therapy with histamine 
antagonists. Dosages should be adjusted according 
to recommended guidelines and patients should have 
their platelet counts monitored closely while on this 
therapy. The proton-pump inhibitors do not require any 
dosage adjustments in patients with AKI. Sucralfate, a 
topical protectant, contains aluminum, which is effec-
tive for stress ulcer prophylaxis. In patients with nor-
mal renal function, the amount of aluminum received 
from the usual dose is eliminated effectively by the 
kidneys. However, in patients with AKI, the aluminum 
can accumulate and result in toxicity. Thus, it is recom-
mended to use sucralfate cautiously if at all in patients 
with AKI. If long-term sucralfate therapy is required, 
aluminum levels should be monitored [41, 106].

7.3.2.5 A nticonvulsants

Most of the anticonvulsants do not require dosage 
adjustments in patients with AKI, as most of these 
agents are metabolized by the liver. The primary excep-

tion is the commonly used anticonvulsant, phenytoin. 
Though phenytoin is metabolized in the liver, dosing 
adjustments must be considered in patients with AKI 
due to the high degree of protein binding of phenytoin 
to albumin (~ 90–95% bound). This binding is often 
altered in patients with AKI due to a decreased serum 
albumin or accumulation of other drug metabolites 
that compete with phenytoin for the albumin binding 
sites [3]. Only the unbound form of phenytoin is active, 
thus impaired protein binding will result in higher lev-
els of unbound drug. Increased unbound drug could 
result in phenytoin toxicity. In such patients, monitor-
ing of unbound (free) drug levels is recommended for 
dosing accuracy. Fosphenytoin is a prodrug of pheny-
toin that is metabolized to phenytoin, phosphate, and 
formaldehyde. The advantage of fosphenytoin over 
phenytoin is that fosphenytoin can be administered 
more quickly with relatively few adverse hemo-
dynamic effects. Most of the side effects seen with 
 fosphenytoin are related to the parent drug  phenytoin; 
however, one case report exists describing acute 
hyperphosphatemia in a patient with renal impairment 
who received 1,000 mg of fosphenytoin [69]. Care 
should be taken when administering fosphenytoin to 
patients with AKI, and serum phosphate levels should 
be closely monitored. Levetiracetam is the other anti-
convulsant that has guidelines for dosage adjustment 
in patients with renal failure. Total body clearance of 
levetiracetam is decreased by up to 70% in patients 
with severe AKI.

7.3.3 Drug Dosing in RRT

As discussed in the preceding section, the dose of 
drugs that are cleared primarily by the kidney must 
be adjusted in critically ill children with impaired 
kidney function. However, once RRT is initiated, 
these same drugs may in fact be cleared by dialysis or 
hemofiltration, potentially resulting in clinically sig-
nificant underdosing and lack of therapeutic effect. 
Unfortunately, the literature on the  pharmacokinetics 
of specific drugs  during RRT is rather limited, and 
the majority of these  pharmacokinetic studies is 
limited to adults. There are few pediatric studies 
detailing the effects of RRT on drug disposition and 
clearance. However, a basic understanding of drug 
pharmacokinetics during RRT is absolutely essential 
to the care of critically ill children in the PICU, and 
several excellent reviews on this topic are available 
[12, 48, 57, 91].
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Drug disposition and clearance during RRT 
requires an understanding of basic pharmacoki-
netic principles, such as protein binding, clearance, 
and volume of distribution (Box 7.1), all of which 
determine the peak concentration (C

max
), trough con-

centration (C
min

), half-life (T
1/2

), and area under the 
plasma concentration vs. time curve (AUC). Only the 
unbound fraction of a drug is available for removal 
by RRT; therefore, drugs that are highly bound to 
plasma proteins are not efficiently removed by RRT. 
To a similar extent, drugs with a large volume of dis-
tribution (generally >0.7 L kg−1) are not efficiently 
removed by RRT, as less of the drug is available 
for hemofiltration or dialysis. Drugs that are highly 
lipid soluble will accumulate in adipose tissues and 
 therefore exhibit two and three  compartment kinetics. 
The extent of drug removal by RRT will then depend 
upon the extent to which the drug is transferred 
between the plasma and these tissue compartments. 
Some drugs are eliminated by interactions with the 
hemofiltration membrane, through adsorption to the 
membrane itself, or via interactions between the neg-
atively charged proteins along the membrane.

Most drugs have a molecular weight less than 500 Da 
(vancomycin is one notable exception, with a molecu-
lar weight of approximately 1,400 Da) and pass freely 
through the membrane. However, only that portion 
of the drug that is not bound to protein will pass 
through the membrane via either diffusion or con-
vection. If a drug has significant protein binding, 
no relevant clearance by RRT can be expected, and 
hence, no dosage adjustment for RRT is  necessary. 
The free, unbound fraction of drugs that are freely 
filtered through the membrane is  generally calculated 
by the following:

Free fraction = (1 – protein bound fraction).

The capacity of a drug to pass through the  membrane 
by convection (i.e., during hemofiltration) is deter-
mined by the sieving coefficient (S):

S = C
f
/ C

p
,

where C
f
 is the concentration of the drug in the ultra-

filtrate and C
p
 is the concentration of the drug in 

plasma. The primary determinant of S for most drugs 
with molecular weight less than 500 Da is the drug’s 
protein binding, so that:

S = (1 – protein bound fraction).

The extent to which a particular drug is cleared  during 
hemofiltration depends upon whether hemofiltration 
is performed with the use of predilution replacement 
fluids or postdilution replacement fluids. With postdi-
lution, clearance equals the rate of ultrafiltration and 
may be calculated as follows:

C1 = S × Q
f  
,

where Q
f
 is the ultrafiltration rate and S is the siev-

ing coefficient, discussed earlier. Conversely, with 
predilution, clearance will be less than in postdilu-
tion, as the blood passing through the membrane is 
diluted. The concentration of the drug in the plasma 
 passing through the membrane is less than the actual 
 concentration of the drug in the plasma. Clearance 
during predilution is therefore calculated as follows:

Cl = S × Q
f 
× Q

b
 / (Q

b
+ Q

r
) ,

where Q
b
 is the blood flow and Q

r
 is the predilution 

fluid replacement rate.
The extent to which a particular drug is eliminated 

during hemodialysis depends on the molecular weight 

 Simplified pharmacokinetic equations

Volume of Distribution (V
d
):          V

d
 =     DC

V
d
 in L kg−1, C is peak minus trough concentration in 
mg L−1, and D is dose in mg kg−1.

Plasma Clearance (Cl
p 
):                 C1

p
  =  V

d
  ×  K

d

Cl
p
 in L kg−1 h−1, V

d
 in L kg−1, and K

d
 is the elimination 

rate constant in first hour.

Elimination Half-Life 
               (t

½ 
): t

1/2
 =                                                   

t
½
 in h, Cl

p
 in L kg−1 h−1, V

d
 in L kg−1, and K

d
.

Elimination Rate Constant (K
d
 ):    t

1/2
 = 

Ln (C1 ÷ C2)

K
d
 in first hour, C1 is concentration at time 1 (T1) in 
mg L−1, C2 is concentration at time 2 (T2) in mg L−1, 
and Ln is the natural log.

Loading Dose (D
l 
):        D

1 
= C

d
 × V

d

D
l
 in mg kg−1, C

d
 is desired plasma concentration in 

mg L−1, and V
d

Box 7.1

T1 – T2
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0.693V
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p
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of the drug. Clearance during hemodialysis occurs 
via diffusion – dialysate and blood are separated by 
the semipermeable dialysis membrane. As the rate of 
diffusion is inversely proportional to the molecular 
weight, drugs with lower  molecular weights will dif-
fuse across the membrane faster compared with drugs 
with higher molecular weights. However, the dialysate 
flow rate also is important to consider. Low dialysate 
flow rates fail to maintain a higher concentration gradi-
ent across the  dialysis membrane, and in this scenario, 
the molecular weight of the drug is not as important. 
Conversely, with high dialysate flow rates, there is a 
higher  concentration gradient maintained, and hence, 
smaller molecules will diffuse much faster. Other fac-
tors, such as the degree of protein binding, membrane 
pore size and thickness, and the surface area available 
for diffusion also play a role in determining the clear-
ance. The extent to which a drug is cleared by hemodi-
alysis can be determined by the following equation:

Cl = S
d
 × Q

d
 × K

d 
,

where S
d
 is the dialysate saturation (derived by divid-

ing the drug concentration in the dialysate outflow by 
the drug concentration in the plasma), Q

d
 is the dia-

lysate flow rate, and K
d
 is a diffusive mass transfer 

coefficient that depends upon the molecular weight 
and electrical charge of the drug.

Finally, when hemofiltration is combined with 
hemodialysis (continuous hemodiafiltration), drug 
clearance occurs via both convection and diffusion. 
Drug clearance can be approximated by the sum of 
the clearance by hemofiltration and the clearance by 
hemodialysis (using the earlier equations).

Dosing adjustments in critically ill children on RRT 
will therefore depend upon many factors. In some 
cases, there is some residual kidney function, so that 
drug clearance by the kidney must be taken into con-
sideration. The fractional drug clearance via RRT is 
calculated as follows:

FC
RRT

 = C1
RRT

 / (C1
RRT

 + C1
liver

 + C1
kidney 

).

Clearance by the liver, kidney, or RRT is clinically 
important if its contribution to total body drug clear-
ance exceeds 25%. Therefore, clearance via RRT is not 
important if Cl

RRT
 is less than 25% (due to either sig-

nificant protein binding, large V
D
, low Q

f
, or low dia-

lysate flow rates), clearance in the liver exceeds 25%, 
or clearance by residual kidney function exceeds 25%.

While there are several different proposed methods 
to adjust drug dosing in critically ill children on RRT 

[12, 48, 91, 114], some important  generalizations can 
be made. First, administration of a loading dose based 
upon the desired target plasma concentration and V

D
 

is usually safe. The maintenance dose of the drug is 
adjusted for the estimated GFR. The  maintenance dose 
is increased if the clearance by RRT is greater than 
25%. Close monitoring of drug levels is important, 
especially for drugs with a narrow therapeutic index. 
Finally, whether the dosing interval or maintenance 
dose for antibiotics is adjusted depends upon the phar-
macodynamic properties of the antibiotic in question. 
For example, the efficacy of aminoglycoside antibiot-
ics depends upon a high peak concentration. A longer 
dosing interval with a higher maintenance dose may be 
appropriate in this circumstance, as aminoglycosides 
are readily cleared by RRT. In contrast, the efficacy 
of beta-lactam  antibiotics depends upon the time the 
plasma drug concentration is above the MIC. Frequent 
administration of a lower drug dose is preferred in this 
circumstance.

7.4  Renal Protection 
and Prevention of AKI

7.4.1 Fluid Management

Currently, effective treatments to prevent AKI are lack-
ing [50, 53], and management is largely directed toward 
reversing the underlying cause and providing support-
ive care. Supportive care in PICU has traditionally 
included optimizing nutrition and fluid status, avoiding 
potentially nephrotoxic medications, and maintaining 
cardiorespiratory stability with the use of vasoac-
tive medications and mechanical ventilatory support. 
Fluid balance in critically ill children who are at risk 
for or are developing AKI is of absolute paramountcy. 
Volume overload appears to be a consistent and impor-
tant marker of increased morbidity and mortality in the 
PICU [9, 35, 92, 107]. Volume overload is directly asso-
ciated with significant derangements in cardiovascular 
and respiratory function. Therefore, once AKI has been 
recognized, the daily fluid intake should be adjusted to 
equal the daily output. Output includes both insensible 
losses, estimated to be 500 mL m−2 day−1, as well as 
urine output. Insensible losses should be replaced with 
5% dextrose, while urinary losses should be replaced 
with intravenous fluid matching the urinary electro-
lyte profile. As  discussed in previous chapter of this 
textbook, electrolyte and acid–base homeostasis also 
require meticulous management.
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7.4.2 D iuretics

Diuretics are frequently used in the PICU for the man-
agement of volume overload. Historically,  diuretics 
have been used in critically ill patients in an attempt to 
jump start the kidneys and reestablish adequate urine 
output in the setting of oliguria [11, 103]. For example, 
Anderson et al. reported a reduction in mortality 
from 50 to 26% in critically ill adults with oliguria 
and AKI with the use of high-dose diuretic therapy 
[2]. Unfortunately, several investigators have been 
unable to replicate these findings [11, 103, 115]. A 
systematic review found that diuretics alone could 
not prevent AKI in critically ill patients [49]. More 
importantly, the Project to Improve Care on Acute 
Renal Disease (PICARD) study group that reported 
the results of a large cohort study involving over 500 
critically ill patients from 1989 to 1995 suggested that 
the use of diuretics to convert oliguric to nonoliguric 
AKI was associated with a significant increase in the 
risk of death or nonrecovery of renal function (odds 
ratio: 1.77; 95% confidence interval: 1.14–2.76) [70]. 
A more recent cohort study involving over 50 cent-
ers in more than 20 countries and over 1,700 patients 
showed that while diuretics were not associated with 
increased mortality, there was no appreciable benefit 
either [109]. Therefore, while the use of  diuretics 
does not alter the natural history of AKI, they can 
potentially simplify fluid, electrolyte, and nutritional 
management.

7.4.3 F enoldopam

As discussed in the preceding section, there is no 
 evidence to support the routine use of so-called renal-
dose dopamine for the prevention or management of 
AKI [47, 49, 50, 60, 115]. Recently, however, there 
has been growing interest in the selective dopamin-
ergic-1 receptor agonist, fenoldopam. Similar to 
renal-dose dopamine, fenoldopam has been shown 
to improve renal blood flow and decrease serum 
creatinine [50, 115]. More interesting, a recently 
published meta-analysis of 16 randomized studies 
involving over 1,200 critically ill adults showed that 
fenoldopam consistently and significantly reduced 
the risk for AKI [59]. While there is still insufficient 
experience with the use of fenoldopam in critically 
ill children [102], a recent retrospective review sug-
gested that fenoldopam may improve urine output 
in critically ill neonates following cardiopulmonary 
bypass [24].

7.4.4 N-acetylcysteine

While the administration of NAC may be effective in the 
prevention of radiographic contrast  nephropathy (see 
preceding discussion and Chap. 21), there is currently 
no evidence that routine administration of NAC pre-
vents AKI in critically ill patients [11, 40, 50, 53, 115]. 
There are several potential reasons to be optimistic, 
however, as the reasons for the failure of these trials may 
be related more to the lack of early recognition and inter-
vention than to the efficacy of the drug itself. Animal 
models have taught us that while AKI can be effec-
tively prevented and/or treated by several maneuvers, 
there is an extremely narrow window of opportunity to 
accomplish this, and treatment must be instituted very 
early after the initiating insult [100]. Unfortunately, the 
lack of early biomarkers of renal injury in humans has 
hitherto crippled our ability to launch these potentially 
effective therapies in a timely manner. Not  surprisingly, 
clinical studies to date examining a variety of prom-
ising interventions have been uniformly unsuccessful, 
primarily because the treatments were initiated based 
on elevation of serum creatinine, a late and unreliable 
measure of kidney function in AKI [14, 29, 31, 78, 79, 
100, 105]. The recent identification of several promis-
ing biomarkers of early AKI [28] offers a reason to be 
optimistic for the potential of drugs such as NAC to 
prevent AKI in critically ill patients.

7.5 Pharmacology of Diuretics

As stated in the preceding paragraphs, diuretics are 
among the most frequently used medications in the 
PICU. Therefore, a thorough understanding of the 
pharmacology of these medications is warranted. 
The interested reader is referred to several excellent 
recent reviews for additional information [5, 15, 30, 
67, 112]. The most commonly used diuretics are listed 
in Table 7.2.

7.5.1 Carbonic Anhydrase Inhibitors

Acetazolamide is a derivative of the sulfonamide anti-
biotic, sulfanilamide – sulfanilamide was frequently 
noted to cause a diuresis and metabolic acidosis as a 
side effect, which was subsequently attributed to inhi-
bition of the enzyme, carbonic anhydrase [15]. The 
diuretic effects of acetazolamide first require secre-
tion into the proximal tubular lumen by the OAT1 
and OAT3 organic acid transporters [112]. Carbonic 



Chapter 7 Pharmacotherapy in the Critically Ill Child with Acute Kidney Injury 109

Table 7.2 Diuretic quick reference

Diuretic Dose Dosing interval Site of action Mechanism of action

Furosemide Oral: 1–2 mg 
 kg−1 dose−1

I.V.: 1–2 mg kg−1 
 dose−1

Oral: every 
 6–8 h

I.V.: every 6–12 h

Ascending loop 
 of Henle and distal 
 renal tubule

Inhibits reabsorption of 
 sodium and chloride, 
 interfering with the 
 chloride-binding 
 cotransport system

Bumetanide Oral, I.V.: 0.015–
 0.1 mg kg−1 
 dose−1

Oral, I.V.: every 
 6–24 h

Ascending loop of 
 Henle and proximal 
 renal tubule

Inhibits reabsorption of 
 sodium and chloride, interfering  
 with the chloride-binding 
 cotransport system

Ethacrynic acid Oral: 1 mg kg−1 
 dose−1

I.V.: 1 mg kg−1 
 dose−1

Oral: 
 once daily

I.V.: every 
8–12 ha

Ascending loop of 
 Henle and distal 
 renal tubule

Inhibits reabsorption of 
 sodium and chloride, 
 interfering with the chloride-
 binding cotransport system

Acetazolamide Oral, I.V.: 5 mg kg−1 
 dose−1

Oral, I.V.: 1–3 
 times per day

Proximal tubular 
lumen

Competitive, reversible inhibition 
 of the enzyme carbonic 
 anhydrase; increased renal 
 excretion of sodium, potassium, 
 bicarbonate, and water

Metolazone Oral: 0.1–0.2 mg 
 kg−1 day−1

Oral: every 
 12–24 h

Cortical diluting site 
 and proximal 
 convoluted tubules

Inhibits sodium reabsorption

Mannitol I.V.: 0.25–1 g 
 kg−1

I.V.: every 
 4–6 h

Proximal tubule and 
 thick ascending 
 loop of Henle

Increases the osmotic 
 pressure of glomerular 
 filtrate

Spironolactone Oral: 0.5–2 mg 
 kg−1 dose−1

Oral: every 
 6–12 h

Distal tubules Aldosterone antagonist; 
 decreased potassium 
 secretion and decreased 
 sodium and chloride 
 reabsorption

Amiloride Oral: 0.2–625 mg 
 kg−1 dose−1

Oral: every 
 12–24 h

Distal tubules Directly inhibit sodium 
 reabsorption through the 
 sodium channels

Chlorothiazideb Oral: 10 mg kg−1 
 dose−1

I.V.: 2–4 mg kg−1 
 dose−1

Oral: 
 every 12 h

Distal tubules

I.V.: every 8–24 h

Inhibit the thiazide-sensitive 
 Na+/Cl− cotransporter; 
 decreasing reabsorption 
 of sodium

Hydrochloro-
 thiazide

Oral: 1–1.5 mg 
kg−1 dose−1

Oral: 
every 12 h

Distal tubules Inhibit the thiazide-sensitive 
 Na+/Cl− cotransporter; 
 decreasing reabsorption of 
 sodium

a Repeat dosing is not usually recommended
b Effectively administered 30–60 min prior to loop diuretics
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anhydrase facilitates virtually all of the bicarbonate 
that is filtered by the glomerulus. By inhibiting car-
bonic anhydrase, acetazolamide results in decreased 
reabsorption of sodium and bicarbonate, resulting 
in reduced water reabsorption. However, most of the 
sodium is reabsorbed at the thick ascending loop of 
Henle, thereby accounting for the relatively weak diu-
retic effect of this class of medications. Increased deliv-
ery of sodium to the distal tubule leads to increased 
potassium loss. The two most common side effects of 
acetazolamide are therefore metabolic acidosis and 
hypokalemia. Acetazolamide is occasionally used in 
patients with hypochloremic metabolic alkalosis sec-
ondary to  diuretic use (i.e., loop diuretics) [75].

7.5.2 Osmotic Diuretics

Mannitol is freely filtered by the glomerulus and is not 
reabsorbed, and its osmotic effect prevents reabsorption 
of sodium (and hence, water) at the proximal tubule and 
thick ascending loop of Henle. The onset of action is 
rapid, and the drug is eliminated by the kidney rela-
tively quickly. Mannitol is rarely used as a diuretic in 
the clinical setting, and there is no evidence to support 
the practice of mannitol administration to patients with 
AKI in an attempt to flush the kidneys [15, 50, 115].

7.5.3 Loop Diuretics

The loop diuretics are the most potent diuretics in 
clinical use today. They require transport into the 
proximal tubular lumen by the organic anion trans-
porters, OAT1 and OAT2 [112]. Here, the loop 
 diuretics inhibit carbonic anhydrase, but their main 
site of action is the Na+/K+/2Cl− transporter in the 
thick ascending loop of Henle. They bind to the chlo-
ride binding site of the transporter to inhibit virtually 
all of the sodium reabsorption (20–30% of all sodium 
reabsorption in the nephron) that occurs in the loop 
of Henle [15, 30, 112]. Blockade of the N+/K+/2Cl− 
transporter also decreases potassium secretion and 
chloride reabsorption – the result is a decrease in the 
luminal-positive  transepithelial potential difference, 
which thereby inhibits paracellular  reabsorption of 
sodium, calcium, and magnesium. Increased sodium 
delivery to the distal tubule causes a compensa-
tory increase in sodium reabsorption, which leads 
to increased potassium secretion. The most common 
side effects of this class of diuretics are therefore 
hypocalcemia, hypomagnesemia, and hypokalemia. 
It is also important to note that larger doses of the 

loop diuretics must be administered in patients with 
AKI to assure adequate drug delivery to the proximal 
tubule. Traditionally, loop diuretics have been admin-
istered orally or intravenously via intermittent dosing. 
The trade name for furosemide, in fact, derives from 
the fact that the diuretic effects of furosemide lasted 
approximately 6 h (last six). Alternatively, continuous 
intravenous infusions of furosemide have been used 
in critically ill children to achieve a more predictable 
urine output with decreased urinary losses of sodium 
and chloride, decreased total drug requirements, 
and less  hemodynamic instability [52, 65, 97, 111]. 
Additionally, continuous dosing permits more gentle 
fluid shifts, allowing diuresis in the critically ill patient 
who may be at risk for hemodynamic instability.

7.5.4 Thiazide Diuretics

Thiazide diuretics also require transport into the proxi-
mal tubular lumen by OAT1 and OAT3 [112]. This 
class of diuretics also blocks carbonic anhydrase at the 
proximal tubule, prior to delivery to the distal tubule 
where they exert most of their effects. The thiazide 
diuretics inhibit the thiazide-sensitive Na+/Cl− cotrans-
porter, thereby decreasing reabsorption of sodium, 
potassium, and chloride. There is no significant change 
in the luminal-positive transepithelial difference, and 
therefore thiazides do not result in calcium or magne-
sium wasting in the urine. While thiazides are generally 
ineffective in patients with low GFR (GFR < 30 mL 
min−1 per 1.73 m2), coadministration of thiazides will 
increase the efficacy of the loop diuretics [15, 30, 112]. 
Blockade of sodium reabsorption in the distal tubule by 
the thiazides will decrease the compensatory increase 
in sodium reabsorption in the distal tubule that com-
monly occurs with administration of the loop diuret-
ics. Metolazone is unique among the thiazides, in its 
ability to inhibit reabsorption of sodium in the proxi-
mal tubule in addition to the distal tubule effects. By 
blocking proximal tubular reabsorption of sodium and 
perpetuating substrate delivery to the loop of Henle, 
metolazone further enhances loop diuretic effects [30].

7.5.5 P otassium-Sparing Diuretics

Potassium sparing diuretics (amiloride, triamterene) 
are secreted into the proximal tubular lumen by the 
organic cation transporter, OCT2. These diuret-
ics directly inhibit sodium reabsorption through the 
sodium channels in the distal tubule, which also 
leads to decreased potassium secretion and chloride 
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reabsorption. Spironolactone is also included in this 
category, but unlike all of the other diuretics, spironol-
actone does not have to reach the tubular lumen 
to exert its effects. Rather, spironolactone is an aldos-
terone antagonist, and by blocking the mineralocorti-
coid receptor, causes decreased potassium secretion 
and decreased sodium and chloride reabsorption 
[15, 112].
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Renal Replacement Therapy 
in the ICU

K.E. Luckritz and J.M. Symons
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 bacteremia and sepsis. He is transferred to the pediatric 
intensive care unit where he receives volume resusci-
tation, intubation, and mechanical ventilation. At the 
time of intubation, bloody secretions come up from the 
endotracheal tube, suggesting alveolar hemorrhage. 
He becomes hypotensive and requires support with 
vasopressor infusion. The critical care team consults 
the nephrology service that recommends CRRT for 
volume and metabolic control, using citrate regional 
 anticoagulation to avoid systemic heparinization. 
Hemodynamic  instability limits fluid removal; for the 
first 72 h of CRRT, the patient achieves even fluid bal-
ance and does not become more fluid overloaded. With 
improving blood pressure and discontinuation of vaso-
pressors, the net ultrafiltration rate is increased and the 
child has a negative fluid balance over the next week, 
returning him to his appropriate volume status. CRRT 
continues to maintain metabolic status and neutral fluid 
balance while the patient receives parenteral nutrition 
and other intravenous medications. After 14 days of 
mechanical ventilation, the patient’s respiratory status 
recovers and he is  extubated. The critical care team is 
able to adjust his regimen such that full daily nutrition 

S.G. Kiessling et al. (eds) Pediatric Nephrology in the ICU.
© Springer-Verlag Berlin Heidelberg 2009

Case Vignette

A 9-year-old boy who underwent mismatched unre-
lated donor stem cell transplant for acute lymphocytic 
leukemia, complicated by graft-vs.-host disease treated 
with steroids, cyclosporine, and tacrolimus, develops 
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and  medications are provided in a volume less than 
1,000 mL, which permits transition to intermittent hemo-
dialysis. Over the next few weeks, urine output begins 
to increase and renal function improves. Intermittent 
hemodialysis is discontinued when the patient can main-
tain fluid and metabolic balance on his own.

8.1 In troduction/History

The indications for renal replacement therapy in the 
pediatric intensive care unit vary and, with advances in 
care, children may now be supported through the ini-
tial phases of a critical illness to the point where renal 
dysfunction complicates ongoing care. Modalities 
of dialysis used in the ICU setting include intermit-
tent hemodialysis, peritoneal dialysis, and CRRT. The 
modality utilized in each child depends on clinical 
circumstances and local resources. To date, no rand-
omized trials have been performed in pediatric patients 
investigating  indications or outcomes of the various 
modalities of renal replacement therapy.

8.2 Principles of Dialysis

All dialysis systems operate by leveraging physical 
principles that govern molecular movement between 
solutions separated by a semipermeable membrane. A 
brief review of these properties is provided later and 
greater detail can be found in texts devoted to dialysis 
methods [9, 37].

8.2.1 D iffusion

Diffusion is defined as “the random movement of 
 molecules or ions or small particles in solution or sus-

pension under the influence of Brownian (thermal) 
motion toward a uniform distribution throughout the 
available volume [32].” As illustrated in Fig. 8.1a, two 
solutions, separated by a semipermeable membrane, 
will eventually reach equilibrium as solutes randomly 
move across the membrane from the more concentrated 
solution A to the less concentrated solution B. Solutes 
in higher concentration in solution B will flow in the 
reverse. Eventually this traffic across the membrane 
will be equal in both directions and the two solutions 
will be in equilibrium. Smaller molecules will tend to 
diffuse more easily than larger molecules.

8.2.2 Con vection

Convection refers to the movement of molecules across 
a semipermeable membrane due to a pressure gradi-
ent, rather than a concentration gradient as described 
in diffusion. This phenomenon can be imagined by 
a piston pushing down on one of the two solutions 
described earlier (Fig. 8.1b). The positive pressure 
pushes molecules small enough to pass through the 
membrane pores to the other side. Since convection 
does not depend on the random movement and energy 
of individual particles to cause molecular transit, small 
and larger molecules tend to pass across the membrane 
with equal efficiency, up to the size limit of the mem-
brane pores. Convective movement of particles can be 
achieved through positive pressure as described ear-
lier or through application of negative  pressure to pull 
molecules across the  semipermeable membrane.

8.2.3 Ultrafiltra tion

Ultrafiltration refers to the movement of water mol-
ecules across a semipermeable membrane under the 
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Fig. 8.1 a Diffusion: solution A has a greater concentration of 
solute than solution B. With the random movement of molecules 
across the membrane, the two solutions will reach equilibrium. 

b Convection: hydrostatic pressure forces molecules across the 
semipermeable membrane
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effects of pressure. The physical principles are the 
same as convection. Particles dissolved in solution 
will also traverse the semipermeable membrane with 
the water flux, although solute movement or so-called 
solute drag will be limited again by the pore size of the 
membrane.

8.3 Modalities: Peritoneal Dialysis

Peritoneal dialysis (PD) utilizes the peritoneal mem-
brane as the filter for dialysis. PD requires a  surgically 
implanted catheter to access the abdominal compart-
ment. A dialysate solution is placed into the abdo-
men; it dwells for a period of time and is later drained, 
effectively removing wastes and fluid that have been 
filtered by the peritoneal membrane. In PD, molecular 
mass transfer is mostly by diffusion or concentration 
differences between the peritoneal vascular space and 
the dialysate. Ultrafiltration occurs through osmotic 
pressure generated by osmotically active particles 
in the dialysate, usually dextrose, and there is some 
concomitant convective solute transfer in the fluid 
removed by ultrafiltration.

8.3.1 A dvantages/Disadvantages

Benefits of PD for pediatric patients include the relative 
ease with which it can be performed, limiting the need 
for specialized equipment or specially trained person-
nel [12]. PD requires no extracorporeal perfusion and 
therefore no vascular access, relying instead on the 
peritoneal membrane as an innate filter. Electrolyte 
and fluid shifts are more gradual with PD as compared 
with other modalities such as intermittent hemodialysis; 
for this reason, PD may be preferred with critically ill 
pediatric patients in whom there is concern about car-
diovascular stability [12, 31]. PD also avoids the risks 
of systemic anticoagulation required for modalities 
that employ extracorporeal perfusion.

Despite these benefits of PD, some clinical situ-
ations are better treated with hemodialysis. These 
include acute intoxications, hyperkalemia, severe 
metabolic imbalances, or profound fluid overload 
where the gradual shifts of PD may not provide 
a rapid enough response to preclude significant 
 morbidity or mortality. Extensive abdominal surgery 
may be a contraindication for PD but patients should 
be evaluated individually in consultation with the 
surgeon. Eagle–Barrett (prune belly) syndrome and 
the presence of a ventriculoperitoneal shunt are not 
considered contraindications [12].

8.3.2 A ccess

PD requires the placement of a catheter providing access 
to the abdominal compartment. In the acute situation, a 
temporary catheter can be placed. This is usually done 
by blind percutaneous technique making perforation of 
internal organs a risk. Temporary PD catheters have also 
been associated with a higher risk of leak and malfunc-
tion [7]. A recent study found, however, that the Cook 
Mac-Loc Multipurpose Drainage catheter [Cook Inc., 
Bloomington, IN] for acute PD had no greater rate of 
complications than the traditional surgically placed 
Tenckhoff catheter [1].

A permanent catheter, such as the Tenckhoff style, 
is used for chronic maintenance PD and can also be 
employed for acute PD. Permanent catheter place-
ment requires abdominal surgery to tunnel the cath-
eter, ensuring proper catheter placement and limiting 
the risk of intra-abdominal perforation. Although PD 
catheters placed for chronic dialysis use are gener-
ally allowed to heal for days to weeks prior to first 
use [26], in the acute setting the catheter can be 
used immediately. Usually, low fill volumes should 
be used and care should be taken to monitor for 
evidence of wound dehiscence or leaking of fluid.

With initial catheter placement, heparin can be added 
to the dialysate to avoid fibrin deposition and subse-
quent catheter malfunction. The systemic absorption of 
heparin is felt to be minimal [13] thus reducing the risk 
of systemic anticoagulation. The heparin can be mixed 
directly into the dialysate and is typically started at 500 
units L−1 of fluid. This is continued for 48 h or until the 
fluid is no longer bloody [31].

8.3.3 T echnique/Prescription

8.3.3.1 Dialysate

Peritoneal dialysis solutions come in a variety of com-
mercially available mixtures with varying  concentrations 
of key electrolytes and dextrose. Dextrose gener-
ates an osmotic pressure within the dialysate to cause 
 ultrafiltration of water across the peritoneal membrane. 
With ultrafiltration, there will also be some convective 
clearance of molecules small enough to traverse the 
peritoneal membrane. Some dextrose will be metabo-
lized in the peritoneum, so prolonged dialysate dwells 
may decrease fluid removal ability as well as provide 
caloric supplements. In the USA, commercially avail-
able dextrose concentrations currently include 1.5, 2.5, 
and 4.25%. Slightly different concentrations are avail-
able in other regions. Icodextrin, a nonabsorbable glu-
cose polymer used instead of dextrose, is also available 
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as an osmotic agent for fluid removal in commercially 
available dialysate in some countries. It is more appro-
priate if longer dwells are necessary [31], and thus it 
may have a limited role in the acute ICU setting.

Currently lactate is the buffer used in peritoneal 
dialysate solutions available in the USA. Absorbed 
lactate is converted to bicarbonate by the liver. In the 
setting of hepatic dysfunction, such lactate may con-
tribute to a metabolic acidosis.

Commercial dialysate solutions may provide a 
choice of calcium level but the remaining compo-
nents tend to be fixed. Commercial dialysate is potas-
sium-free but potassium may be added by pharmacy 
if potassium losses are excessive. Rare clinical situ-
ations may require the use of custom-made perito-
neal dialysate prepared through the local pharmacy 
but extreme care must be taken with quality control 
measures in place to prevent inadvertent errors and 
potentially disastrous clinical consequences.

8.3.3.2 V olume

Therapy is usually initiated at low fill volumes of 
10–20 mL kg−1 and gradually increased to a long-term 
goal of 40–50 mL kg−1 [16, 31]. Care must be taken to 
follow for discomfort and signs of leaking or hernias 
as the volumes are increased [16].

8.3.3.3 D well Times

Since the membrane properties of peritoneal dialysis 
are fixed, it is the dialysate flow rate that will  determine 
clearance. This can be adjusted by volumes (which may 
be limited in the critically ill period) or the number 
of exchanges performed in a 24-h period (e.g., dwell 
times) [29].

Initially, shorter dwell times up to 1 h are recom-
mended [31], but in smaller children and neonates the 
dwell times may be as short as 15–30 min. Dwell times 
should be adjusted for the individual patient’s ultrafil-
tration and clearance needs and subsequent response 
to therapy. Since the critically ill patient is often not 
ambulatory, PD in the intensive care unit is often pro-
vided around the clock to maximize therapy.

The patient can receive PD through manual exchanges 
of solution or through the use of an automated cycling 
system. Automated PD using a cycler device can sim-
plify care for bedside staff. The cycler is programmed 
to fill and drain the patient’s abdomen at the prescribed 
volumes and intervals. For small pediatric patients, the 
desired prescription may be outside the limits of the 

cycler’s  capabilities. Under such circumstances man-
ual exchanges of fluid must be performed. With either 
method, the system must be kept closed and careful ster-
ile technique must be employed to limit the chances of 
infection [31].

8.3.4 Complic ations

Constipation or bladder distension may obstruct fluid 
flow through the PD catheter, and stool softeners or 
bladder drainage may be indicated. Malposition or 
kinking of the catheter may also limit flow and may 
require surgical intervention. This is often easily iden-
tified with an abdominal X-ray.

Other possible causes of catheter obstruction include 
fibrin deposition within or covering the catheter or the 
presence of omentum actually obstructing the pores of 
the catheter. It is for these reasons that heparin is typi-
cally added in the initial dialysate dwells, and a partial 
omentectomy may be performed at the time of surgical 
catheter placement, although this is generally reserved 
for chronic catheter placement. Tissue-type plasminogen 
activator (tPA) is an effective fibrinolytic that has been 
successfully used in peritoneal dialysis catheters that 
remain obstructed despite heparinization and attempts at 
flushing [30]. Catheter leak or abdominal wall hernia may 
occur as a result of increased abdominal pressure. Such 
complications may require reduction of fill volumes or 
surgical intervention to better secure the catheter.

Peritonitis is a significant complication of peritoneal 
dialysis, and monitoring for signs of infection must be 
ongoing in any critically ill patient with a catheter in 
place. Chronic ambulatory patients with peritonitis 
may complain of fever or abdominal pain as a present-
ing symptom. In a critically ill or sedated patient, signs 
may be as subtle as a rise in acute phase reactants or 
changes in cardiovascular status. Obvious signs such 
as fever or cloudy peritoneal effluent require prompt 
evaluation. Regardless of presenting symptoms, if 
peritoneal infection is suspected, a sample of the peri-
toneal  effluent should be sent for cell count and gram 
stain and, if appropriate, bacterial and fungal culture. 
In patients undergoing PD, peritonitis should be sus-
pected if the white cell count in a sample of recently 
infused dialysate exceeds 100 cells mm−3 with more 
than 50% neutrophils [35]. Empiric antibiotic therapy 
may need to be instituted immediately with coverage 
for both Gram-positive and Gram-negative organisms 
while awaiting culture results. Intraperitoneal antibiot-
ics are used for the ambulatory patient and can also be 
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employed for the acute patient. Other antibiotic cover-
ages should be customized by patient status. Specific 
consensus  recommendations for peritonitis therapy 
have been developed and may help in  guiding local 
practice [35].

8.4 Modalities: Hemodialysis

For the purposes of this text, hemodialysis will refer 
to the generic modality of dialysis utilizing a pumped 
extracorporeal circuit to move blood past an artifi-
cial membrane (dialyzer or hemofilter). A review of 
properties shared by intermittent hemodialysis and 
continuous therapies is provided followed by modality-
specific descriptions. Advantages and disadvantages 
will be addressed individually for each modality.

The extracorporeal dialysis circuit is best described 
by dividing it into a blood circuit and a dialysate cir-
cuit. These two circuits interact via the filter (dialyzer) 
where fluid and solute exchange occurs across an arti-
ficial membrane. Blood flow rates, dialysate rates, and 
types of dialysate will vary with the modality chosen.

8.4.1 A ccess

Most acute hemodialysis is performed through a 
hemodialysis catheter. A multilumen catheter placed 
in the femoral position can usually provide sufficient 
blood flow for effective emergent therapy. Alternative 
locations include the jugular and subclavian positions, 
although the subclavian position is discouraged due to 
risk of venous stenosis and potential complication for 
future chronic dialysis access. Temporary catheters can 
be placed at the bedside by the Seldinger technique, or 
a tunneled catheter can be placed if long-term therapy 
is indicated.

To maximize blood flow, the largest gauge catheter 
that can be placed safely is ideal. Catheter size is often 
limited by the patient’s vessel size. Ideally, a dual-
lumen catheter should be placed to allow continuous 
flow through the dialyzer. If a triple-lumen hemodialy-
sis catheter is available in an appropriate size for the 
patient, this may be desired if limited vascular access 
is a concern. In the event that a single-lumen catheter 
is the largest able to be placed safely, two catheters can 
be placed to provide continuous flow. If this is not feasi-
ble, some dialysis machines can perform single- needle 
dialysis. This involves the rapid alternation of flow and 
has similar efficacy [34]. Its use is often limited by 

available technology. With the commercial availability 
of very small diameter multilumen  dialysis catheters, 
use of single-lumen catheters or single- needle dialysis 
should be extremely rare.

If a chronic dialysis patient presents for critical care 
support, permanent vascular access for hemodialysis 
may already be in place. Existing tunneled catheters, 
mature arteriovenous fistulas, or hemodialysis grafts 
may be used in this setting. In the ICU, use of any 
permanent dialysis access should be discussed with 
the patient’s nephrologists and, outside of an acute 
resuscitation with no other vascular access, should be 
restricted to dialysis access.

8.4.2 Anticoagula tion

Heparin is the most commonly used anticoagulant. 
Heparin provides systemic anticoagulation and com-
plications from bleeding can occur. A loading dose of 
2,000 u m−2 body surface area (BSA) may be given at 
the start of dialysis with a continuous infusion of 400 u 
m−2 h−1 for the remainder of the session (0–50 u kg−1 
bolus with 0–30 u kg−1 h−1 maintenance) [31]. Activated 
partial thromboplastin time (aPTT) or activated clot-
ting time (ACT) can be used to  monitor therapy and 
guide heparin infusion. Goal ACT is 120–180 s and 
the aPTT should be 1.2–1.5 times the baseline. Goal 
levels should be confirmed by the testing modality and 
equipment used by your facility. Suboptimal anticoag-
ulation of the system can result in insufficient dialysis, 
clotting of the filter, and blood loss.

When heparin is contraindicated, such as in patients 
with high risk for bleeding or heparin-induced throm-
bocytopenia (HIT), other therapies are available. With 
intermittent hemodialysis, systemic anticoagulation may 
be omitted and the filter can be flushed frequently with 
small bolus infusions of saline. In this case, active moni-
toring of the filter pressures and visual inspection of the 
filters may allow saline flushes as necessary to prevent 
clotting. It is important to recognize that each time saline 
is flushed, time is lost dialyzing and fluid added to the 
patient’s ultrafiltration goal. While this technique may 
permit successful intermittent hemodialysis sessions 
lasting only a few hours, continuous therapies performed 
without anticoagulation tend to have greatly reduced cir-
cuit life, and some equipment for CRRT are closed sys-
tems precluding access to the filter to allow flushes [4].

Citrate is a commonly used alternative to heparin 
in continuous therapy and can also be used in inter-
mittent hemodialysis. Its main advantage is the 



120 K.E. Luckritz and J.M. Symons

ability to regionally anticoagulate the circuit rather 
than systemically anticoagulate the patient. More 
details can be found in the continuous therapy sec-
tion. Danaparoid and lepirudin are two other antico-
agulation alternatives that have been used in dialysis 
patients with HIT [23, 24]. Prostaglandin E1 and 
low-molecular-weight heparin [27] have also been 
successfully used as anticoagulants in continuous 
hemofiltration [18].

8.4.3 D ialyzers

Most current dialysis filters employ a hollow fiber 
system in which blood flows through a series of fibers 
secured together at each end of the dialyzer cartridge 
with dialysate flowing in a countercurrent direction 
around the fibers (Fig. 8.2).

Several membrane properties affect dialysis effi-
ciency, often reported as clearance for a particular 
molecule. These properties include pore size, pore 
density, and membrane thickness. Dialyzers come in 
varying sizes depending on the number of filters in 
each cartridge. Further details on hemodialyzer design 
can be found in dialysis reference texts [9].

The total available surface area of the dialyzer will 
often be considered when choosing a dialyzer. The sur-
face area of the dialyzer should approximate the sur-
face area of the patient [31], although some  clinical 
situations may warrant the use of larger dialyzers. The 
total extracorporeal blood volume should also be deter-
mined including necessary tubing and the volume of 
the dialyzer itself. In the event that the extracorporeal 
blood volume exceeds 10–15% of the patient’s total 
blood volume, a blood prime is recommended [16]. 
Depending on the patient’s hemodynamic stability, 
even in circumstances where extracorporeal volume is 
<10% of estimated blood volume, lines may need to be 
primed with isotonic saline or albumin.

Two types of membranes are currently in use;  cellulose 
based and synthetic. Because of their decreased anti-
genicity, synthetic membranes are preferred. Choice of 
dialyzer type and size is best made in consultation with 
clinicians familiar with local resources.

Dialyzers made with the synthetic AN69 membrane 
deserve special mention for their risk of an entity termed 
bradykinin release syndrome (BRS). This syndrome 
presents as a sudden sepsis-like or anaphylactic episode 
with hypotension, tachycardia, vasodilation, and even 
death [3]. Some devices for CRRT are designed to work 
only with the AN69 membrane; see section on CRRT 
for more details. Maneuvers to avoid this  reaction have 

been  developed and need to be considered in any circuit 
employing this membrane [3, 17, 25].

8.4.4 Int ermittent Hemodialysis

8.4.4.1 A dvantages/Disadvantages

When a patient is hemodynamically stable and can 
tolerate relatively rapid fluid and electrolyte shifts, 
intermittent hemodialysis has many advantages. The 
efficiency of mass transfer in intermittent hemodial-
ysis makes it an ideal modality in toxic poisonings, 
severe electrolyte imbalance, metabolic abnormalities, 
and acute fluid overload. Hemodialysis also offers the 
opportunity to perform ultrafiltration without solute 
removal, as well as allowing titration of the dialysate 
that may be desired in metabolic derangements such as 
hypernatremia. Other advantages include an intermit-
tent schedule allowing the patient to be  disconnected 
from the device, whether for further testing, proce-
dures, or for therapeutic mobilization and limited peri-
ods of necessary anticoagulation [12].

In a patient who cannot tolerate rapid fluid removal 
or positive fluid balance in the interdialytic period, or 
in whom fluid restriction is not feasible, a continuous 
renal replacement modality may be more appropriate. 
In the event that equipment for continuous hemofil-
tration is not available, some hemodialysis machines 
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Fig. 8.2  Schematic of counter current flow of dialysate past 
blood in dialysis filter
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permit slow extended dialysis sessions, variously 
termed slow low-efficiency dialysis or slow extended 
dialysis (SLED). In these modalities, the slower flow 
rates and less efficient dialysis are compensated 
for by extended duration of dialysis, allowing for 
achievement of both adequate solute clearance and 
ultrafiltration [2, 20].

8.4.4.2 Prescription

There are multiple components to the  hemodialysis 
prescription. Choice and adjustment depends on the 
clinical situation and available equipment. Special 
considerations are necessary when performing hemo-
dialysis in a pediatric patient.

Dialyzer: As noted earlier, the dialyzer membrane 
can be cellulose-based or fully synthetic. Both can 
function well in the critical care setting. Although 
a larger dialyzer will permit greater mass transfer 
per unit time, solute clearance that occurs too rapidly 
may be problematic in certain clinical settings. The 
size of the dialyzer is generally not a factor  impacting 
 ultrafiltration volumes in critically ill children who 
usually do not tolerate rapid volume shifts. Dialyzer 
size may also be limited by the required extracorpor-
eal blood volume, which may exceed a safe volume 
for the small pediatric patient. Total extracorporeal 
volume can be reduced by choosing a low-volume tubing 
set, but if extracorporeal volume remains excessive, 
blood priming of the extracorporeal  circuit may be 
necessary [16].

Tubing set: Several companies make low-volume 
tubing sets that may be useful with small children 
since they can help to limit extracorporeal blood 
volume. When unable to reduce volume sufficiently, 
blood prime may be used.

Circuit prime: As discussed earlier, in small 
 children large-volume circuits may require priming 
with blood to prevent cardiovascular collapse at the 
time of hemodialysis initiation. The circuit is filled 
with the priming fluid and then attached to the patient, 
allowing the priming fluid to enter the circulation. 
At many  pediatric institutions, it is the practice to 
prime the extracorporeal circuit with a mix of packed 
red blood cells and 5% albumin when the extracor-
poreal volume exceeds 10% of the patient’s blood 
volume. Blood prime might also be employed for a 
patient with severe anemia or profound hypotension. 
Other patients with concerns regarding hemodynamic 
instability with initiation of hemodialysis tolerate 
circuit primes of 5% albumin alone or 0.9% sodium 

chloride (normal saline). For the very stable or volume 
overloaded patient, one may initiate hemodialysis with 
a self-prime; no priming fluid would enter the patient 
in this setting.

Blood flow rate (Q
B

): Q
B
 is often dependent on the 

adequacy of vascular access. A rough estimate for target 
flow rate is 6–8 mL kg−1 min−1 up to adult flow rates of 
300–400 mL min−1 [31]. Inadequate blood flow prevents 
adequate dialysis and, as such, needs to be addressed 
promptly. If access is by catheter, which is often the 
case in children in the ICU with acute renal dysfunc-
tion, catheter replacement may need to be considered.

Dialysate flow rate (Q
D

): In intermittent hemodi-
alysis, dialysate flow rate is generally kept at least 1.5 
times the blood flow rate to insure diffusional gradi-
ents. Standard dialysate flow rate is 500 mL min−1 with 
many modern dialysis machines allowing flow rates 
up to 800 mL min−1 if indicated.

Dialysate composition: Dialysate composition 
should be altered based on the patient’s current electro-
lyte status. Modern machines for intermittent hemodi-
alysis mix dialysate online from concentrates using a 
sophisticated proportioning system. The user can vary 
final concentrations of sodium, calcium, potassium, 
and bicarbonate according to the clinical situation.

Anticoagulation: Heparin is the most commonly 
used anticoagulant for intermittent hemodialysis [4], 
although intermittent hemodialysis sessions for the crit-
ically ill patient can at times be performed  successfully 
without anticoagulation or with alternative anticoagu-
lation as detailed earlier in this chapter.

Ultrafiltration plan: Fluid removal is often a key goal 
of the hemodialysis session. Since the critically ill patient 
may tolerate rapid ultrafiltration poorly, careful consid-
eration must be given to  ultrafiltration rate, total fluid 
removal goals, and the need for supportive measures dur-
ing the hemodialysis session such as the use of vasoactive 
medications to support blood pressure. For those patients 
who do not tolerate the more rapid ultrafiltration that 
occurs with intermittent hemodialysis, CRRT with slower 
 continuous ultrafiltration may provide an alternative.

SLED is a modality that has been used as an alter-
native to continuous therapy. It involves significantly 
extended hemodialysis sessions with decreased flows 
that reduce the efficiency but is compensated for by 
the extended session length [2, 20].

8.4.4.3 C omplications

Although serious complications from hemodialysis are 
infrequent, such sequelae can be severe and should be 
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watched for diligently. With any form of hemodialysis, 
there is a significant volume of extracorporeal blood. 
While measures are taken to minimize the volume, 
with the rapid blood flows necessary, any break in the 
system can result in rapid blood loss or even exsan-
guination. Just as bleeding is a risk with hemodialysis, 
clotting of the circuit or catheter can result in loss of 
the blood volume of the circuit.

Similar to peritoneal dialysis, infection is a concern 
in any patient with an indwelling foreign body. The 
catheter exit site needs monitoring for signs of infec-
tion, and appropriate cultures and consideration of 
empiric antibiotic therapy should follow fever or other 
signs of infection.

Disequilibrium syndrome secondary to rapid osmo-
lar shifts is a potential complication of hemodialysis, 
especially when initiating dialysis in a patient with sig-
nificant uremia and related increased serum osmolar-
ity. Without appropriate monitoring and management, 
disequilibrium syndrome can result in cerebral edema 
leading to mental status changes and even seizures. 
Manipulation of the dialysis prescription can limit 
risk. In the significantly uremic patient starting dialy-
sis, the decrease in blood urea nitrogen should be kept 
to less than a 30% decrease in the first session, with 
gradual increases in  ensuing dialysis treatment goals 
to maintenance levels [9]. Some clinicians also argue 
that longer sessions (2–3 h) with less rapid clearance 
may be equally effective [31].

8.4.5 Continuous Renal Replacement Therapy

CRRT was first reported by Kramer in 1977 [19]. In 
1986, Ronco published a case series of four critically 
ill infants treated with CRRT [28]. As the techniques 
and equipment have improved, this modality is becom-
ing more popular in pediatric ICUs [36].

8.4.5.1 A dvantages/Disadvantages

One of the key benefits of CRRT is the gradual rate of 
solute and fluid removal. This makes it an ideal modal-
ity in patients with hemodynamic instability [12, 15]. 
Similar to hemodialysis, continuous therapy allows 
adjustment of the dialysate, which may be advanta-
geous in states of metabolic derangement. The gradual 
nature of continuous therapy also may decrease osmo-
lar shifts, thus reducing the risk of disequilibrium 
syndrome.

8.4.5.2 T echnique

Free-flow arteriovenous techniques for CRRT have 
largely been abandoned in favor of pumped veno-
venous methods. These systems yield more  consistent 
blood flow and minimize the risk of bleeding from 
an arterial access. The generic term CRRT is used to 
describe all modalities, whether based on convection, 
diffusion, or a combination of the two (see previous 
sections on physiology). For specifics on how the 
modalities differ, please refer to Table 8.1.

8.4.5.3 Prescription

Many aspects of the CRRT prescription are similar to 
that for intermittent hemodialysis. Specific differences 
will be highlighted later.

Hemofilter: While fundamentally similar, choices for 
CRRT hemofilter may be limited more than those for 
a dialyzer for intermittent hemodialysis. Some CRRT 
devices require the use of a proprietary  hemofilter; 
others permit the use of any brand.

Tubing set: Depending on the manufacturer, the tub-
ing set may be chosen separately from the hemofil-
ter or may be an integrated part of the filter set. Total 
extracorporeal volume must be considered as noted 
earlier for intermittent hemodialysis.

Table 8.1 Continuous renal replacement therapy modalities

CRRT modality
 Type of infused fluids

Dialysate Replac ement fluid

 Form of molecular transfer

Diffusion C onvection

SCUF  Minimal

CVVH   

CVVHD   

CVVHDF     

SCUF slow continuous ultrafiltration, CVVH continuous veno-venous hemofiltration, CVVHD continuous veno-venous 
hemodialysis, CVVHDF continuous veno-venous hemodiafiltration
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Circuit prime: Priming considerations for CRRT are 
similar as for intermittent hemodialysis. Blood prim-
ing seems to increase the risk for the BRS when using 
the AN-69 membrane (see section on  complications 
later) [3].

Blood flow rate (Q
B
): Initial targets for blood flow rate 

can be similar to targets for intermittent hemodialysis 
5–10 mL min−1 kg−1 [31], adjusted for the vascular access. 
Some devices have maximum blood flows that are much 
lower than the rates possible on intermittent hemodialysis 
machines. Since dialysate or replacement fluid flow rates 
are much slower in CRRT than dialysate flow in inter-
mittent hemodialysis, solute clearance is less dependent 
on blood flow and there is little advantage to high blood 
flow rates for most children undergoing CRRT.

Infused fluids for CRRT (dialysate and replace-
ment fluids): CRRT procedures may employ dialysate, 
replacement fluids, or both. A variety of commercially 
prepared premixed solutions from several manufactur-
ers are available for use as dialysate in the USA. These 
come in sterile bags for use with the CRRT device. 
Each manufacturer offers a range of electrolyte con-
centrations to address varied clinical situations. The 
prescribers should be familiar with their electrolyte 
composition. The solution utilized will depend on the 
metabolic status of the patient.

Replacement fluids are used to compensate for 
volume lost with high levels of convective clearance. 
Commercially prepared replacement fluids have also 
recently become available in the USA. These options 
have been available in Europe for many years. Simpler 
solutions such as normal saline and lactated Ringers 
may also be used as replacement fluids; consideration 
must be given to the biochemical status of the patient. 
Solutions prepared by local pharmacy permit custom-
made electrolyte content but may be more costly and 
have a higher risk of preparation errors.

Total infused fluid rate (dialysate plus replacement 
fluid) depends on the clinical goals of the procedure. 
One common approach in pediatric centers uses dia-
lysate or replacement fluid flow rates of 2,000 mL hr−1 
per 1.73 m2 [6, 21]. If both diffusion and convection 
are desired, the fluid can be divided between dialysate 
and replacement fluid, for instance, 75% dialysate 
and 25% replacement fluid as a starting point. The 
patient’s volume and electrolyte status must be moni-
tored closely and the CRRT prescription adjusted as 
indicated. Higher fluid rates increase mass transfer. 
Similarly, adjusting the proportion of dialysate and 
replacement fluid will alter the relative contribution 
of diffusion and convection to overall mass transfer.

Anticoagulation: Unique to CRRT is the need for 
continuous anticoagulation. Similar to intermittent 
hemodialysis, heparin infusion adjusted to a target ACT 
or aPTT can be used. In the event that continuous sys-
temic anticoagulation with heparin is contraindicated, 
citrate is a commonly used alternative. Citrate infused 
into the extracorporeal circuit chelates calcium and pre-
vents clotting, serving as a regional anticoagulant. With 
citrate use, calcium must be replaced to the patient to 
avoid systemic hypocalcemia. Several protocols have 
been developed for the use of citrate anticoagulation in 
CRRT [6, 8, 10].

Ultrafiltration plan: CRRT offers an opportunity 
for slow ultrafiltration that may be better tolerated by 
the critically ill patient. The continuous nature of treat-
ment allows ultrafiltration goals to be divided across 
an entire 24-h period and may be much more success-
ful than rapid ultrafiltration in intermittent hemodialy-
sis. Ultrafiltration rate can be adjusted to remove daily 
input and also to achieve net fluid loss in the volume-
overloaded patient. In children undergoing CRRT, there 
is less concern regarding fluid restriction and clinicians 
can, for instance,  maximize parenteral nutrition.

8.4.5.4 C omplications

The complications with CRRT are similar to those of 
intermittent hemodialysis although there are several 
additional concerns. As mentioned previously, the 
use of replacement fluids can influence the patient’s 
electrolyte and acid/base status, especially if there is 
significant ongoing ultrafiltration. The electrolyte 
content of the ultrafiltrate should parallel plasma elec-
trolyte concentration. Use of the AN-69 membrane has 
been associated with BRS [3]. BRS is  characterized by 
tachycardia, hypotension, vasodilation, and potential 
death. The symptoms occur within minutes of the con-
tact of blood with the membrane and symptoms will 
resolve with discontinuation of therapy and removal 
of the membrane. Bradykinin release results from 
blood contact with the negatively charged hemofilter 
made from the AN-69 material. Acidosis exacerbates 
the reaction [3]. Interventions to limit the likelihood 
of BRS include avoiding use of blood prime, pH cor-
rection of the patient prior to CRRT initiation, blood 
bypass [3] and recirculation systems [17, 25], and use 
of membranes other than AN-69.

Unique complications of acid/base status may occur 
with citrate anticoagulation. Unmetabolized citrate 
may act as a weak acid, but fully metabolized citrate 
yields bicarbonate and may cause alkalosis. If citrate 
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infusion exceeds metabolism, then citrate overload, 
sometimes known as citrate lock, can occur. This will 
result in systemic total hypercalcemia due to ongoing 
calcium infusion but systemic ionized hypocalcemia. 
Correction requires a decrease in citrate delivery, an 
increase in citrate removal, or both. Citrate infusion 
can be held for  approximately 30 min and then resumed 
at a slower rate, or increased solute clearance can be 
achieved by augmenting replacement fluid rates and 
dialysate rates, or these interventions can be combined 
[22]. Close monitoring is warranted.

8.5 RRT Outcomes

Randomized studies comparing outcomes of dialysis 
modalities for critically ill children are lacking. Some 
retrospective studies may be limited by provider bias; 
for instance, patients assigned to CRRT rather than 
intermittent hemodialysis are more likely to be hemo-
dynamically unstable with a risk for higher mortality. 
Others suggest that the need for  vasopressors or the 
underlying disease process is the better predictor of 
mortality [5]. These explanations may account for the 
findings by Bunchman et al. of  survival rates of 40% 
for CRRT, 49% for peritoneal dialysis, and 81% for 
hemodialysis in children undergoing dialysis in the 
ICU [5].

Timing of initiation of renal replacement  therapy 
may influence outcome. Several studies found that the 
early initiation of CRRT and prevention of significant 
fluid overload (<10%) has improved patient outcome 
[11, 14, 15]. A recent review of pediatric CRRT with 
data drawn from a registry of pediatric centers showed 
better overall outcomes than previously reported; this 
may suggest an  improvement in CRRT techniques and 
overall application of this  technology in the care of the 
critically ill patient [33].

8.6 C onclusion

Renal replacement techniques are an important 
adjunct to the successful care of critically ill children. 
Renal support during periods of acute kidney injury or 
multisystem organ dysfunction can bridge the patient 
through the period of critical illness, preventing fur-
ther complications from volume overload and meta-
bolic imbalance, permitting the delivery of necessary 
medications and nutrition, and leading to  better patient 
outcomes. Ongoing refinement of renal replacement 

techniques, coupled with careful coordination between 
nephrology and critical care  services, will help to 
improve these outcomes further.
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› During critical illness, total energy expenditure will be 
increased proportionate to the severity of the underlying 
illness. The aim of nutritional support is to blunt the nega-
tive nitrogen balance that may accompany a hypermeta-
bolic or catabolic state.

› Careful assessment of energy requirements in critically 
ill children with acute kidney injury (AKI) is essential to 
optimize the nutritional plan. Inadequate nutritional sup-
port will result in poor protein retention and  excessive 
support may predispose to metabolic derangements and 
fluid excess.

› In addition to the increased protein catabolism associated 
with critical illness, patients supported with dialysis will 
have additional nitrogen losses. These losses should be 
accounted for when protein intake is prescribed.

› Water-soluble vitamins will be removed with  dialysis and 
should be supplemented accordingly to avoid deficits.

› If nutritional support is indicated due to inadequate 
oral intake, enteral nutrition is the preferred method of 
 support. If volume restriction is necessary, feeds can 
be fortified to increase energy density. To optimize 
 digestibility, similar proportions of fat, protein, and 
carbohydrate as the base formula should be provided.

Core Messages

Nutrition for the Critically Ill 
Pediatric Patient 
with Renal Dysfunction

N.M. Rodig

9

Case Vignette

A 3-year-old previously healthy girl presents for 
assessment of fever, cough, increased respiratory 
effort, and lethargy. Her parents report that she has 
had decreased intake of solid nutrition for approxi-
mately 5 days and decreased liquid intake for 3 days. 
Her urine output had decreased, and her parents are 
unsure when she voided last. Upon arrival, she is 
ill appearing, poorly responsive, and has tachypnea. 
Urgent assessment reveals temperature of 39.5 °C, 
pulse of 150, blood pressure of 65/30, shallow res-
pirations with respiratory rate of 44, and oxygen 
saturation of 88% on room air. Her extremities are 
warm, though her peripheral pulses are weak. A chest 
radiograph reveals left lobar pneumonia with asso-
ciated large effusion. Arterial blood gas assessment 
 demonstrates respiratory acidosis. She is intubated, 
receives a 20 mL kg−1 intravenous bolus of 0.9 NaCl, 
and initial doses of broad- spectrum antibiotics. She 

is admitted to the intensive care unit for further care 
of pneumonia complicated by  respiratory failure and 
sepsis. Serum laboratory studies return and are nota-
ble for white blood count of 25,000 cells µL−1 with 
a left shift, hematocrit of 31%, and platelet count of 
660,000 cells µL−1. Electrolytes are notable for serum 
potassium of 6.2 meq L−1 and serum bicarbonate of 
12 meq L−1. Her BUN and serum creatinine are ele-
vated at 90 and 3.5 mg dL−1, respectively. Because of 
continued poor perfusion, further volume  resuscitation 
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is provided. Volume resuscitation is not sufficient, 
however, and she requires dopamine and epinephrine 
continuous infusions to maintain hemodynamic 
integrity. She initially passes a small amount of urine, 
but then becomes anuric. Plans to initiate continuous 
venovenous hemodialysis are made. Given her hemo-
dynamic instability, she is not provided with enteral 
nutrition but total parenteral nutrition is initiated.

9.1 In troduction

The prevalence of malnutrition among critically ill 
patients has remained relatively constant over the past 
two decades [29, 51], and preexisting or hospital-
acquired malnutrition has been identified as a contrib-
uting factor resulting in the poor outcome of severe 
acute kidney injury (AKI) [23]. There is consensus 
that nutritional support improves anthropometric out-
comes as assessed by body weight and mid-arm mus-
cle mass. However, controversy persists as to whether 
nutritional support improves clinical outcomes, such 
as length of stay and mortality [33, 34]. During seri-
ous illness, the aim of nutritional support is to blunt 
the negative nitrogen balance, though this trend can-
not be entirely prevented. During the recovery phase, 
anabolism exceeds catabolism, and nutrition serves to 
replenish stores and maintain positive nitrogen balance. 
As significant renal dysfunction results in impairment 
of nitrogenous waste excretion and altered regulation 
of water, electrolyte, and acid–base homeostasis, the 
provision of optimal nutrition may be challenged. 
The following chapter will outline principles for the 
nutritional management of critically ill children with 
disturbances in renal function. The nutritional care of 
children with severe AKI will be emphasized. When 
indicated, specific considerations for children with 
chronic kidney disease (CKD) will be discussed. As 
the clinical manifestations of both acute and chronic 
renal failure are varied, the need for individualized 
nutritional  prescription is emphasized throughout.

9.2  Energy Metabolism 
and Requirements

Careful assessment of energy requirement in children 
with AKI is essential to optimize nutritional  support. 
Inadequate caloric provision will result in poor protein 
retention, and excessive nutrition increases the risk for 
metabolic derangements and fluid excess. Assessment 

of total energy requirements should consider resting 
energy expenditure, energy needed for physical activity, 
and diet- induced thermogenesis. In patients with AKI 
not associated with critical illness, energy expenditure 
has been shown to be comparable to its expenditure 
as measured by indirect calorimetry in healthy sub-
jects [59]. Adult patients with sepsis or severe trauma 
develop an increase in energy expenditure, and the 
increase is proportionate to the severity of the underly-
ing process [12, 49]. In addition, critically ill adults 
with sepsis and systemic inflammatory response syn-
drome (SIRS) were found to have increased oxygen 
consumption and resting energy expenditure when 
compared with patients with SIRS unrelated to sepsis 
[45]. This hypermetabolic response apparent in adults 
has not been a consistent finding in critically ill pedi-
atric patients [16, 25]. Though data are limited, renal 
failure itself does not appear to increase overall energy 
requirements. A study of critically ill adults compared 
the energy expenditure of those who required dialy-
sis for severe renal dysfunction to those who required 
only supportive measures for normal or moderately 
impaired renal function. The average measured hyper-
metabolism was 28% for those who required dialysis 
and 42% for those who did not. It was  proposed that 
AKI reduced energy demand secondary to diminished 
renal metabolic activity [63].

Knowledge of a child’s total energy expenditure is 
essential to optimize nutritional support. Basal meta-
bolic rate is the largest component of total energy 
expenditure, though energy is also utilized for growth, 
activity, and the thermic effect of food. Determining 
the energy requirement of a critically ill patient may be 
challenging as potential stress factors such as fever and 
sepsis will increase metabolic demand. Additionally, 
hospitalized patients will often have altered activity 
levels, blunted or absent growth, and reduced enteral 
intake of food. Indirect calorimetry accurately meas-
ures resting energy expenditure and allows nutrition to 
be tailored to the needs of the individual. A comprehen-
sive review of the principles and methodology of indi-
rect calorimetry was recently published [27]. Though 
indirect calorimetry is the preferred method when 
available, measurement requires equipment and trained 
staff. When assessment by indirect calorimetry is not 
possible, resting energy expenditure can be estimated 
by one of the equations to calculate basal metabolic rate. 
Commonly used equations include the Harris–Benedict 
equation for adults and Schofield equations for chil-
dren [60]; the reader is referred elsewhere for further 
details regarding the use of these predictive equations 
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[21]. Numerous studies evaluating the accuracy of such 
predictive equations relative to measured resting energy 
expenditure have,  however, demonstrated considerable 
error in both children and adults [9, 25, 67, 69].

A general recommendation for critically ill adult 
patients with AKI is to tailor energy intake to the indi-
vidual, aiming not to exceed 130% of the patient’s resting 
energy expenditure [18, 19, 40, 59]. Pediatric-specific 
data or practice guidelines for energy requirements in 
AKI are lacking. A group of critically ill pediatric patients 
on continuous renal replacement therapy (CRRT) was 
provided total calories of 20–30% above their rest-
ing energy expenditures based on  indirect calorimetry, 
including 1.5 g kg−1 day−1 of protein [41]. Despite this 
nutritional support, positive nitrogen balance was often 
not met. For practical  purposes, it is reasonable to start 
at the recommended dietary caloric intake for an aged 
matched healthy child and adjust as indicated based on 
indirect calorimetry or results of predictive calculations.

Modification of nutritional support should be made to 
account for calories provided by any dextrose- containing 
intravenous fluids or dextrose- containing dialysate solu-
tions. During acute peritoneal dialysis, passive uptake of 
dextrose from the dextrose-rich dialysate may augment 
significantly total energy provision. Grodstein et al. 
studied the amount of energy derived from dialysate in 
a group of adult patients undergoing chronic continuous 
ambulatory peritoneal dialysis (CAPD) and developed 
an equation to predict daily glucose absorption. The 
quantity of glucose absorbed per liter of dialysate (y) 
varied with the concentration of glucose in the dialysate 
(x), ( y = 11.3x − 10.9, r = 0.96) [26]. Though this for-
mula can be utilized to assess glucose absorption  during 
CAPD, dwell time is not included as an independent 
variable. Dwell times during acute peritoneal dialysis 
are  generally shorter, and this may render the estimation 
inaccurate. Actual measurement of glucose absorption 
during acute peritoneal dialysis was performed in nine 
adult patients and compared with the result calculated 
by the Grodstein formula [50]. The calculated method 
overestimated glucose absorption when using 4.25% 
dialysate and underestimated glucose absorption when 
using 1.5% dialysate. The authors of this study recom-
mended the use of a percentage estimate of 40–50% of 
glucose in dialysate to account for additional calories 
provided during acute peritoneal dialysis.

As there is lack of evidence to suggest that children 
with kidney dysfunction have increased total caloric 
needs, recommended energy intake for children with 
CKD and children on maintenance dialysis has been 
based on data acquired in healthy children without 

kidney dysfunction. Should a child with CKD become 
critically ill, energy expenditure will be increased pro-
portionately to the severity of the underlying illness. 
As for children on acute peritoneal dialysis, peritoneal 
absorption of dialysate glucose should be considered 
when calculating energy intake. When children on 
CAPD were studied, glucose absorption accounted for 
 approximately 7–10 kcal kg−1 day−1 [55].

Dextrose is the major source of calories provided 
by parenteral nutrition, and hyperglycemia may be 
an unintended consequence. Hyperglycemia is not 
an uncommon finding during critical illness and has 
been associated with increased mortality and adverse 
outcome [22, 64]. Acute renal injury may increase the 
risk for hyperglycemia due both to  accelerated hepatic 
gluconeogensis and insulin resistance. AKI is a state 
of increased protein  catabolism, and increased hepatic 
gluconeogenesis results from conversion of amino 
acids released during protein degradation [14]. The kid-
ney plays a direct role in glucose homeostasis, which 
is regulated by insulin [66]. During acute renal injury, 
insulin resistance may be more likely given the loss of 
the kidney as a major target organ for insulin action. 
Critically ill patients with AKI have  demonstrated 
insulin resistance as evidenced by higher blood glucose 
and insulin concentrations [6]. The consequences of 
insulin resistance and hyperglycemia have been shown 
to be significant. In a retrospective study, hyperglyc-
emia was found to be independently associated with 
mortality in a group of 152 critically ill children [64]. 
A prospective, randomized study of more than 1,500 
adults in a surgical intensive care unit was undertaken 
to determine if intensive insulin therapy would improve 
prognosis when compared with conventional therapy. 
By employing a strategy of strict glycemic control 
and maintaining blood glucose levels between 80 and 
110 mg dL−1, the morbidity and mortality among these 
ICU patients fell significantly [68]. Well-designed 
studies determining the effect of insulin therapy on the 
outcome of critically ill  children are needed [70].

9.3  Protein Metabolism 
and Requirements

AKI is a state of increased catabolism, the extent of 
which parallels the severity of the underlying illness. 
During metabolic stress, counterregulatory hormones 
and cytokines are produced with subsequent release 
of glucose, fatty acids, and amino acids from the body 
stores. The catabolism of skeletal muscle allows for the 
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generation of glucose, which is the preferred  substrate for 
the brain, red blood cells, and renal medulla. This stress 
response is an effective short-term adaptation, though 
a prolonged response is maladaptive and will lead to 
reduction of lean body mass. Clinically, significant neg-
ative protein balance may be characterized by skeletal 
muscle wasting, weight loss, and immune dysfunction.

The protein catabolic rate of critically ill adults 
with AKI has been reported to be 1.4–1.8 g kg−1 day−1 
[11, 18, 37]. Virtually all nitrogen arising from amino 
acids liberated during protein degradation is converted 
to urea, and the extent of protein catabolism may be 
assessed by calculating the urea nitrogen appearance 
(UNA). While on dialysis, the UNA is the sum of the 
urea in the dialysis ultrafiltrate, urine, and the change 
in the body nitrogen pool. UNA was studied in a group 
of critically ill children with anuric AKI maintained 
on CRRT and was greater than 180 mg kg−1 day−1 [35]. 
This compares with a mean UNA of approximately 
100 mg kg−1 day−1 in well children on chronic perito-
neal dialysis [43]. Increased  protein catabolic rate was 
confirmed in a subsequent report of critically ill pedi-
atric patients on CRRT [41]. The mean UNA while on 
continuous venovenous hemofiltration (CVVH) and 
 continuous venovenous hemodiafiltration (CVVHD) 
were 291 and 245 mg kg−1 day−1, respectively. Nitrogen 
 balance, defined as the difference between nitrogen 
intake and UNA, was often negative despite the provi-
sion of 1.5 g kg−1 day−1 of protein.

In addition to increased protein catabolism asso-
ciated with critical illness, patients supported with 
dialysis have additional nitrogen losses. During an 
intermittent hemodialysis session, amino acids and 
small peptides are lost to filtration across the dialy-
sis membrane [30, 31], and these losses will be con-
tinuous if a CRRT dialysis modality is employed. 
CVVH provides clearance solely by convection, 
whereas clearance by CVVHD is primarily dif-
fusive. The previously mentioned pediatric study 
compared amino acid losses between CVVH and 
CVVHD [41]. With the exception of glutamic acid, 
individual free amino acid clearances were greater 
on CVVH than on CVVHD, though there was no 
significant difference in daily losses over the 48-h 
period of the study. Amino acid losses by dialysis 
clearance represented 12 and 11% of daily protein 
intake on CVVH and CVVHD, respectively.

Peritoneal dialysis can result in significant protein 
losses through the dialysis effluent, and the degree of 
loss varies inversely with body surface area. When peri-
toneal protein loss was studied in children supported 

with chronic peritoneal dialysis, protein loss was high-
est in infants (277 ± 22 mg kg−1 day−1) and lowest in chil-
dren who weighed greater than 50 kg (91 ± 15 mg kg−1 
day−1) [52].

Few studies have attempted to define protein or 
amino acid requirements in adult patients with AKI, 
and similar pediatric data are nonexistent. A child with 
uncomplicated AKI who is not critically ill should be 
provided protein based on the amount recommended 
for age and adjusted as clinically indicated. Protein 
requirements in critically ill  pediatric patients will be 
increased, though data specific to AKI are lacking. 
Protein should be provided based on recommenda-
tions for critically ill children and adjusted for indi-
vidual needs [3]. While protein intake is increased, 
electrolytes, acid–base balance, and uremia should be 
assessed daily. Patients supported with dialysis will 
have additional nitrogen loss, and protein  provision 
should be adjusted accordingly. The American Society 
for Parenteral and Enteral Nutrition (ASPEN) has 
put forth recommendations for protein intake and 
estimated losses for children undergoing dialysis for 
AKI (Table 9.1) [4]. Estimated protein losses from 
dialysis, particularly from PD, vary widely and data 
is limited. Few studies are available that allow estima-
tion of optimal protein to energy ratio in critically ill 
children, though standard maintenance diets typically 
provide a ratio of nonprotein energy (kcal) to nitrogen 
(g) between 150 and 250:1 [15].

9.4 M icronutrient Requirements

Trace element requirements in AKI are not clearly 
defined, and most recommendations are derived from 
data in patients with chronic renal failure. Many of the 
findings regarding trace element metabolism in AKI 
may reflect the effect of the acute phase response and 
not necessarily reflect specific effects induced by AKI. 
As trace elements have small molecular weights and 
critical illness results in altered protein binding, hemo-
dialysis will likely alter trace element homeostasis. 
When studied using in vitro methods, trace elements 
including selenium, chromium, copper, and zinc were 
cleared during CVVH [46], with convective fluid rates 
significantly affecting clearance. When trace element 
losses were studied in actual patients on CRRT, how-
ever, the results were variable [7, 65, 71]. The  variability 
likely stemmed from differences in patient population, 
CRRT method, and assays utilized. A recent study 
of trace element removal during CRRT  confirmed 
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removal of chromium, copper, manganese, selenium, 
and zinc in ten adult patients [13]. As selenium is a 
cofactor for antioxidant enzymes, impaired defense 
against antioxidant stress may be of concern. However, 
the standard trace element supplementation provided 
in parenteral nutrition to these patients exceeded their 
losses during CRRT. Nonetheless, further studies are 
needed to clarify micronutrient requirements in AKI. 
Until these data are available, patients on parenteral 
nutrition should be provided standard supplements of 
trace elements.

Water-soluble vitamins will be removed with dial-
ysis. Therefore, when assessing the need for vitamin 
supplementation in children with AKI, the effect 
of dialysis should be considered. For children on 
chronic dialysis, clear guidelines for supplementa-
tion are provided [1]. Recommended intake of thia-
min (B

1
), riboflavin (B

2
), pyridoxine (B

6
), vitamin 

B
12

, and folic acid should achieve 100% of the daily 
reference intake (DRI) for age. If the patient with 
AKI is supported with dialysis, additional water-

soluble vitamins should be provided to avoid defi-
ciencies. The recommendations for oral vitamin 
supplementation during AKI provided by the ASPEN 
guidelines and composition of pediatric and adult 
parenteral multivitamin preparations are listed in 
Table 9.2 [4]. If enteral nutrition is an option, infants 
and small children may be given liquid or chewable 
multivitamin preparations and additional folic acid 
dosed for age. Older children and adults may be 
provided B complex vitamins containing folic acid, 
such as Nephrocaps (Fleming & Company). Vitamin 
C should not be supplemented beyond the DRI. 
Vitamin C is metabolized to oxalate, which can accu-
mulate in patients with CKD. Oxalate accumulation 
in AKI has not been adequately studied. Fat-soluble 
vitamins are not removed during dialysis and may 
 accumulate, though little data pertinent to AKI are 
available. With the exception of Vitamin K, deficien-
cies of other fat-soluble vitamins during AKI have 
been reported [20] and further studies are needed. 
ASPEN guidelines recommend  supplementation 

Table 9.1 Recommended protein intake and estimated protein losses during dialysis therapy for acute renal failure

Age (weight range) RDI
Estimated 
PD losses

Estimated HD 
losses

Estimated CRRT 
losses

Daily protein 
intake goal

Infant (≤10 kg) 1.6–2.2 2.0–4.0 0.5–1.0 2.0–3.0 2.0–6.0

Small child (>10 and 
≤25 kg)

1.0–1.2 2.0–3.0 0.5–1.0 2.0–3.0 1.0–3.0

Older child (>25 and 
≤40 kg)

0.8–1.2 1.0–2.0 0.5–1.0 2.0–3.0 1.0–3.0

Adolescent (>40 kg) 0.8–1.0 1.0–2.0 0.5–1.0 2.0–3.0 1.0–3.0

Adapted from [4]
Values are expressed as grams of protein kg−1 day−1. RDI recommended dietary intake for normal children, PD peritoneal dialysis, 
HD hemodialysis, CRRT continuous renal replacement therapy

Table 9.2 Recommendations for oral water-soluble vitamin supplementation in acute kidney injury and composition of pediatric 
and adult parenteral vitamin preparations

Supplement
ASPEN 
recommendation

ASPEN enteral 
dose

M.V.I. pediatric 
for infusion

M.V.I. adult for
 infusion

Thiamine Recommended 0.2–1 mg day−1 1.2 mg 6 mg

Riboflavin Recommended 0.3–1 mg day−1 1.4 mg 3.6 mg

Pyridoxine Recommended 6.25–50 mg day−1 1 mg 6 mg

Folate Recommended 0.4–1 mg day−1 140 μg 600 μg

Vitamin B12 Recommended 0.5–2.5 μg day−1 1 μg 5 μg

Vitamin C Caution ≤60 mg day−1 80 mg 200 μg

Adapted from [4]
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of fat-soluble vitamins if the duration of AKI is 
expected to be limited (i.e., <2 weeks), with  dosing 
not to exceed the DRI.

9.5 Elec trolyte Considerations

With significant deterioration in renal function, there is 
increased risk for electrolyte abnormalities. Common 
disorders include hyperkalemia, hyperphosphatemia, 
and hypocalcemia. Extensive discussion of electro-
lyte physiology in the setting of acute disturbances 
of renal function is beyond the scope of this chapter. 
A limited discussion is  provided to serve as a basis for 
nutritional planning.

Given the potential for increased risk of life-threaten-
ing arrythmias, hyperkalemia is a dreaded consequence 
of AKI. Potassium is the most  abundant  intracellular 
cation with less than 2% of total body  potassium 
present in the extracellular fluid. As potassium is pri-
marily excreted by glomerular filtration and tubular 
secretion, decreased renal function and renal tubular 
damage will predispose to  hyperkalemia. In addition 
to decreased excretion,  movement of potassium from 
the intracellular space to the extracellular space may 
further aggravate potassium homeostasis. Acidosis, 
enhanced cell turnover, and hemolysis all increase 
extracellular potassium concentration. If transfusion of 
red blood cell products is necessary, attempts to secure 
relatively fresh packed red blood cells should be made 
or washing the product should be considered. When 52 
units of packed red blood cells transfused in a pedi-
atric intensive care unit were assessed, approximately 
30% had a potassium  concentration >25 mmol L−1 [47]. 
Another study reported mean potassium concentrations 
of ~37–40 mmol L−1 when assessed in units as old as 
30 days [5]. If AKI is evolving, nutritional sources of 
potassium should be limited or withheld until accept-
able potassium homeostasis is assured. Potassium pro-
vision should then be based on serial assessment of 
serum levels. If dialysis is initiated, potassium clear-
ance should be anticipated if the dialysate contains lit-
tle or no potassium. If clinically appropriate, potassium 
salts can be added to the dialysate at concentrations 
of 1–3 meq L−1 to avoid hypokalemia but necessitates 
close monitoring of serum potassium levels.

Similar to hyperkalemia, hyperphosphatemia is a 
common electrolyte disturbance in oliguric or anuric 
renal failure. Serum phosphorus occurs in two forms, 
organic and inorganic. The inorganic fraction is the 
principal circulating form and routinely assayed for 

clinical use. When glomerular filtration rate (GFR) is 
within the normal range and tubular function is intact, 
approximately 80–90% of serum inorganic phospho-
rus is filtered, and typically more than 80% of filtered 
phosphorus is reabsorbed. In AKI, hyperphosphatemia 
may result and may in turn lead to hypocalcemia due 
to precipitation of calcium–phosphorus salts.

Treatment of hyperphosphatemia includes restrict-
ing phosphorus intake and intitating oral  phosphorus 
binders if enteral feeds are provided. In children who 
require phosphorus restriction, intake of milk, milk 
products, eggs, nuts, dried beans, peanut butter, whole 
grains, chocolate, and other high-phosphorus con-
taining foods should be limited. Options for phos-
phorus binders include calcium-based preparations 
 (calcium acetate,  calcium carbonate), noncalcium and 
 nonmetal-based (sevelamer hydrochloride, lanthanum 
carbonate) binders, and aluminum-based binders (alu-
minum hydroxide).

First-line enteral binding therapy for hyperphos-
phatemia in children is often a calcium-based binder, 
which may provide added benefit if hypocalcemia is 
present but may also predispose to hypercalcemia if 
large doses are needed. Sevelamer hydrochloride has 
been shown to be effective and safe in children and 
may be associated with less hypercalcemia [38, 48, 
57]. The other noncalcium and nonmetal-based binder 
lanthanum carbonate has not been adequately stud-
ied in children and is generally not used in pediatric 
patients. Aluminum-containing binders are very effec-
tive and were once the mainstay of phosphate binding 
in children. If their use is expected to be prolonged, 
however, especially in the setting of CKD, these bind-
ers are now avoided due to the potential for aluminum 
retention, neurotoxicity, and osteodystrophy [56, 61, 
62]. The only phosphate binders readily available in 
liquid or powdered form are calcium carbonate and 
aluminum hydroxide, limiting the options for small 
children and infants. Methods to prepare a sevelamer 
hydrochloride oral suspension have also recently been 
published [42].

9.6 Route of Nutrition

When it is evident that oral intake of nutrition is inad-
equate or projected to remain suboptimal, nutritional 
support should be provided. If allowable, enteral nutri-
tion is the preferred method of support for the critically 
ill patient. Proposed benefits of enteral nutrition include 
intestinal trophism, reducing bacterial translocation, 
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stimulation of the immune system, and cost effective-
ness [2, 17, 32, 39]. Early initiation of enteral feeds was 
shown to reduce complications from sepsis in adult sur-
gical patients when compared with patients receiving 
parenteral nutrition [44] and was also well tolerated in 
critically ill pediatric patients [10]. A specific benefit 
of enteral feeds is the potential for providing concen-
trated nutrition in a smaller volume. This is of particular 
advantage to those patients with oliguric renal failure or 
evolving or existing volume excess. Nasogastric feeds 
were well tolerated when provided carefully to an adult 
population with AKI and did not result in significant 
increase in major gastrointestinal complications [24]. 
To decrease the risk of aspiration and improve tolerance 
of feeds when gastric emptying is delayed, transpyloric 
feeds should be considered. In a cadre of critically ill 
children including pediatric patients with AKI, continu-
ous  transpyloric feeds were overall effective and well 
tolerated, although associated with increased gastroin-
testinal sequelae including abdominal distension and 
excessive gastric residuals [36, 58].

If enteral feeds are initiated, both standard formulas 
and formulas appropriate for decreased renal function 
are available. Table 9.3 lists a  selection of formulas 
appropriate for infants, children, and adults. For infants, 
Good Start Supreme (Nestle Clinical Nutrition) has 

lower phosphorus content when compared with other 
standard cow’s milk formula. Similac PM 60/40 (Ross 
Products) is designed for infants with impaired renal 
function and has overall lower mineral content. The cal-
cium content of PM 60/40 is lower than that of standard 
infant formulas, however, and calcium supplementa-
tion may be necessary. Suplena (Ross Products) and 
Nepro (Ross Products) are available for children and 
adults and are designed for patients with reduced renal 
function and on dialysis, respectively. Both provide 
1.8 kcal mL−1. Feeds should be initiated with hypo- or 
standard caloric formula at low rates of 0.5–1 mL kg−1 
h−1 with gradual increase to normal caloric delivery for 
age over 36–48 h as tolerated. Gastric residual volumes 
and abdominal exams should be monitored closely 
with each advancement [58].

If volume restriction is indicated, the rate of for-
mula delivery should be increased to the target volume 
and then gradually fortified using modular compo-
nents to meet nutritional needs (Table 9.4) [53]. Both 
breast milk and commercial formulas may be forti-
fied, though it is generally not advisable to increase 
the energy density of formula by concentration alone 
due to increased sodium, potassium, phosphorus, 
and overall renal solute load. Caloric density may be 
increased gradually in 2–4 kcal oz−1 increments, and 

Table 9.3 Nutrient content of selected infant, pediatric, and adult formulas

Formula 
(manufacturer)

Energy 
(kcal mL−1)

Protein 
(g L−1)

Fat 
(g L−1)

Carb 
(g L−1)

Na/K 
(mg L−1)

Ca/P 
(mg L−1)

mOsm 
kg−1 H2O

Infant formulas

Enfamil LIPIL 
Mead Johnson

0.67 14.2 35.8 73.7 182/730 527/290 270

Good Start Supreme
Nestle Clinical
Nutrition

0.67 14.7 34.2 75 181/724 449/255 280

Similac PM 60/40
(Ross Products)

0.67 15 37.9 69 162/541 379/189 280

Pediatric and adult formulas

Pediasure (Ross
Products)

1 30 38 131 380/1310 972/845 480

Suplena (Ross 
Products)

1.8 45 96 205 785/1120 1055/700 600

Nepro (Ross Products) 1.8 81 96 167 1060/1060 1060/700 585

Information based on manufacturer’s literature as of 2008 and is subject to change. For the most current nutrient content, please see 
product labels. Data are from manufacturers: Mead Johnson (Evansville, IN 47721), Nestle Clinical Nutrition (Deerfield, IL 60015), 
Ross Products (Abbott Laboratories, Columbus, OH 43215)
Carb carbohydrate, Na sodium, K postassium, Ca calcium, P phosporus
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Table 9.4 Nutrient content of selected modular products

Modular product 
(manufacturer) Energy (kcal)

Protein 
(g) Fat (g) Carb (g) Na (mg) K (mg) P (mg)

Carbohydrate (per 100 g)

Moducal (Mead
Johnson)

375 0 0 95 70 5 trace

Polycose (Ross
Products)

380 0 0 95 110 10 12

Fat (per 100 mL)

Canola oil 813 0 92 0 0 0 0

Microlipid (Mead
Johnson)

449 0 51 0 0 0 0

Carbohydrate and fat (per 100 g)

Duocal (SHS
International)

492 0 73 22 ≤20 ≤5 ≤5

Protein (per 100 g)

Beneprotein
 (Resource)

357 86 0 0 214 500 286

Adapted from [53]
For the most current nutrient content, please see product labels 
Carb carbohydrate, Na sodium, K potassium, P phosphorus

the tempo of fortification will depend on individual 
tolerance. In children with CKD, caloric density up to 
60 kcal oz−1 has been used to achieve intended goals 
[72]. To optimize digestibility, similar proportions of 
fat, protein, and carbohydrate as in the base formula 
should be provided. If the patient is on CRRT, amino 
acid and small peptide losses may challenge the abil-
ity to supply adequate protein enterally. If indicated, 
intravenous administration of 10% amino acids can be 
provided to achieve desired goals.

Though enteral feeds are preferred, they may not be 
tolerated in critically ill patients. The underlying ill-
ness and need for vasoactive medications may com-
promise gastrointestinal perfusion and function. An 
additional concern in the setting of chronic or acute 
renal failure is the potential detrimental effect of ure-
mia on gastrointestinal motility, though this has been 
studied primarily in patients on chronic dialysis [8, 28, 
54]. Contraindications to enteral feeds include intesti-
nal obstruction, severe or protracted ileus, gastrointes-
tinal ischemia, and hemodynamic instability. If enteral 
feeds are not possible or cannot provide the intended 
nutritional support, parenteral nutrition (PN) com-
bined with enteral support or total parenteral nutrition 

alone may be necessary. An adequate discussion of 
parenteral nutrition is beyond the scope of this chap-
ter and is detailed elsewhere [15]. Modification of PN 
should be performed based on anticipated amino acid 
losses and dextrose absorption from dialysis thera-
pies if applicable. Electrolyte composition should be 
guided by regular assessment of the patient’s labora-
tory studies.

9.7 C onclusion

Optimal nutritional management of critically ill chil-
dren is challenging and becomes more complex should 
there be an acute or chronic disturbance in renal func-
tion. The provision of both adequate and appropriate 
nutrition support should be viewed as a critical ele-
ment in the therapeutic effort. To achieve this end, 
repeated evaluations of renal function, metabolic bal-
ance, volume status, and energy expenditure should be 
made to guide adjustment of any nutritional care plan. 
If available, the assessment and counseling provided 
by a renal dietician is a  valuable resource in formulat-
ing and  implementing a successful nutrition plan.
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› The aim of nutritional support during AKI associated with 
critical illness is to blunt the tendency towards negative 
nitrogen balance.

› AKI is a state of increased catabolism, the extent of which 
parallels the severity of the underlying illness.

› In addition to an increased protein catabolic rate, patients 
supported with dialysis will have additional nitrogen 
losses.

› Calories provided by dextrose-containing intravenous 
fluids and dialysate should be considered when planning 
nutritional support.

› Water-soluble vitamins will be removed with dialysis and 
should be supplemented to avoid deficiencies.

Take Home Pearls
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› Kidney function abnormalities are associated with increased 
morbidity and mortality in critically ill ICU patients.

› Even modest increases in serum creatinine of 0.3–0.4 mg 
dL−1 lead to a 70% greater risk of death compared with 
patients without an increase.

› Physiologic changes that occur during illness may affect 
solute and water handling as well as renal function. These 
changes can easily be assessed using a combination of 
readily available clinical and laboratory data or what can 
be considered diagnostic tools.

› These tools can be used to do the following:
 –   Determine the appropriateness of the renal response 

for a particular clinical circumstance.
 –  Make or confirm a diagnosis.
 –  Guide and monitor therapy.

Core Messages

Tools for the Diagnosis 
of Renal Disease

K. Mistry and J.T. Herrin

10

10.1 In troduction

Abnormalities in body chemistry, urine flow, and renal 
function are relatively common occurrences in hospital-
ized patients. Critically ill patients who present with or 
develop acute renal failure have persistently poorer out-
comes and higher mortality rates than patients without 
renal failure [8, 11]. Even modest increases in serum 
creatinine of 0.3–0.4 mg dL−1 in adult patients lead to a 
70% greater risk of death compared with patients with-
out an increase [10, 36, 42]. Mortality is even higher 
in the subgroup of patients who require renal replace-
ment therapy [8, 11, 65]. This increased  morbidity and 
mortality cannot be explained solely by the loss of renal 
function, but likely reflects the impact of deranged reg-
ulatory responses in multiorgan failure. Often isolated 
renal failure in previously healthy  children such as may 
occur with drug toxicity or even in milder forms of 
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hemolytic uremic syndrome does not require admission 
to the ICU, but can be safely managed on the regular 
medical unit. Nonetheless, the loss of GFR places these 
children at risk for further clinical morbidity and under-
scores the importance of careful attention to ongoing 
fluid, electrolyte, and  biochemical balance.

Similarly, the pathophysiology of multiple disease 
processes that afflict ICU patients often interferes with 
normal renal and endocrine function, necessitating 
adjustments to drug dosing and fluid  administration to 
prevent electrolyte or acid–base imbalance. This chapter 
focuses on the  diagnostic approach to a range of renal and 
biochemical abnormalities that may prompt renal con-
sultation in the ICU. Our goal is to provide the clinician 
with objective scientific measures or tools, which can be 
reliably used to make a diagnosis and guide therapy.

While some definitive tests may take days or weeks to 
obtain results, these tools will allow prompt recognition 
of the nature of the renal response or  abnormality, using 
readily available serum and urinary parameters, with 
results that are available within hours. This approach 
enables timely institution of appropriate interventions 
and the means to effectively monitor the response to 
these interventions, for instance, the use of the tran-
stubular potassium gradient (TTKG) in hyperkalemia 
and its response to a therapeutic trial of fludrocortisone 
(Florinef) or acetazolamide (see Sect. 10.3.5).

Investigational tools supplement the clinical findings. 
While some provide anatomic information, e.g., renal 
ultrasound, others provide a snapshot of the physiologic 
or pathologic responses to various conditions. Examples 
include urine sodium (UNa) and urine chloride (UCl) as 
indicators of volume status, and fractional excretion of 
sodium (FE

Na
) as an indicator of the tubular response to 

volume depletion vs. tubular injury, thus permitting its 
use for differentiating between causes of renal failure 
[26, 42].

All investigations require careful interpretation, 
and results need to be put in perspective by a clinician 
cognizant of the patient’s clinical status when the data 
were obtained. As such, awareness of the limitations 
of each of the tools is of paramount importance in the 
interpretation of the results.

10.2 A vailable Tools

10.2.1  Clinical History and Physical Examination

It is helpful to approach any clinical problem in a  step-
wise fashion, using objective supportive data whenever 

possible to build a clear and logical picture of how homeo-
static mechanisms have been perturbed. We must empha-
size the importance of obtaining the complete history upon 
presentation to the ICU. This will provide strong clues to 
the etiology of presenting renal and electrolyte abnormali-
ties. For example, a history of fluid loss by diarrhea or 
vomiting associated with poor intake, difficulty in replac-
ing losses, or decreasing urine output should alert one to 
the  likelihood of prerenal acute renal failure.

Ingestion of nephrotoxic agents is of particular 
interest as they may result in renal failure, elec-
trolyte and acid–base abnormalities, acute tubular 
necrosis, or interstitial nephritis, an effect potenti-
ated by dehydration. Predisposing existing medical 
conditions, chronic medications, and knowledge 
about preexisting kidney disease will assist in deter-
mining the nature of the underlying renal abnormal-
ity and predicting outcome.

Meticulous physical examination will provide 
additional clues. Fever, state of hydration (reflected 
as poor tissue turgor in dehydration, or edema in 
fluid overload), heart rate, blood pressure, need for 
ventilatory support, cardiac abnormalities, abdomi-
nal pathology, and neurologic state are  important in 
discerning the nature of the biochemical and renal 
abnormalities within the context of the patient’s gen-
eral condition.

Clinical history and physical examination with 
 special emphasis on weight change, careful evalua-
tion of mass balance (calculated from  consideration of 
input and output), chemical composition of  intravenous 
fluid, enteral feeds, urine, and stool, and measured 
losses from drains provide the basis for initial ICU 
renal recommendations [17]. Consideration of changes 
produced by both ongoing therapy (for instance, water 
retention with positive pressure respiration vs. evapo-
rative fluid loss from phototherapy and use of radiant 
warmers) and changes in body temperature (increased 
insensible losses with fevers) is necessary to fully 
assess adequacy of fluid and solute input or losses that 
may otherwise remain  unappreciated [27, 38, 39].

One must differentiate total body water (TBW) status 
from effective circulating blood volume. Effective cir-
culating volume, that portion of the body water actually 
perfusing the tissues and accomplishing homeostasis, 
can be clinically assessed for adequacy by measuring 
and following changes in blood pressure, heart rate, and 
central venous pressure (if indicated or available) and 
by gauging peripheral perfusion by capillary refill. 
In instances when, despite TBW overload, the effec-
tive circulating blood volume is reduced, for example, 
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in patients with capillary leak syndromes postopera-
tively or with sepsis, or in poor cardiac output states, 
an increase in both hematocrit and total protein occurs 
concurrently, reflecting continuing or increasing intra-
vascular depletion.

Bladder catheterization provides valuable infor mation 
about urine flow rate. At the same time, urine  samples 
can be obtained for biochemical, microscopic, and 
microbiological analysis. Urine flow rate is sensitive to 
changes in circulating blood volume, but does not always 
predict renal function, as evidenced in nonoliguric renal 
failure. Arbitrary targets for urine output as a marker of 
adequacy of renal function are often promulgated in the 
ICU but are of limited clinical utility. Rather, attention 
to the patient’s ongoing volume balance by  comparing 
total input vs. total output and interpreting this in light 
of the specific clinical circumstances at that point in 
time is more likely to allow proper clinical interpreta-
tion of the adequacy of urine output.

10.2.2 Direct Chemical Measurements

Serum electrolytes, blood urea nitrogen (BUN), cre-
atinine [41], osmolality (P

Osm
), calcium, phosphorus, 

albumin, total protein, and hematocrit: These labo-
ratory parameters are followed serially in most ICU 
patients, and their values allow assessment of the gen-
eral pattern of response to a clinical condition and its 
therapy. They may also be indicative of  overall ade-
quacy of circulation (for instance, alteration in usual 
BUN/Cr ratio and parallel changes in hematocrit and 
total protein suggestive of intravascular volume fluc-
tuations, with an increase with  dehydration or a fall 
with rehydration or fluid overload).

Changes in serum calcium during intensive care 
treatments demonstrate distinct response patterns for 
survivors vs. nonsurvivors. The magnitude of increase 
in the serum calcium after fluid  resuscitation is a 
marker correlating with the patient’s ability to with-
stand physiologic stress, especially after major trauma. 
Uncorrected calcium provides a  better guide to calcium 
replacement therapy in trauma patients than albumin-
adjusted calcium [66].

Certain serum patterns of chemistries can also pro-
vide clues as to underlying etiology, for example, (1) 
the combination of hyponatremia and hyperkalemia 
with/without hypercalcemia, and minimal change in 
BUN and creatinine suggests adrenal insufficiency, 
(2) hypercalcemia and hypophosphatemia with mild 
elevation in BUN and creatinine suggest primary 
hyperparathyroidism, while (3) hypocalcemia, hyper-

phosphatemia, and elevated BUN and  creatinine sug-
gest secondary hyperparathyroidism.

Urinary sodium (UNa), potassium (UK), chloride 
(UCl), pH, osmolality (U

Osm
), urinary urea nitro-

gen (UUN), glucose, calcium (UCa), phosphorus, 
and magnesium: Low UNa (<20 mmol L−1) and high 
 urinary osmolality (>500 mOsm kg−1) suggest volume 
depletion and are the most common urinary assess-
ments for volume. Evaluation of both UNa and UCl 
concentrations may be necessary to evaluate volume 
status. Although UNa concentration usually correlates 
well with volume status, apparent variation may occur 
in the presence of restricted tubular sodium reabsorp-
tion, for example, in renal tubular acidosis (RTA) or 
significant systemic alkalosis where sodium diure-
sis needs to occur with bicarbonate loss to maintain 
electroneutrality. Under these circumstances, the UNa 
concentration and FE

Na
 will not reflect sodium or intra-

vascular volume status, while UCl concentration will 
still mirror the changes in circulating volume.

Biochemical excretion patterns in the urine can also 
provide clues as to the site of tubular abnormality or 
damage (proximal vs. distal). Fanconi syndrome char-
acterizes generalized proximal tubular dysfunction, 
resulting in phosphaturia (determined by a low tubu-
lar reabsorption of phosphate (TRP) ), glucosuria (on 
dipstick), aminoaciduria, and normal anion gap hyper-
chloremic metabolic acidosis.

Determination of the electrolyte composition of 
measured fluid losses may be necessary as a guide 
to replacement therapy to prevent or treat electrolyte 
abnormalities, especially if the volume loss is high or 
renal function is abnormal.

Serum organic acids (lactic acid, pyruvic acid), 
serum ammonia levels, and urinary amino and organic 
acid screening is helpful in differentiation of potential 
metabolic abnormalities, particularly in the neonatal 
period. Examples include aminoacidopathies such as 
maple syrup urine disease, tyrosinemia, urea cycle 
abnormalities and galactosemia, and organic acidopa-
thies such as congenital lactic acidosis and isovaleric 
acidemia.

10.2.3 Twenty-Four Hour Urinary Excretion

10.2.3.1  Glomerular Filtration Rate (GFR) Estimation

In clinical practice, GFR in children is generally esti-
mated based on the serum creatinine and the child’s 
age and length using the Schwartz formula. In rare 
circumstances, a 24-h urine collection for creatinine 
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clearance may provide a useful estimation of GFR, for 
instance, in individuals with exceptional dietary intake 
(vegan diet or ingestion of creatine supplements), or 
in the presence of abnormal muscle mass because of 
amputation, malnutrition, muscle-wasting disease, spi-
nal injury, or myelodysplasia [29, 45]. It is extremely 
important to be sure to discard the first bladder urine at 
time zero, measure the time accurately, and obtain the 
total urine volume for optimal results. A serum creati-
nine must be obtained during the collection interval.

As renal function declines, increased tubular secre-
tion of creatinine results in overestimation of GFR by 
this method [54]. For estimation of GFR under these 
circumstances, it is wise to perform both a creatinine 
and urea clearance and average the results.

In the ICU setting, rapid and wide variations in GFR 
follow changing circulation patterns, electrolyte sur-
feits or deficits, and renal injury, making frequent esti-
mations or measurements over shorter time intervals 
necessary to allow for medication dosage adjustments. 
Again, most estimation is done with serum creatinine 
values and the Schwartz formula. If a bladder catheter 
is in place, however, a rapid assessment can be done 
using urine collection periods as short as 15–60 min 
for measurement of creatinine and urea clearance. 
Averaging 2–3 sequential collections and using a sin-
gle midpoint serum creatinine measurement can attain 
increase in accuracy.

In the assessment of nutritional status, 24-h excre-
tion of sodium, potassium, protein, urea nitrogen, and 
calcium is necessary to assess changes, particularly 
if there are significant variations in urinary volume 
or where balance studies are necessary. The need for 
such measurements in the ICU setting is rare, how-
ever, and careful attention to fluctuations in bio-
chemistries in light of on-going fluid and electrolyte 
therapy and underlying renal function will generally 
be adequate.

10.2.4 Deriv ed Values

These values, calculated from direct chemical meas-
urements allow a more sensitive index of renal tubu-
lar function and integrity with which to compare 
expected values in response to an observed stimulus. 
There are no absolute normal values and there is a 
wide range in normal expected responses  depending 
on dietary intake, fluid balance, and intercurrent med-
ications. It is best to compare values obtained in any 
patient with expected values under similar  clinical 
circumstances.

Derived values commonly used as tools and expected 
results are outlined in Table 10.1 and include the 
following:

10.2.4.1 Fractional Excretion of Sodium

This measures sodium excreted in the urine as a 
percentage of sodium filtered at the glomerulus. It 
may be used in assessment of either volume status or 
 tubular function in renal failure. In infancy, FE

Na
 var-

ies with gestational age: 28-week gestation 12–15%, 
32 weeks 10%, and 36 weeks or later 2–5% [35, 39, 
56, 62].

Values for FE
Na

 are higher in obstructive uropathy 
and other states of solute diuresis, e.g., loop diuretic 
usage, which increases sodium excretion and hence 
FE

Na
. Under these circumstances, FE

Na
 cannot be 

used reliably to interpret volume status. Otherwise, 
a FE

Na
 < 1% generally suggests volume depletion or 

sodium avidity. In the setting of acute kidney injury, 
a FE

Na
 < 1% also points toward maintained integ-

rity of tubular reabsorption and prerenal azotemia 
other than intrinsic renal failure.

10.2.4.2 Fractional Excretion of Urea (FEUrea)

Like FE
Na

, this can also be used in the assessment 
of volume status or tubular function in renal failure. 
FE

Urea
 has the advantage of being less influenced by 

volume expansion and diuretic therapy, which are 
common events in the ICU, and is thus helpful in the 
evaluation of oliguric states when FE

Na
 cannot be reli-

ably interpreted [9, 14, 43]. A FE
Urea

 < 40% is gener-
ally considered indicative of volume depletion.

10.2.4.3  Urinary Osmolality to Plasma Osmolality 
Ratio (UOsm/POsm)

This may be used as a surrogate for clearance of free 
water (C

H2O
) and tubular reabsorption of water (TC

H2O
). 

It allows for evaluation of solute excretion and urinary 
concentrating ability. U

Osm
/P

Osm
 is also helpful in dis-

tinguishing between the various causes of acute renal 
failure (Table 10.2).

10.2.4.4 Transtubular Potassium Gradient (TTKG)

By providing a ratio of tubular fluid potassium to 
plasma potassium corrected for water reabsorp-
tion, this tool provides an indication of adequacy of 
 tubular handling of potassium and the driving force 
for its excretion in the distal tubule. TTKG is an esti-
mate of potassium excretion under the influence of 
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Table 10.1 Description of calculations and interpretation of data

Function What to measure Formula Expected value Interpretation

FE
Na

Na and creatinine 
in plasma and 
urine

[(U
Na

/P
Na

) × 
(P

Cr
 × U

Cr
)] × 

100

<1% in oliguria Dependent on urine flow and 
Na balance 

Varies with age

FE
Urea

Urea and creatinine 
in plasma and 
urine

[(UUN/BUN) × 
(P

Cr
 × U

Cr
)] × 

100

40% Low with decreased 
circulation

High in renal damage
Surrogate for FE

Na
 when 

FE
Na

 cannot be reliably 
interpreted, e.g., fluid or 
diuretic administration

U
osm

/P
osm

Urine and 
plasma 
osmolality

U
osm

/P
osm

If P
osm

 > 290: > 
2.5; if P

osm
 

< 275: < 1

Surrogate for free water 
clearance (C

H2O
)

TTKG Urine and 
plasma 
osmolality

[U
K
/P

K
] × 

[P
osm

/U
osm

]
Hypokalemia <5 Adjusts K for water 

reabsorption beyond 
the terminal collecting 
tubule

Urine and 
plasma 
potassium

Hyperkalemia >10 TTKG cannot be reliably 
interpreted if (1) UNa is 
<30 mmol L−1 and (2) urine 
is hypotonic

FE
K

Urine and plasma 
potassium and 
creatinine

[(U
K
/P

K
) × 

(P
Cr

 × U
Cr

)] 
× 100

Use 
nomograms [5]

Varies with GFR. Can be used 
when TTKG cannot be used

UK/UNa Urine Na and K U
K
/U

Na
>1 suggestive of 

aldosterone activity
Gives an indication of 

aldosterone effect

TRP Plasma and urine 
phosphorus 
and creatinine

(1 − FE
phos

) × 100 >85% 60–85% in 
hyperparathyroidism

<60% implies tubular leak, 
e.g., Fanconi syndrome, 
familial Vit D resistant 
rickets

Random urine 
calcium/
creatinine 
(UCa/UCr)

Urine calcium and 
creatinine

Urine calcium 
(mg dL−1)/urine 
creatinine 
(mg dL−1)

Age [49]
<7 months: <0.86
7–18 months: <0.60
19 months to 

6 years: <0.42
>6 years: <0.2

Varies with calcium intake
Higher postprandial
Higher in infants

Random urine 
protein/
creatinine 
(UProt/UCr)

Urine protein and 
creatinine

Urine protein 
(mg dL−1)/urine 
creatinine 
(mg dL−1)

Age [25]
<6 months: <0.70
6–12 months: <0.55
1–2 years: 0.4
2–3 years: 0.3
>3 years: 0.2

Approximates urinary protein 
excretion in grams per day

Infants have higher values

Serum anion 
gap

Serum Na, 
Cl, HCO

3

Na − (Cl + HCO
3
) 8–16 mmol L−1 When high, this is caused 

by unmeasured anions, 
e.g., ketoacids, lactic acid

Normal AG is due to 
hyperchloremia, due to 
renal or GI bicarbonate loss

(continued )
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 aldosterone and tubular electromotive force (EMF). 
When urine is hypotonic, or UNa concentration is very 
low (<30 mmol L−1), TTKG is inaccurate. In general, 
in hyperkalemic states TTKG should be high (>10) 
and in hypokalemic states it should be low (<5).

10.2.4.5 Fractional Excretion of Potassium (FEK)

When TTKG cannot be reliably interpreted, FE
K
 is 

helpful in the assessment of potassium excretion 
and aldosterone activity [5, 6, 26]. FE

K
 corrects 

urine potassium for the ratio of creatinine in urine 
and plasma, thus adjusting for reabsorption of water 
along the whole nephron. Changes in GFR influ-
ence FE

K
; hence, normal values need correction for 

simultaneous GFR. Although nomograms are avail-
able, it is cumbersome to have to balance FE

K
 for 

GFR and this is used infrequently [5] unless urine 
is hypotonic or a low UNa concentration renders 
TTKG inaccurate.

10.2.4.6 Urinary Potassium/Sodium Ratio

When this ratio is greater than 1.1–1.2 it suggests the 
presence of aldosterone and resulting  kaliuresis. It may 
be used as a rough guide to aldosterone activity if the 
urine osmolality is low, precluding the use of TTKG.

10.2.4.7 Tubular Reabsorption of Phosphate (TRP)

TRP may be helpful in assessing a low serum phos-
phorus concentration suggesting tubular damage, de-
creased intrinsic tubular reabsorptive  capacity, or 
hyperparathyroidism. This measurement can be  helpful 
in patients taking drugs that have the  potential for pro-
ducing Fanconi syndrome, for example, valproic acid, 
where the development of hypophosphatemia could be 
dangerous and consideration of alternative anticonvul-
sants warranted.

10.2.4.8  Spot or Random Urinary Calcium 
to Creatinine Ratio (UCa/UCr)

This will vary with dietary calcium loading. It may be 
necessary to monitor in patients on long-term continu-
ous enteral feedings to prevent nephrocalcinosis, renal 
calculi, or cholelithiasis. Hypercalciuria is a particular 
problem in the face of prolonged loop diuretic usage.

Random UCa/UCr ratios vary with age (see Table 
10.1) [49] and dietary calcium intake. Ultimately, a 
24-h urine collection for calcium, creatinine, and vol-
ume provides the most accurate measure of excretion, 
normal being less than 4 mg kg−1 day−1. However, this 
is rarely necessary in the ICU setting.

10.2.4.9  Spot or Random Urinary Protein 
to Creatinine Ratio (UProt/UCr)

This may be used as a surrogate for 24-h urine protein 
excretion to assist in monitoring of glomerular damage. 
There is good evidence that this correlates well with 24-
h protein excretion [29, 31]. Proteinuria must be quanti-
tated and, if significantly elevated, followed for resolution 
or persistence. Persistent proteinuria is prognostically 
important in most renal diseases. Variations in degree of 
proteinuria may occur following pressor therapy, sym-
pathomimetic stimulation, and albumin infusion, and 
thus may be seen transiently in the ICU patient.

10.2.4.10 Serum Anion Gap (SAG)

This is helpful in determining the cause of  metabolic 
acidosis and differentiating organic acidemia (un-
measured anions) from hyperchloremic  metabolic aci-
dosis. See Sect. 10.3.4.1 later.

10.2.4.11  Urinary Anion Gap (UAG) or Urinary Net 
Charge

This may be used as a surrogate for urinary  ammonium 
and therefore, hydrogen ion excretion. Provided the 

Table 10.1 (continued)

Function What to measure Formula Expected value Interpretation

Urine anion gap Urine Na, K, Cl If U pH < 6.1: 
UNa + UK − UCl

±10 
Adult UNH

4
 = −0.8

(UAG) + 82 meq day−1

Approximately 2 meq kg−1 
acid production for infant; 
1 meq kg−1 for adult

U
osm

 gap Urine osmolality, 
Na, K, UUN, 
glucose

Measured U
osm

 − 
[(2(U

Na
 + U

K
) 

+ (UUN/2.8) + 
(glucose/18)]

100–160 mOsm L−1 Used in calculation of NH
4
 

excretion
NH

4
 excretion = 0.5(U

Osm
 gap)
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urine pH is less than 6.2, a negative UAG is suggestive 
of the presence of ammonium. It may be used to dif-
ferentiate between  gastrointestinal and renal bicarbo-
nate losses as a cause of metabolic  acidosis (see Sect. 
10.3.4.2).

10.2.4.12 Urinary Osmolar Gap

This is a useful surrogate for urinary ammonia 
concentration and can be applied even when urine pH 

is elevated above 6.2 (showing that some bicarbonate 
or another unmeasured anion is present in the urine), 
rendering calculation of urinary  ammonium concen-
tration from a UAG invalid.

10.2.4.13 Strong Ion Difference (SID)

May be used to provide similar data as the SAG [13, 
15] but is less widely used in practice because of com-
plexities in calculation (see Sect. 10.3.4.2).

Table 10.2 Differential features of acute renal failure

Prerenal Renal Postrenal Nonoliguric

Urine volume Decreased Decreased, normal, 
or increased

Decreased Variable

Urinary sediment Usually normal, 
there may be 
some granular 
or hyaline casts

Evidence of 
glomerular 
(dysmorphic red 
blood cells, red cell 
casts, granular casts) 
or tubular injury (red 
blood cells, epithelial 
cells, granular and 
epithelial cell casts)

Usually normal. 
May have scant 
granular or hyaline 
casts. May have 
eumorphic red 
blood cells if 
nephrolithiasis

Usually normal. 
Occasional tubular 
epithelial cells

Serum BUN: 
creatinine ratio

>20:1 <20:1 <20:1 <20:1

Urine sodium 
(mmol L−1)

<20 >40 15–40+ <20

Serum sodium 
(mmol L−1)

Decreased/normal/
increased

Mildly decreased Variable Variable

FE
Na

 (%) <1 >2 >2 1–2

FE
Urea

 (%) <40 >40 >40 20–40

U
osm

 
(mOsm L−1)

>350–500 <or about 300 <or about 300 <300

Urine specific 
gravity

1.020–1.030 1.010–1.015 1.010–1.015 1.008–1.010

U
osm

/P
osm

>1 <1.1 1.1–1.2 <1.1

Renal 
ultrasound

Normal Echogenic kidneys, 
decreased 
corticomedullary 
differentiation but 
otherwise normal

Hydronephrosis, 
hydroureter, 
possibly 
obstructing 
stone visible, 
variable 
bladder size

Normal or mild 
increase in 
echogenicity

Nuclear 
renal scan Early uptake Early uptake Delayed uptake Early uptake

Delayed excretion Delayed or absent 
excretion

Delayed 
excretion

Decreased 
concentration

Decreased 
concentration
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10.2.4.14 Plasma Ratios of BUN and Creatinine

This may be helpful in assessment of renal failure 
(Table 10.2) [55].

10.2.5 Estima ting GFR

Estimates of GFR are the best overall indices of the 
level of kidney function (Table 10.3). It is best to esti-
mate GFR in children and adolescents from  predictive 
equations that take into account the serum creatinine 
concentration together with the patient’s height and gen-
der. Measurement of creatinine clearance using a timed 
(usually 24 h) sample does not improve the estimate 
of GFR over predictive equations [16, 29]. However, 
under certain circumstances, for instance in individu-
als with exceptional dietary intake (vegetarian or vegan 
diet, ingestion of creatine supplements) or those with an 
abnormal muscle mass as a result of amputation, mal-
nutrition, or muscle wasting disease, a timed collection 
may be more accurate (see Sect. 10.2.3.1).

10.2.6 Urinalysis with Sediment Analysis

When there is renal dysfunction or variation in usual 
urine output or color, the biochemical and micro-

scopic analysis of urine is a rapid and valuable way 
to determine the etiology and magnitude of these 
changes [28].

10.2.6.1 Abnormal Urine Color and Hematuria

Sediment analysis is particularly helpful in the 
evaluation of hematuria. A red or brown urine color 
together with urine dipstick positive for heme (peroxi-
dase-like activity) suggests either frank hematuria or 
free heme pigment as occurs in hemoglobinuria and 
 myoglobinuria. These entities can be differentiated by 
microscopic examination of the urinary sediment. The 
absence of red blood cells on microscopy suggests that 
the positive heme test on dipstick is due to hemoglob-
inuria or myoglobinuria, while the presence of a signif-
icant number of red blood cells confirms hematuria.

Free hemoglobin produces a clear cranberry colored 
urine while myoglobin more commonly  produces a 
brownish and slightly opaque  appearance to the urine. 
Measurement of the respective heme pigment in the 
urine also helps differentiate between these entities. It 
may take several days, however, before these results are 
available, so suggestive history and indirect measures of 
muscle damage (creatine kinase) or hemolysis (falling 
hemoglobin, reticulocytosis, low haptoglobin, elevated 

Table 10.3 Derived values for estimates of GFR

Formula [Reference] When to use Calculation Notes

Schwartz [51] Children under 70 kg 
and age < 18 years

C
Cr

 (mL min−1 per 
1.73 m2) = k × height 
(cm)/serum creatinine 
(mg dL−1)

k is dependent 
on age

Low birth weight infant: 0.33

<12 months: 0.45

>12 months and 
<14 years: 0.55

Adolescent boys: 0.7

Counahan-Barratt 
[16]

C
Cr

 (mL min−1 per 
1.73 m2) = 0.43 × height 
(cm)/serum creatinine 
(mg dL−1)

Cockcroft-
Gault [12]

Age 20 years and older [(140 − age (years) × weight 
(kg) )/[72 × serum 
creatinine (mg dL−1)]

Multiply result × 0.85 if female

MDRDa [37] Age > 18 years eGFR (mL min−1 per 
1.73 m2) = 186 × (0.742 
if female) × (1. 212 if black) × 
serum creatinine (mg 
dL−1)−1.154 × age 
(years)−0.203

a Modification of diet in renal disease study
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indirect bilirubin, and positive Coombs test) can serve to 
differentiate between the two more rapidly.

Myoglobin, a small protein (16,700 Da), is readily 
filtered, whereas the larger hemoglobin (approximately 
68,000 Da) is not well filtered unless it dissociates into 
smaller dimers. Acutely, simply examining a sample of 
the patient’s serum can differentiate between the two 
conditions: the plasma will be red in hemoglobinuria, 
but clear in myoglobinuria.

Red or brown urine that is negative by dipstick sug-
gests the presence of nonheme-containing pigment, 
most often derived from food coloring or drugs such 
as pyridium or rifampin.

Urinary sediment revealing the presence of dysmor-
phic and small red blood cells associated with  cellular 
casts is suggestive of glomerular etiology, while nor-
mal sized eumorphic red blood cells  without casts 
imply lower tract bleeding from trauma such as place-
ment of transurethral catheters, hypercalciuria, cystic 
disease, calculi, or cystitis.

10.2.6.2 P yuria

Polymorphonuclear leucocytes in the urine imply 
inflammation from infection or interstitial  nephritis. 
Leukocytes may also be seen in glomerulonephritis 
with associated inflammation. Although urinary tract 
infection must be considered in the  differential of pyu-
ria, pertinent current clinical signs and symptoms as 
well as past renal history must be taken into account 
before a presumptive diagnosis of urinary infection is 
made before  culture results are known.

10.2.6.3 C asts

The pattern of casts and cells in the sediment is helpful 
in the differentiation of renal failure types (Table 10.2). 
For instance, hematuria with muddy brown casts, gran-
ular casts, waxy casts, and epithelial casts is indicative 
of tubular damage and suggests acute tubular necrosis. 
Muddy brown casts may also be present in the sedi-
ment with minimal or absent hematuria on dipstick, 
and thus could be missed if the urine is sent for routine 
laboratory analysis where sediment analysis may often 
not be performed if the dipstick is negative [64].

10.2.7 Renal Biopsy

When there are features suggestive of a significant 
glomerular lesion, or rapidly progressive loss of renal 
function that warrants immediate therapy to slow or halt 
progression, a diagnostic  percutaneous renal biopsy will 
aid in guiding therapy. This  procedure carries an added 

risk in ICU patients who often have coagulopathies. 
Furthermore, technical  limitations may arise when posi-
tioning for the procedure in a critically ill patient who may 
be intubated with multiple intravenous lines. Judicious 
use of plasma or clotting factors or DDAVP, adequate 
sedation or anesthesia, and careful control of the airway 
must all be coordinated. Preliminary treatment with 
steroids, cyclophosphamide, or plasmapheresis may be 
necessary in rapidly progressive glomerulonephritis or 
potential Goodpasture’s syndrome while awaiting the 
results of a full diagnostic evaluation. In rare patients, the 
clinical circumstances may preclude immediate biopsy, 
but in most circumstances the risk–benefit analysis will 
favor the information obtained by biopsy.

10.2.8 Tools for Anatomical Assessment

Studies aimed at making an anatomic diagnosis 
include urinalysis, radiologic imaging, and even his-
tologic and immunohistologic examination of renal 
tissue obtained at biopsy. While some  imaging studies 
provide static anatomic data, others provide a more 
dynamic evaluation of relative kidney function [4].

Renal and bladder ultrasound is a noninvasive and 
portable study. In the ICU, ultrasound is a valuable tool 
to evaluate general anatomy and exclude abnormality 
such as hydronephrosis, hydroureter, or other obstruc-
tion. Ultrasound precludes the necessity for radio-
opaque contrast media with its potential for allergic 
reaction and nephrotoxicity to which critically ill ICU 
patients are particularly vulnerable [40].

Renal ultrasound provides specific information 
about kidney size, parenchymal echogenicity, pres-
ence or absence of urinary outflow tract dilation, and 
the state of the bladder. Renal ultrasound can also 
detect the presence of calcifications, calculi, mass or 
cystic lesions [4]. Although its sensitivity is limited in 
detecting calculi less than 5 mm, such small stones are 
less likely to require emergent intervention since they 
tend to be nonobstructing [22].

Doppler studies evaluate arterial and venous renal 
blood flow, and can aid in the diagnosis of arterial 
or venous thrombosis. Measured arterial resistive indi-
ces may also be high in renal allograft rejection.

Other imaging studies such as CT, MR, and angiog-
raphy can be used to further evaluate renal and vascular 
anatomy but these studies are infrequently indicated in 
the ICU patient except in those undergoing trauma eval-
uation. These studies carry the significant added risk 
of contrast toxicity, particularly in patients with func-
tional renal impairment or inadequate renal perfusion. 
A cystogram or urethrogram may be necessary to assess 
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potential bladder or urethral trauma but is rarely other-
wise indicated in the ICU patient.

Isotope studies are helpful in evaluation of per-
fusion. MAG3, DMSA, and Tc99 labeled DPTA or 
EDTA scans provide information about the differen-
tial kidney function and the contribution of each kid-
ney to total GFR. Furthermore, the excretion phase of 
a MAG3 scan, with or without furosemide, assesses 
the adequacy of drainage. These scans also provide 
evidence of anatomic or functional obstruction as the 
cause of delayed allograft function in the early post-
transplant period.

Measurement of GFR using labeled iothalamate or 
iohexol provides the gold standard for assessment of 
renal function. These studies are rarely indicated in 
ICU patients, however, especially since serum creati-
nine can be used to estimate creatinine clearance in 
most clinical circumstances (Table 10.3).

10.3  Practical Scenarios: 
Using the Tools

Using patterns of serum and urine chemistries can 
help determine whether the renal response to a clinical 
stress is appropriate or expected. The following clini-
cal scenarios are presented to examine the physiology 
of expected urinary response patterns and to indicate 
the basis for selection of appropriate tools. Table 
10.4 lists the tools that may be helpful in the evalua-
tion of various clinical scenarios. Optimal assessment 
requires intact renal and endocrine (adrenal, pituitary, 
and thyroid) function and no recent fluid bolus or diu-
retic administration. Clearly this is rare in the ICU, 
and consideration of the clinical scenario and com-
parison of the observed and expected responses will 
be necessary.

10.3.1  Change in Renal Physiology Secondary 
to Circulatory Change

The expected response to hypovolemia is decreas-
ing urine volume (oliguria) with low UNa concen-
tration (usually <20 mmol L−1) and increased U

Osm
 

(>500 mOsm kg−1). If the response in oliguria is a 
higher than expected UNa concentration or decreased 
U

Osm
, this pattern suggests tubular damage and further 

investigation and treatment for renal failure can be 
instituted. FE

Urea
 may be helpful (see Sect. 10.2.4.2), 

particularly if urine sample is not obtained before a 
fluid bolus or diuretic therapy [9, 14, 43].

10.3.2  Assessment of Effective Circulating Blood Volume 
in Hyponatremic Metabolic Alkalosis

Metabolic alkalosis may follow primary or second-
ary hyperaldosteronism. Low intravascular volume 
leads to secondary hyperaldosteronism, stimulating 
the physiological changes leading to reabsorption of 
sodium, chloride, and water. Low UNa and UCl con-
centration and decrease in urine output reflect this. 
The changes in UNa and UCl usually occur in parallel 
if the effective blood volume is contracted.

If there is a chloride deficit in the setting of sodium 
depletion or sodium avidity, however, reabsorption of 
bicarbonate becomes necessary to allow for electroneu-
trality in the face of continued sodium reabsorption [34]. 
When urine sodium is excreted with bicarbonate for elec-
troneutrality, then UNa no longer reflects volume status. 
Both UNa and UCl concentrations are thus required for 
evaluation [34]. Treatment consists of sufficient fluid to 
replete sodium, potassium, and chloride.

In mineralocorticoid excess where circulatory vol-
ume is normal or increased, in salt-losing tubulopa-
thies such as Bartter and Gitelman syndromes [50], or 
in renal dysplasia with intrinsic tubular dysfunction, 
UCl concentration may be elevated or normal. UCl 
will not be a good measure of volume, and BUN/cre-
atinine ratio may be used to assess volume status along 
with other measures such as parallel changes in hemat-
ocrit and total protein.

In primary mineralocorticoid abnormalities, weight 
will generally remain stable and edema is rare, but 
blood pressure is often elevated. In secondary hyperal-
dosteronism, volume and weight change more closely 
parallel one another. In cases of hypovolemia, review 
of other clinical factors such as diuretic overuse or 
other drug exposure may figure in the development of 
alkalosis.

Initial laboratory assessment should include con-
current serum and urine chemistries including sodium, 
potassium, chloride, urea nitrogen, creatinine, osmo-
lality, calcium, and magnesium (see Tables 10.4 and 
10.5) to determine response to tubular damage. Both 
calcium and magnesium wasting occur in the presence 
of lesions of the loop of Henle, while magnesium wast-
ing alone occurs in Gitelman  syndrome accompanied 
by extremely low urinary calcium excretion.
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With occult electrolyte losses, comparison of UNa and 
UCl can assist in making a diagnosis. In the acute phase, 
vomiting leads to a high UNa and low UCl as there are 
obligate urinary losses of sodium with bicarbonate in the 
face of evolving alkalosis. With ongoing volume deple-
tion, however, urinary sodium will eventually fall with 
increased proximal reabsorption of filtered sodium. 
Laxative abuse usually leads to low UNa and high 
UCl. Recent diuretic abuse leads to high UNa and UCl, 
but chronically, with volume contraction and chloride 

depletion, UNa and UCl will be low. Continuing high 
UNa and UCl losses in the presence of contracted extra-
cellular fluid volume suggest a tubulopathy, for example, 
Bartter or Gitelman syndromes [26].

10.3.3 Assessment of Acute Renal Failure (ARF)

In the ICU, renal consultation is often called for acute 
kidney injury with oliguria and rising levels of BUN 
and creatinine. The etiology of acute kidney injury 

Table 10.4 Expected changes from nephron damage

Nephron segment Effective exchange Effect of lesion at site

Glomerulus Ultrafiltrate Decreased GFR

Low tubular fluid delivery distally

Proximal convoluted tubule Na and Cl reabsorption Na diuresis

HCO
3
− reabsorption Excretion of HCO

3
-, K, glucose, 

amino acids, Phosphate and 
uric acid

K reabsorption

Glucose reabsorption

Amino acids reabsorption

Phosphate reabsorption

Organic acids and uric 
acid reabsorption

Loop of Henle (thick 
ascending limb)

Na, K, Cl reabsorption Na, Cl, K wasting

Ca, Mg reabsorption Ca, Mg wasting

Low U
Osm

 max

Distal convoluted tubule Na, Cl reabsorption/
excretion (regulated)

Na, Cl wasting

K secretion/absorption 
(regulated)

K wasting

Ca reabsorption Mg wasting

Low Ca

U
Osm

 max retained

Cortical collecting duct Na, Cl reabsorption Na, Cl wasting

Free water reabsorption 
under influence of ADH

No effect on Ca, Mg

Low K excretion

Low TTKG

Medullary collecting duct Cl reabsorption paracellular Na, Cl retention

Ca, Mg (paracellular) Dilute urine – diabetes insipidus

Free water reabsorption 
under influence of ADH

Na, Cl wasting

Na, Cl reabsorption (late) No Ca, Mg wasting
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Table 10.5 Helpful tools for various clinical scenarios

Clinical Scenario Clinical tools Biochemical tools

1.  Determination of effective 
circulating blood volume

Sequential weights UNa, UCl, UUN, U
Osm

Urine output FE
Na

, FE
Urea

Blood pressure U
Osm

/P
Osm

Heart rate UUN, BUN

Peripheral perfusion U
Creatinine

, P
Creatinine

Central venous pressure Hematocrit, total protein

2. Oligoanuria Sequential weights UNa, UCl, UUN, U
Osm

Urine output FE
Na

, FE
Urea

Blood pressure U
Osm

/P
Osm

Heart rate UUN, BUN

Peripheral perfusion U
Creatinine

, P
Creatinine

Central venous pressure

3. Dysnatremia Sequential weights UNa, U
Osm

Urine output FENa

Central venous pressure U
Osm

/P
Osm

Serum Na, Cl, uric acid

4. Dyskalemia Blood pressure TTKG

FE
K

Renin, aldosterone, cortisol

Serum electrolytes, bicarbonate

UNa, U
Osm

5. Disturbance in osmolality: Sequential weights Free water clearance (C
H2O

)

  SIADH vs. cerebral 
 salt wasting

Urine output Urine and plasma sodium 
and osmolality

  Diabetes insipidus vs. 
 solute diuresis

Urine volume Plasma uric acid

6. Acid–base disturbances Blood pressure Arterial/venous pH, pCO
2
 and HCO

3

Heart rate Serum anion gap if normal 
serum albumin

Peripheral perfusion Adjusted serum anion gap if 
hypoalbuminemia present

Respiratory rate Urine anion gap

Losses from 
drains/fistulae

Osmolar gap

7. Miscellaneous Urine output Urine Ca/creatinine ratio

  Calcium/phosphorus 
 metabolism

Serum Ca, phosphorus, PTH, 
25 vitamin D, 1.25 vitamin D

  Fanconi syndrome Proximal tubular function: 
amino aciduria, TRP, glycosuria

Serum uric acid, calcium, phosphorus, 
creatinine

(continued)
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is often made based on comparison of normal renal 
tubular function with an abnormal response from 
damaged tubules. Chemical assessment includes 
UNa, urine creatinine, UUN, U

Osm
, FE

Na
, FE

Urea
, and 

U
Osm

/P
Osm

 [55].
Acute renal failure represents a recent abrupt decline 

in GFR, as measured indirectly by a rise in serum cre-
atinine. Renal failure may occur with sustained urine 
output and thus be nonoliguric, or may occur with 
oliguria or complete anuria.

The causes of acute kidney injury are  traditionally 
divided into three broad categories: prerenal, intrinsic 
renal, and postrenal. History and laboratory param-
eters help to differentiate between these categories and 
will point the clinician toward effective therapy.

10.3.3.1 Prerenal Renal Failure

Here, the underlying reason for rise in serum BUN 
and creatinine is due to reduced renal perfusion or an 
increase in catabolism. The cause for hypoperfusion 
may be actual volume depletion, as occurs in severe 
blood loss from trauma or  surgical complication, dehy-
dration from gastrointestinal illness, renal losses from 
polyuria or diuretics, capillary leak syndromes with 
sepsis or malignancy, or  hypoalbuminemia and sub-
sequent fluid loss from the intravascular to interstitial 
compartment due to reduced capillary oncotic pressure. 
Alternatively, there may be a state of perceived vol-
ume depletion such as may occur in low cardiac output 
states, hepatorenal syndrome, or renal artery stenosis 
where a smaller decrease in intravascular volume leads 
to an exaggerated decrease in renal perfusion second-
ary to an activated  rennin– angiotensin system [1].

Renal hypoperfusion, irrespective of cause, gener-
ally leads to an appropriate renal tubular response with 
sodium, chloride, and water retention, and resultant 

oliguria. UNa concentration will be low, usually less 
than 20 mmol L−1 on a random sample and U

Osm
 high. 

As well, appropriate reduction in free water clearance 
results in U

Osm
/P

Osm
 ratio of >1. In hypoperfusion, the 

salt and water avidity and increased ADH activity result 
in decreased tubular filtrate flow and an increased rea-
bsorption of urea both proximally and distally. As a 
result, there is a disproportionate rise in urea compared 
with  creatinine (serum BUN: creatinine >20:1).

Therapy for prerenal renal failure involves measures 
to improve renal perfusion to reverse the physiologic 
response that has caused renal dysfunction. Maneuvers 
may involve rehydration or transfusions to restore cir-
culating blood volume, management of renal artery 
stenosis, or therapy to improve cardiac output. Patient 
weight and urine output compared with fluid intake 
must be monitored closely, especially while giving 
intravenous fluids for volume repletion. Prolonged or 
severe dehydration may lead to acute tubular necrosis 
that will not respond to hydration alone, and overzeal-
ous fluid administration, particularly in the presence 
of such tubular dysfunction, may lead to clinically 
significant volume imbalance manifested by edema, 
hypertension, or pulmonary edema.

10.3.3.2 Intrinsic (Parenchymal) Renal Failure

Intrinsic renal failure may arise from a number of 
causes. Many patients with critical illness have been 
exposed to nephrotoxins and initial clinical assess-
ment should include a history of drug exposure. These 
include (1) toxic agents such as antibiotics, particularly 
synthetic penicillins, cephalosporins, amphotericin B, 
or proton pump blockers, (2) arteriolar vasoconstrictor 
agents such as calcineurin inhibitors and radiocontrast 
agents, or (3) drugs that increase the susceptibility to 
renal failure such as non steroidal anti-inflammatory 

Table 10.5 (continued)

Clinical Scenario Clinical tools Biochemical tools

8. Magnesium Proximal tubular function: 
amino aciduria, TRP, glycosuria

Serum uric acid, calcium, 
phosphorus, creatinine

9. Tumor lysis syndrome Urine output Serum uric acid, calcium, 
phosphorus, creatinine

Sequential weights TRP, TTKG

Blood pressure
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drugs and angiotensin-converting enzyme inhibitors 
or angiotensin receptor blockers [1]. Additionally, 
factors impacting volume status such as adequacy 
of circulation, sepsis with vascular leak, and weight 
changes should be reviewed. It is important to define 
whether acute renal dysfunction has followed a sin-
gle insult (expect early recovery), a more prolonged 
insult (prolonged recovery), or whether the episode 
follows a complication during recovery from a prior 
episode of ARF (when recovery is usually delayed and 
often incomplete). The injury due to acute interstitial 
nephritis or nephrotoxic medications may result in tub-
ulointerstitial damage and swelling, leading to water 
and sodium retention, and inflammation with pyuria, 
often eosinophilouria or white cell casts.

When the abnormality is a decrease in intrinsic renal 
function due to a glomerulonephritis, then glomerulo-
tubular imbalance and decreased urine flow lead to 
increased proximal reabsorption of sodium and water. 
Stimulation of the renin– angiotensin system results in 
increased urinary specific gravity or U

Osm
, low UNa, 

and TBW and sodium  retention frequently manifested 
by edema.

By comparison, in acute tubular necrosis, the 
 damaged nephron is unable to handle solutes and 
water appropriately, and intratubular cellular debris 
and cast formation lead to increased intratubular pres-
sure, decreased glomerular filtration, and increased 
tubular fluid reabsorption.

Since most of these processes result in an inability to 
handle solutes and water appropriately, particular atten-
tion to monitoring the patient’s fluid balance and serum 
chemistries is warranted. Certain forms of glomerular 
injury such as lupus nephritis and  rapidly progressive 
glomerulonephritis such as ANCA- associated disease 
and Goodpasture’s syndrome may require specific 
therapy. Other disorders will likely recover spontane-
ously with time with supportive management including 
avoidance or  discontinuation of toxic agents and resto-
ration of circulation.

10.3.3.3 Postrenal Acute Renal Failure

This form of acute renal failure is usually due to 
obstruction of the urinary tract. Prompt recognition 
by appropriate imaging (renal and bladder ultra-
sound, MAG3 scan) will allow for timely  intervention 
for relief of the obstruction and improvement in 
kidney drainage and function. Following relief of 
an obstruction, a diuresis may ensue and atten-
tion must be paid to overall solute and water loss to 
prevent clinical compromise.

10.3.4 Assessment of Acid–Base Balance

The assessment of acid–base balance in the ICU differs 
from that in the general ward setting in that complex 
mixed disturbances are more common, and interfer-
ence with compensation occurs more commonly 
because of change in respiratory and renal function. It 
becomes necessary to consider both traditional meas-
ures of acid–base balance such as pH and blood gases, 
and electrolyte pattern, serum anion gap (SAG), and 
P

Osm
, to avoid overlooking an underlying occult disor-

der in the presence of a mixed acid–base disorder.
SAG, adjusted SAG, base excess, buffer base, 

and SID represent attempts to (1) adjust the anionic 
contribution of plasma proteins and phosphate ion 
in acid–base balance, (2) compensate for the com-
plex changes seen with fever, which increases hydro-
gen ion generation, (3) reflect changes in plasma 
osmolality, (4) pCO

2
, and (5) electrolyte balance. 

These complex interactions make any single assess-
ment of acid–base homeostasis unlikely to provide a 
complete picture of acid–base balance [53].

Multiple tools are available that attempt to  integrate 
gas exchange, changes in the anion  contribution of 
albumin on pH, and osmolar changes. As outlined 
later, each of the tools described has advantages in 
examination of a portion of the acid–base spectrum, 
but also has limitations.

As with many clinical assessments, the history and 
physical findings are important first steps. Clinical 
history needs to examine (1) elements associated with 
volume control, for example, sepsis, nausea, vomiting, 
ongoing losses from drains and fistulae, the potential for 
third-space sequestration; (2) water and solute balance 
including composition of feeds, increased losses with 
fever and polyuria, or decreased losses in  antidiuretic 
states (SIADH); and (3) the presence of renal or 
 respiratory disease. Physical examination notes the state 
of hydration, weight gain or loss, pulse and respiratory 
rate, and pattern of respiration (Kussmal respiration).

Assessment of serum electrolytes and serum bicar-
bonate will allow calculation of the SAG, while pH and 
blood gases will assist in determining respiratory vs. 
metabolic components. Urine pH and urine chemistries 
will allow calculation of UAG (net charge) and, if the 
urine pH exceeds 6.2, calculation of the urine osmolar 
gap to estimate urine  ammonium and, therefore, hydro-
gen ion excretion. These tools will assist in differentiating 
between renal and gastrointestinal (extrarenal) bicarbo-
nate losses. UCa and TRP measurement may be neces-
sary in patients with a chronic metabolic acidosis when 
use of  phosphate bone buffer stores limits pH changes.
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10.3.4.1 Blood Gases

Arterial gases are only required if pO
2
 is a  critical 

 variable, otherwise venous gases suffice. The 
Henderson–Hasselbach equation attributes variation 
in plasma pH to modifications in plasma bicarbo-
nate or pCO

2
 and categorizes acid–base disturbances 

into four primary disturbances based on pCO
2
 and 

bicarbonate  concentration: (1) respiratory acidosis 
(increased pCO

2
), (2) respiratory alkalosis (decreased 

pCO
2
), (3) metabolic acidosis (decreased extracellular 

base excess), and (4) metabolic alkalosis (increased 
extracellular base excess). Regulation of the pCO

2
/

bicarbonate buffer pair fixes the hydrogen ion concen-
tration and determines the ratio of other body buffer 
pairs [46]. The pCO

2
/HCO

3
 pair is unique in being an 

open system with CO
2
 elimination by respiration and 

 potential regeneration of bicarbonate by the kidney.
Since pCO

2
 and HCO

3
 are dependent variables and 

their calculation does not consider the effect of albu-
min as an anion, consideration of pCO

2
 and HCO

3
 

alone may lead to misrepresentation of complex acid–
base imbalances. In mixed acid–base disturbances, the 
diagnosis rests on comparison of the pCO

2
 or HCO

3
 

with expected compensatory changes for that acid–
base aberration.

The serum bicarbonate concentration or total CO
2
 

content can be used as a screen of metabolic vs. res-
piratory acid–base disturbance. Remember that distur-
bances in hydrogen ion result in change in electrolyte 
composition due to transcellular shifts to maintain elec-
troneutrality, but changes in  electrolyte  composition 
are not always associated with change in hydrogen ion 
concentration.

SAG reflects the contribution of unmeasured ani-
ons, largely albumin and phosphate, on total anion/cat-
ion balance [20]. Metabolic acidosis can be classified 
 according to whether the anion gap is increased above 
its normal range of 8–12 [20]. In the former situation, 
 unmeasured anions lead to apparent excess in cation 
(measured as sodium). The presence of an increased 
anion gap suggests that the acidosis is the likely result 
of lactic acidosis, diabetic or alcoholic ketoacidosis, 
uremia, or toxin ingestion (methanol, ethylene glycol, 
aspirin, paraldehyde). On the other hand, hyperchlo-
remic metabolic acidosis results in a normal anion gap 
(nonanion gap acidosis) where an increase in chloride 
 concentration parallels decrease in serum bicarbonate. 
This is most commonly associated with bicarbonate 
losses from the GI tract or kidney.

Concurrent calculation of the anion gap with blood 
gases can suggest a mixed acid–base disorder and has 

the potential to detect a hidden acidosis in approxi-
mately 30% of cases where SAG is not adjusted for 
change in albumin. The SAG works best clinically 
when the serum total protein, albumin, and phosphate 
concentrations are approximately normal.

Another limitation to the use of SAG in the 
ICU rests with differences in techniques used for 
electrolyte measurements [20, 53]. The laboratory 
measurement by indirect electrolyte assay, as used 
in most standard clinical chemistry departments, 
and direct electrode methods, commonly used in 
ICU/anesthesia laboratories can show significant 
differences in sodium and chloride  concentrations. 
Sodium  measurements by indirect methods are usu-
ally higher than those by direct electrode method, 
whereas chloride measurements by indirect meth-
ods tend to be lower. Furthermore, these changes 
increase in magnitude as plasma albumin con-
centration decreases [63]. These factors result 
in an inaccurate calculated SAG in patients with 
 hypoalbuminemia (critically ill patients, nephrotic 
and cirrhotic patients) and, under these circum-
stances, an adjusted SAG may be more helpful.

10.3.4.2 A djusted SAG

Hypoalbuminemia lowers the expected SAG and 
thereby can mask an anion gap metabolic acido-
sis, especially if clinicians do not appreciate that 
in hypoalbuminemia an anion gap that falls in the 
 normal range may denote a metabolic acidosis. 
Since  significant hypoalbuminemia is common in 
 critically ill patients in the ICU, the SAG should be 
corrected for change in albumin concentration and 
pH effect [47, 60]. This value is called an adjusted 
SAG and may be calculated according to the follow-
ing  equations [21]:

If albumin is measured in grams per liter (interna-
tional units):

Adjusted SAG = observed SAG + 0.25 [normal 
serum albumin − measured serum albumin].

If American standard units for albumin in grams per 
deciliter are used

Adjusted SAG = observed SAG + 2.5 [normal serum 
albumin − measured serum albumin].

UAG or net charge gives an idea of hydrogen ion 
generation as ammonium, or potential anion loss [6]. 
Gastrointestinal bicarbonate loss results in a negative 
UAG, while renal bicarbonate loss is associated with a 
positive UAG. Thus in a normal anion gap metabolic 
acidosis, UAG can suggest the site of generation of the 
acidosis.
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Base excess (BE) and buffer base (BB) are meas-
ured from the Siggaard Anderson nomogram for pH 
and gas measurement [2, 3, 57–59]. BE is a measure of 
change in strong acid or strong base needed to restore 
serum pH to normal at normal pCO

2
, and is numeri-

cally the difference between BB measured and BB at 
normal pH/PCO

2
, thus representing a measure of non-

respiratory acid–base status. BE and pCO
2
 can com-

pletely characterize acid–base  disorders assuming that 
nonbicarbonate buffers are normal [15, 59, 60].

BB = [A−] + [HCO
3
−], where A represents the nega-

tive charge on albumin and phosphate ion yielding 
similar information to A

TOT
 calculation (see following 

section). Base excess or deficit caused by unmeasured 
anion, or an albumin-adjusted anion gap, are good 
predictors of plasma lactate concentration, while acid–
base variables are not.

10.3.4.3 Strong Ion Difference (SID)

Calculations in this model proposed by Stewart [15, 
61] are based on the physicochemical premise of elec-
troneutrality, where plasma pH results from the degree 
of plasma water dissociation. This dissociation is deter-
mined by three independent variables (1) SID, (2) the 
total nonvolatile weak acids in plasma (A

TOT
), and (3) 

pCO
2
. SID and A

TOT
 represent a measure of the metabolic 

components and pCO
2
 the respiratory contribution.

At the bedside, both the apparent and effective SID 
can be calculated and used to determine the strong ion 
gap (SIG), which can then be used in a manner simi-
lar to anion gap [13, 15, 60]. The benefits of the SIG 
rest in its detection of otherwise unidentified anions in 
plasma whenever the serum total protein, albumin, and 
phosphate concentrations are markedly abnormal. SIG 
can be valuable in clinical settings or in research stud-
ies investigating acid–base balance and help provide 
an understanding of acid–base properties of adminis-
tered intravenous fluids [41].

In terms of calculations:

 Apparent SID (SIDa) = [Na + K] − [arterial lactate
                                      + Cl].

 Effective SID (SIDe) = [Na + K] − [albumin +
                                         phosphorus + pCO

2
].

 SIG = SIDa − SIDe.

The SID approach categorizes eight primary acid–
base disturbances: (1) respiratory acidosis (increased 
pCO

2
), (2) respiratory alkalosis (decreased pCO

2
), (3) 

strong ion acidosis (decreased SID), (4) strong ion alka-
losis (increased SID), (5) nonvolatile buffer ion acido-
sis (increased A

TOT
), (6) nonvolatile buffer ion alkalosis 

(decreased A
TOT

), (7) temperature acidosis (increased 
body temperature), and (8) temperature alkalosis 
(decreased body temperature).

The measurement and calculation of SID is more 
complex than that of SAG. Although the compensa-
tion for more variables is appealing, practically, the 
increased number of measurements and complexi-
ties of calculation has hindered more widespread 
acceptance. This led to attempts at simplifying the 
formulae, providing approximations of SIDa and 
SIDe, or using the independent variables of SID to 
define the pH of body fluids since for a given value 
of pCO

2
 the pH of body fluids is essentially deter-

mined by a difference between SID and A
TOT

.
In practice, use of the SID better pinpoints the eti-

ology of an acid–base abnormality than relying on 
bicarbonate concentration, uncorrected anion gap (S 
AG), and BE measurements. When adjusted SAG is 
included in the analysis, however, the SID approach 
did not offer any diagnostic or prognostic advantages 
[18]. Given the complexities of calculations with the 
SID and lack of clear benefit over adjusted SAG, we 
recommend using an adjusted SAG (see 10.3.4.2) 
rather than SID for typical bedside calculation.

10.3.4.4  Winter’s Formula to Check the Degree 
of Compensation

When metabolic acidosis is present, Winter’s formula 
estimates the expected compensatory decrease in 
pCO

2
. Expected pCO

2
 mmHg = (serum bicarbonate 

mmol/L × 1.5) + 8 [68]. The actual pCO
2
 should be 

within 2 mmHg of the expected pCO
2
 calculated by 

this formula. A discrepancy of > 2 mmHg implies the 
presence of an additional respiratory component other 
than compensation. For example, a patient has the fol-
lowing blood gas finding: pH 7.32, pCO

2
 15 mmHg, 

and bicarbonate 8 mmol/L. With the decreased sys-
temic pH and bicarbonate, a primary metabolic aci-
dosis exists. To determine if the pCO

2
 of 15 mmHg 

is an appropriate compensatory respiratory alkalosis, 
Winter’s formula can be applied. With Winter’s for-
mula, the expected pCO

2
 should be (8 × 1.5) + 8, or 20 

mmHg. Since the actual pCO
2
 is lower than expected 

at 15 mmHg, this implies an additional acid–base 
anomaly: a respiratory alkalosis.
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10.3.5 Assessment of Dyskalemia

Aberrations in renal potassium handling are found 
frequently in ICU patients. The tools for evaluation 
of potassium imbalance are based on the expectation 
that, under normal circumstances, potassium intake is 
balanced by potassium excretion. Since most of the 
factors that modulate potassium balance impact excre-
tion, evaluation of factors affecting renal excretion is 
most important [24].

If the estimated potassium excretion rate is not that 
expected for the degree of hyper- or hypokalemia, the 
problem can be assumed to be renal in origin. Renal 
dyskalemias are usually the result of either abnormal 
aldosterone response (alterations in secretion or change 
in receptor response) or result from an inability to gener-
ate the negative EMF required for potassium excretion.

To assess the nature of the problem, one must exam-
ine (1) body volume status, which influences both 
cortical collecting tubular flow and aldosterone secre-
tion, (2) components of the driving force influencing 
potassium concentration in the urine (TTKG), and 
(3) relative sodium (aldosterone driven) and chloride 
reabsorption rate (electroneutral sodium and chlo-
ride shunting either at the ascending loop Na–K–2Cl 
exchanger site or in the distal and collecting tubules 
under the influence of WNK1 or WNK4) [23, 24, 69].

Since a net negative tubular luminal charge (EMF 
negative) is necessary to provide the electrogenic force 
for potassium excretion, either an increase in sodium 
reabsorption or decrease in chloride reabsorption will 
enhance potassium excretion. Conversely, a decrease 
in sodium reabsorption or increase in chloride reab-
sorption will limit potassium excretion.

Clinical history and physical examination should 
aim at defining (1) aldosterone stimulation due to 
decreased effective circulating blood volume (BP, 
pulse, state of hydration, weight change), (2) agents 
that change the EMF negativity, and (3) medications 
that decrease potassium secretion such as potas-
sium-sparing diuretics, antibiotics, and calcineurin 
inhibitors, or that increase sodium delivery such as 
furosemide or acetazolamide.

In addition to serum potassium, sodium, and cal-
cium to assess electrolyte influence on cell membrane 
function, useful diagnostic tools include UNa, UK, 
urinary flow rate, urine volume, U

Osm
, P

Osm
, TTKG, 

and FE
K
 that will allow a measure of the driving force 

to secrete potassium.

Tubular fluid volume delivered to the collecting 
duct is modified by ADH that causes  reabsorption of 
water and urea. An estimate of the tubular fluid vol-
ume traversing the cortical collecting duct is made by 
dividing the final urinary concentration of sodium or 
potassium by U

Osm
/P

Osm
 to correct for water reabsorp-

tion, allowing the use of TTKG as an estimate of the 
driving force for potassium excretion [5, 32, 48, 52, 
67]. Dilute or hypotonic urine with high flow, or lim-
ited delivery of sodium distally, changes the driving 
force, precluding the use of TTKG. Under these cir-
cumstances, FE

K
 can be used to assess tubular han-

dling of potassium. FE
K
 varies with GFR, reabsorption 

from the proximal tubule and ascending loop, and dis-
tal secretion, thereby necessitating comparison to GFR 
using a nomogram as previously discussed [5].

Optimally, blood and urine samples for evaluation of 
any dyskalemia are obtained before commencement of 
specific treatment to correct the imbalance. This is often 
challenging in the ICU setting. Remember that plasma 
renin and aldosterone levels will be acutely depressed for 
some hours by a fluid bolus. High urine flow may be pro-
duced and UNa, UK, and TTKG will also change, but to 
a lesser degree in response to the fluid bolus.

Hyperkalemia resulting from low potassium excre-
tion may follow decreased sodium reabsorption or a 
more positive tubular EMF. Review of clinical volume 
status, urinary TTKG, and UNa concentration is nec-
essary to evaluate the physiological cause, postulate 
etiology, and design therapy. Although changes in 
plasma renin and aldosterone concentrations can be 
diagnostic, knowledge of the conditions under which 
the samples were obtained is necessary for interpreta-
tion, noting the presence of volume expansion, which 
is likely to suppress these levels or diuretic usage that 
will stimulate levels. In addition, the results are rarely 
available rapidly enough to guide therapy.

Hyperkalemia secondary to low urinary potassium 
excretion may also result from (1) decreased aldosterone 
activity in adrenal disease (decreased production), (2) 
interference with receptor function (pseudohypoaldos-
teronism), or (3) drugs such as potassium-sparing 
diuretics, antibiotics (trimethoprim and pentamidine), 
and calcineurin inhibitors. Hypoaldosteronism leads 
to decreased sodium reabsorption and high UNa (even 
in the presence of low extracellular fluid volume) 
with a low TTKG, high plasma renin, and low plasma 
aldosterone level [67]. Therapy is fludrocortisone and 
sodium  supplementation as necessary.
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With pseudohypoaldosteronism type 1, TTKG is 
low but plasma renin and aldosterone levels are normal 
or elevated, and response to fludrocortisone is limited 
[67]. In the presence of potassium-sparing diuretics 
(spironolactone, amiloride), antibiotics (trimethoprim 
or pentamidine), or calcineurin inhibitors, response to 
fludrocortisone will be blunted as will be the ability to 
generate an EMF gradient. Treatment is symptomatic 
if it is not possible to withdraw or modify drug dose.

Increased sodium chloride reabsorption (chloride 
shunting or what is termed pseudohypoaldosteronism 
type 2 [23, 24, 69]) with change in EMF is demon-
strated by a low TTKG not responsive to Florinef, 
low UNa, high extracellular fluid volume often with 
hypertension, and low plasma renin and aldosterone 
levels. Treatment in this group of patients is aimed 
at (1) increase in distal sodium delivery to produce a 
negative EMF with sodium bicarbonate supplementa-
tion or acetazolamide administration, and (2) therapy 
for life-threatening hyperkalemia with insulin and glu-
cose, administration of beta agonists, and Kayexalate. 
A response to changing the EMF may be tested using 
TTKG pre and post therapy. Renin and aldosterone can 
also be assayed but TTKG can be calculated immedi-
ately [26, 32]. Thiazide administration in patients with 
WNK-chloride shunt abnormalities will correct both 
the hyperkalemia and also treat the hypertension medi-
ated by the anomaly in sodium chloride reabsorption.

10.3.6 Approach to Dysnatremia

Although referral for dysnatremia is prompted by serum 
sodium values, a change in sodium implies a change in 
TBW in relation to total body sodium. Thus, assessment 
requires review of both water and sodium balance. The 
clinician should remember that serum sodium corre-
lates with change in TBW, and UNa concentration cor-
relates with changes in total body sodium.

The brain is the target organ for dysnatremia and 
the predominant symptoms are neurological. The 
generation and persistence of the water abnormali-
ties seen in dysnatremia are, however, dependent on 
changes in renal function or renal free water  clearance. 
Classification of dysnatremic states is based on body 
weight, volume status, and osmolar status [7, 19, 44].

Hyperosmolar hyponatremia occurs in severe 
hyperglycemia or after exposure to mannitol, ethanol, 
or methanol. Hyponatremia with normal  osmolality 
occurs in hypoproteinemic states. Hypoosmolar 
hyponatremia is associated with SIADH, renal failure, 
or hyponatremic dehydration.

Sodium levels may be factitiously low in the pres-
ence of hyperlipidemia if sodium is measured by flame 
photometry methods, or in hyperosmolar states such 
as hyperglycemia, where intracellular water moves to 
the plasma. For each 100 mg dL−1 rise in glucose, there 
will be a decrease in plasma sodium of 1.2–1.4 mmol 
L−1 [19].

Assessment of dysnatremia includes evaluation of 
hydration status (fluid overload, edema, dehydration, 
body weight) [17]. Serum electrolytes may suggest 
a pattern of endocrine dysfunction, or demonstrate 
hypokalemia or hypercalcemia, which interfere with 
tubular response to ADH and promote a diuresis. BUN 
and creatinine are used as indirect measures of renal 
function and UNa, UK, UCa, UUN, urine creatinine, 
and U

Osm
 (or specific gravity) provide a measure of uri-

nary solute excretion and allow calculation of derived 
values FE

Na
, TTKG, and U

Osm
/P

Osm
. Hematocrit, total 

protein, and serum uric acid can demonstrate dilution 
or contraction of TBW.

10.3.6.1 Hyponatremia

Hyponatremia usually results from an increase in TBW 
under conditions where the kidney cannot excrete free 
water. To generate hypotonic urine it is necessary to 
provide sufficient tubular fluid to the diluting segment 
of the nephron’s thick ascending limb and early distal 
tubule where reabsorption of sodium, potassium, and 
chloride (but not water) leads to a hypotonic tubular 
fluid. The presence or absence of vasopressin in the 
collecting tubule will determine if water reabsorption 
leads to concentrated or dilute urine. In the presence 
of vasopressin/ADH, the U

Osm
 is >300 mOsm kg−1 and 

free water clearance (C
H2O

) becomes negative, demon-
strating water reabsorption.

Since cells are freely permeable to urea, it cannot pro-
duce translocation of water. Any translocation of water 
results from electrolyte transmembrane exchange. This 
realization led to the concept of  electrolyte free water 
clearance (Ce

H2O
) to estimate translocation of water. 

Electrolyte free water  clearance is calculated by modi-
fying the formula for free water clearance.
Free water clearance,

C
H2O

 = V – C
Osm

 = V (1 − U
Osm

/P
Osm

).

Electrolyte free water clearance,

Ce
H2O

 = V [1 − (U
Na

 + U
K
)/P

Na
].

where C
H2O

 represents free water clearance, V urine 
volume flow per minute, C

Osm
 osmolar clearance, U

Osm
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urine osmolality, P
Osm

 plasma osmolality, Ce
H2O

 elec-
trolyte free water clearance, U

Na
 urinary sodium con-

centration, U
K
 urinary potassium concentration, and 

P
Na

 plasma sodium concentration [19].
Ce

H2O
 will be negative with water retention and posi-

tive with losses of free water. In practice, this provides 
a tool to assess response to therapy and can guide 
fluid restriction in hyper or hyponatremia. When [U

Na
 

+ U
K
] < P

Na
 there is excretion of electrolyte free water 

with an expected rise in serum sodium, while [U
Na

 + 
U

K
] > P

Na
 indicates electrolyte free water reabsorption 

that will result in a fall in serum sodium [19].

10.3.6.2  Indices Useful in Assessing Water 
Balance in Perioperative States

A number of factors that lead to altered water  balance 
preoperatively, including hydration state, will alter the 
potential for water retention postoperatively. Urinary 
concentrating defects may lead to dehydration or 
electrolyte imbalance, while ongoing losses (e.g., in 
inflammatory bowel disease, malrotation, paralytic 
ileus with increased losses, or fluid sequestration) can 
exaggerate ADH response [19, 30, 33, 44].

Postoperative water balance is influenced by ele-
vated ADH levels mediated by conditions described 
earlier and other factors such as pain, anxiety, response 
to anesthesia, circulatory changes intraoperatively, and 
renal water handling. Decreases in GFR and tubular 
solute presentation affect renal water handling. For 
example, diluting segment dysfunction will result 
from low solute presentation caused by avid proxi-
mal reabsorption due to preoperative volume deficits 
or unreplaced intraoperative fluid losses. Excessive 
water intake either by mouth or by hypotonic intra-
venous fluid administration results in hyponatremia. 
Administration of drugs such as opiates and some sed-
atives lead to decreased GFR and potentially increased 
ADH secretion, reflected as low urine volume with 
U

Osm
 > P

Osm
 and [U

Na
 + U

K
] > P

Na
. Thus, measurement 

of these parameters will assist in discerning the etiol-
ogy of dysnatremia and planning appropriate therapy.

Hyponatremia from sodium loss is less common and 
most often arises from GI loss of sodium. Generally, 
this condition is associated with volume depletion and 
obvious signs of dehydration early in the course. If the 
renal response is appropriate, UNa and UCl concentra-
tions are low, with oliguria and an increase in U

Osm
. 

Even in the setting of brain injury, cerebral salt wasting 
is a condition seen much less frequently than alterations 
in ADH secretion. With cerebral salt  wasting, there 

are high urinary sodium levels but, unlike SIADH, 
there is concomitant volume depletion. As a result, the 
hyponatremia is due to urinary Na losses and not due 
to water excess. Thus, clinical history, physical exam, 
and consideration of changes in weight are key initial 
diagnostic tools. Since there is volume depletion with 
cerebral salt wasting, assessing other markers such as 
uric acid that increase with volume depletion and tubu-
lar solute avidity may be helpful, especially if there is 
difficulty in assessing volume state clinically.

10.3.6.3 Hypernatremia

Hypernatremia results from an increase in exchange-
able sodium due to decreased TBW, either from hypo-
tonic fluid losses when water loss exceeds sodium loss 
or from sodium retention.

With hypernatremia, clinical evaluation should 
include history, and physical examination for signs 
of dehydration or volume overload such as edema 
and hypertension. Search for sources of increased 
insensible water loss such as high fever, use of radi-
ant warmers in the ICU [27, 38, 39], phototherapy for 
hyperbilirubinemia, or tachypnea [27]. There may be 
an osmotic or solute diuresis due to administration of 
high osmolar feeds, hypertonic saline, and bicarbonate 
or dietary supplements. Check for presence of a renal 
concentrating defect and review clinical history for 
factors that could impact ADH production or function 
such as recent cranial surgery or medications such as 
diuretics or lithium. Recent weight changes will pro-
vide additional clues, with the expectation of weight 
loss with inadequate or delayed replacement of ongo-
ing gastrointestinal tract, fistula or drain losses.

Classification of hypernatremic states is based on the 
serum osmolality, weight, and volume status. Measures 
of volume status and renal water and solute clearance 
are helpful in evaluation. These include serum and urine 
Na, K, Ca, urea nitrogen, creatinine, as well as hema-
tocrit, total protein, and uric acid. For finer points of 
differentiation, FE

Na
, U

Osm
/P

Osm
 as a surrogate for free 

water clearance and consideration of Ce
H2O

 are required. 
If [U

Na
 + U

K
] is less than P

Na
, monitoring is necessary 

since the continued loss of free water is likely to lead to 
a further increase in serum sodium.

UNa and UCl concentration can also help in deter-
mining the inciting factor and guide therapy. In hypo-
volemic states such as hypernatremic dehydration, 
UNa is still expected to be low despite the increased 
serum sodium, while increase in exchangeable sodium 
from increased salt loading (salt poisoning) results 
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in a  significantly elevated UNa. Review of U
Osm

/P
Osm

 
compared with P

Osm
 will assist in the  diagnosis of con-

centrating defects and potential diabetes insipidus, indi-
cating the potential need for a trial of ADH therapy.

10.3.7  Assessment of Polyuria and Oliguria 
in the ICU

The stimulus for ADH secretion may be (1) osmotic, 
in response to an approximately 1% change in plasma 
osmolality through hypothalamic osmoreceptors, or 
(2) nonosmotic stimuli acting through the barorecep-
tors, stimulated by volume instability that is common 
in the ICU setting.

Urine volume and flow rate is dependent on water 
balance, solute load, presence or absence of ADH, renal 
tubular integrity, and delivery of water and sodium to 
the distal tubule. Clinical evaluation should include 
weight change, total fluid and solute intake by both 
intravenous and enteral sources, review of medications, 
as well as consideration of coexisting medical condi-
tions that may impact hydration status or contribute to 
potential renal abnormalities.

10.3.7.1 Tools to Examine Polyuria

We provide an outline for the assessment of  polyuric 
states in Fig. 10.1. U

Osm
/P

Osm
 is a surrogate for free 

water clearance and as such allows examination of 
ADH activity. Review of solute excretion (U

Osm
 × V h−1) 

allows comparison of water diuresis (<1 mOsm kg−1 
h−1) vs. solute diuresis (>1 mOsm kg−1 h−1). Additional 
helpful investigations include serum electrolytes, 
including serum potassium and calcium to exclude the 
effects of hypokalemia and hypercalcemia on ADH, 
BUN, and serum creatinine to provide a coarse mea-
sure of renal function, and UNa, UK, UCa, UUN, 
U

Osm
, and UCr to provide data on solute load and renal 

concentrating and diluting ability (Fig. 10.1).

10.3.7.2  Assessment of Antidiuretic (Oliguric) States

In the ICU, oliguria can result from renal failure with 
decreased GFR and decreased urine production or from 
appropriate or inappropriate ADH activity. The tools 
required to differentiate these conditions begin with 
historical details of circulation, hydration, and fluid or 
electrolyte losses. Chemical measures provide infor-
mation about renal function (BUN and creatinine) and 

ADH activity and response (serum and urine osmolal-
ity). UNa, UCl, and FE

Na
 provide an idea of intravascular 

circulating volume and tubular function that can be used 
to monitor the changes following fluid administration.

Volume depletion, circulatory insufficiency, or 
marked ongoing water and sodium losses as in inflam-
matory bowel disease, fistulae, or prolonged gastric 
suction lead to an appropriate or sometimes exag-
gerated appropriate ADH response. The result is avid 
water reabsorption and oliguria with an elevated U

Osm
. 

Correction of circulatory depletion by administration 
of fluid or saline leads to an increase in urine volume, 
decrease in U

Osm
, and rise in UNa and UCl. BUN and 

creatinine may show only mild increases but an ele-
vated BUN/creatinine ratio reflects the degree of vol-
ume depletion and ADH activity.

Inappropriate ADH activity occurs in association 
with certain infections such as meningitis or pneu-
monia; with drugs such as carbamazepine, opiates, 
vincristine, and cyclophosphamide; with signifi-
cant pCO

2
 retention; and following head trauma or 

surgery or any condition with significant pain and 
anxiety. The decrease in urine volume is usually 
less than in appropriate or exaggerated responses 
to ADH. The biochemical picture is very similar to 
 appropriate ADH activity, with U

Osm
 > P

Osm
, however, 

UNa and UCl concentrations are elevated rather than 
decreased because of natriuretic peptide activity sec-
ondary to volume expansion. Administration of water 
or saline is followed by a modest increase in urinary 
volume flow with no significant fall in U

Osm
 and a 

significant rise in UNa and UCl. BUN and creatinine 
 concentrations are low initially and may fall after fluid 
administration. Administration of isotonic or hypot-
onic saline will be followed by a further decrease in 
serum sodium. Appropriate therapy is fluid restriction 
and treatment of any underlying condition promoting 
ADH release.

In renal failure, decreased GFR leads to decreased 
tubular fluid delivery to the distal nephron, possible 
fluid reabsorption from damaged tubules, and low 
water and solute delivery to the distal tubule, all con-
tributing to oliguria and fluid retention. In this group of 
patients, clinical and chemical changes are  consistent 
with those previously described in Sect. 10.3.3. Clues 
to the correct diagnosis include the lower U

Osm
 (isotonic 

or hypotonic), elevated or rising BUN and creatinine, 
and characteristic changes of urinary indices and the 
urinary  sediment (Tables 10.1 and 10.2).
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Fig. 10.1 Approach to polyuria

Polyuria > 2.5 mL/kg/hour

Calculate osmolar excretion in mOsm/kg/hour

< 1 mOsm/kg/hour = water diuresis > 1 mOsm/kg/hour = solute diuresis

If POsm > 295: challenge with DDAVP 
or pitressin 
If POsm < 295: water deprivation then 
challenge with DDAVP or pitressin

Positive test 
- UOsm/POsm > 2 
- Decreased urine volume 
- Increased UOsm
- Decreased CH2O

Central DI 

Drugs
- Alcohol 
- Phenytoin  

Tumor 
- Craniopharyngioma 
- Pituitary 
- Pineal 
- Hypothalamic 

CNS damage 
- Cerebrovascular 

disease 

Familial

Negative test 

Tubular insensitivity to ADH 

Nephrogenic DI 

Tubular damage 
- Lithium 
- Dechlormethyl 

tetracycline 
- Methoxyfluothane 
- Hypokalemia 

Medullary gradient 
- Psychogenic polydipsia 
- Papillary necrosis 
- Malnutrition 

Medullary cystic disease 
Nephronophthisis 

Endogenous 
- Urea 
- Sodium 
- Calcium 
- Glucose  

Tubular damage 
- ATN 
- Papillary necrosis 
- Medullary cystic 

disease 
- Nephronophthisis 

Exogenous 
- Mannitol  
- Glucose  
- Saluretics 
- Sodium 
- Alcohol 
- Radio-contrast 

agents

Acquired Congenital 
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10.3.8 Approach to Tumor Lysis Syndrome

Tumor lysis syndrome is both an oncologic and renal 
metabolic emergency. It is caused by massive tumor 
cell death that may be spontaneous or secondary to 
antitumor therapy. The resultant release of intracellu-
lar potassium and phosphorus and the production of 
uric acid from rapid cell turnover lead to  characteristic 
electrolyte derangements.

Hyperphosphatemia leads to secondary hypocal-
cemia due to precipitation of calcium phosphate in tis-
sues. When this process occurs in the renal tubules, it 
can result in acute kidney injury due to tubular necrosis. 
Additionally, acute kidney injury may occur secondary 
to uricosuria and ensuing uric acid nephropathy. The 
risk of acute kidney injury in tumor lysis syndrome 
increases when there is preexisting kidney dysfunction 
or intravascular volume depletion.

Usually, the tools to evaluate this condition include 
clinical history and physical examination, as well as 
assessment of electrolytes, phosphorus, uric acid, cal-
cium, BUN, and creatinine. Urinalysis with microscopic 
examination of the sediment may help to confirm acute 
tubular injury if casts are present, and calcium phos-
phate or uric acid crystals may also be visualized in 
the urine. Macroscopically, calcium phosphate crystals 
may appear as white urinary  solute or even sludge, and 
uric acid crystals as orange or pink powder or sludge. 
In the face of oliguria with tumor lysis, renal  ultrasound 
should be performed to determine the presence of 
obstructing calculi or parenchymal infiltration.

Calculation of TRP, TTKG, uric acid excretion in 
mg/dL−1 GFR ([U

Uric acid
 × P

Creat
]/U

Creat
), and FE

Uric acid
 

will usually reveal an appropriate response by the kid-
neys to increase excretion of phosphorus, potassium, 
and uric acid, indicating that these metabolic abnor-
malities are due to an overwhelmed renal excretory 
capacity rather than any intrinsic renal dysfunction. 
These calculations are rarely required in practice since 
the process is usually advanced when renal consulta-
tion is initiated, and the clinical condition is generally 
anticipated or recognized.
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Case Vignette

A 6-week-old female baby was admitted to the hos-
pital because of fever, poor feeding, vomiting, and 
lethargy for 2 days. A workup revealed pyuria (WBCs 
= 9 per high-power field in spun urine sediment) and 
bacteriuria. Treatment was initiated with intravenous 
ampicillin and cefotaxime after septic workup was 
done. The urine and blood cultures grew Escherichia 
coli. The spinal fluid examination was unremarkable, 
and culture of the fluid showed no growth. A renal 
ultrasound obtained on the day after admission, when 
the urine culture result was repor ted, showed a normal 
left kidney and a  duplicated collecting system on the 
right with moderate to severe hydronephrosis. Several 
days later a voiding cystourethrogram (VCUG) was 
performed, and it revealed grade IV–V vesicoureteral 
reflux (VUR) on the right kidney.

11.1 In troduction

Urosepsis is a systemic inflammatory response 
caused by a primary infection in the urinary system 
that has spread into the general vascular circulation. 
It is commonly used to describe the sepsis syndrome 
secondary to UTI. However, urosepsis patients do 
not always have renal involvement of their infec-
tions [39]. About 20–30% of all sepsis cases within 
a hospital originate from the urogenital tract. About 
half of them can be considered as primary sepsis 
due to the combination of infection and obstruction 
within the upper or lower urinary tract, which is due 
to  congenital or acquired causes; however, the other 
half may be induced by any urologic intervention 
[35]. The development of urosepsis can lead to severe 
sepsis or septic shock, a life-threatening condition 
that should be treated in an intensive care unit (ICU) 
with continuous monitoring.
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› The development of bacteremia from a urinary focus is 
called urosepsis.

› Urosepsis as a result of urinary tract infection (UTI) is 
commonly caused by Gram-negative bacteria.

› Early identification and treatment of urosepsis in infants 
and children is very crucial.

› Urosepsis can lead to systemic symptoms that may result 
in multiorgan failure.

› Patients with urosepsis who have systemic symptoms are 
best managed in the intensive care setting.

› Optimum management of urosepsis requires collaboration 
between several subspecialties.
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Septicemia as a result of UTI is a serious  condition, 
even though the mortality has been reported lower 
compared with other causes of sepsis [54]. The UTI is 
the main source of hospital-acquired secondary blood-
stream infection. It is the third most common nosoco-
mial infection after primary  bloodstream infections 
and pneumonia in the ICU [44]. UTIs are common in 
childhood, occurring in about 5% of febrile infants and 
2% of febrile children of <5 years of age [1, 21]. In 
pediatric ICUs, nosocomial UTIs comprise 13% of all 
nosocomial infections, with a median incidence of 4.3 
episodes per 1,000 catheter days [58]. Review of the lit-
erature indicates that secondary bacteremia, or urosep-
sis, is uncommon, except in young febrile infants and 
 catheterized critically ill children in whom it occurs in 
up to 3% [42]. The actual number can be higher and 
varies by age. Fungal infections of the urinary tract are 
increasing in frequency [27], likely due to use of inva-
sive devices that impair physical host defenses and use 
of broad-spectrum antimicrobial agents that eliminate 
commensal flora. Fungal UTIs seem to be associated 
with increase in morbidity and mortality, particularly 
in very-low-birth weight, premature infants, and immu-
nocompromised children [23].

11.2  Risk Factors for the Development 
of Urosepsis

Although the urinary tract is a common source of 
infection in children and infants, the implications of 
UTIs in children and infants are different from those 
in adults. These differences are reflected in the bac-
teriology, pathogenesis, and epidemiology of UTI. 
Although retrograde ascending infection is probably 
the most common pathway, seeding from systemic 
and nosocomial infection is a significant pathway to 
infection in infants and immunocom promised chil-
dren. There are three mechanisms through which the 
urinary tract may become infected: (1) retrograde 
ascent of fecal-perineal bacteria, (2) nosocomial or 
bacterial introduction in a medical setting through 
instrumentation, and (3) urinary tract involvement 
as part of a systemic infection [7]. The most  common 
mechanism is retrograde ascent. The bacteria 
 associated with retrograde ascent most often come 
from the host’s bowel. Once entrance into the uri-
nary outlet occurs, bacteriuria may result from patho-
gens possessing virulence factors allowing increased 
bacterial adherence to the epithelia. The second 
 mechanism is the introduction of pathogens by way 

of a foreign body or instrument. One prospective 
study estimated the incidence of nosocomial UTI as 
0.6 cases per 1,000 patients per day, with newborns 
and infants affected disproportionately [26]. Finally, 
infants, young children, and some immunocompro-
mised individuals may have Gram-positive bacte-
riuria that may be caused by urinary tract seeding 
from a systemic infection [7]. Intrarenal abscesses 
can also be caused by certain hematogenously borne 
pathogens, most commonly Staphylococcus aureus, 
Candida spp., and Mycobacterium tuberculosis [41]. 
Infant boys with intact foreskins have a higher risk of 
urosepsis and may not have specific anatomic find-
ings. These boys should undergo renal ultrasound 
(US) and voiding cysto urethrogram (VCUG) to rule 
out obstruction and reflux [57].

Patients with structural or functional obstruction at 
any level of the urinary tract, such as calculi, neuro-
genic bladder, spinal cord injury, and other uropathies, 
as well as those with biomaterials or foreign bodies 
in the urinary tract, are at greater risk for develop-
ing urosepsis [11, 37]. Posterior urethral valves and 
other congenital obstructions of the urethra are par-
ticularly important clinical disorders because severe 
urethral obstruction results in widespread damage 
and dysfunction of the entire urinary tract, affecting 
glomerular filtration, ureteral and bladder smooth 
muscle function, and urinary continence. Severely 
affected neonates who are not recognized at birth 
most commonly present within a few weeks with 
urosepsis, dehydration, and electrolyte abnormalities 
[25]. Posterior urethral valves remain the single most 
common urologic cause for renal failure and need for 
subsequent renal transplantation in children. These 
anomalies are unique to male children. Occasionally 
girls with bladder outlet obstruction secondary to 
ureteroceles or neoplasm may present with a similar 
clinical picture [22, 28].

Pyelonephritis results from ascending bacteriuria 
from the bladder via the ureter to the renal pelvis and 
the renal parenchyma. This transport may be facilitated 
by host factors such as anatomic defects of the ureters 
or the kidneys, VUR, or, in patients without anatomic 
defects, adhesion to the ureteral mucosa. In about one-
third of patients with pyelonephritis there also is bac-
teremia, which can result in urosepsis [17, 33].

In renal transplant patients urosepsis can occur as a 
result of UTIs, which may occur at any period but are 
most frequent shortly after transplantation because of 
catheterization, stenting, and aggressive immunosup-
pression. Other risk factors for urosepsis after renal 
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transplant are anatomic abnormalities and neurogenic 
bladder. There is evidence that acute pyelonephritis in 
the early posttransplant period predisposes to acute 
rejection [29].

Although fungal infection of the urinary tract is rare 
among healthy children, the incidence of fungal UTI is 
increased in hospitalized patients. In large tertiary care 
neonatal ICUs, Bryant et al. [6] found the overall inci-
dence of candiduria to be 0.5%, whereas Phillips and 
Karlowicz [42] reported Candida sp in 42% of patients 
with UTI. Risk factors for the development of funguria 
include long-term antibiotic treatment, use of urinary 
drainage catheters, parenteral nutrition, and immunosup-
pression [24]. The overwhelming majority of fungal UTIs 
are caused by Candida spp followed by Aspergillus spp, 
Cryptococcus spp, and Coccidioides spp [46]. The clini-
cal presentation of patients with funguria ranges from an 
absence of symptoms to fulminant sepsis. The urinary 
tract is most frequently the primary entry point but also 
may represent the site of disseminated infection.

Neonates and infants in the first few months of life 
are at a higher risk for UTI, which may lead to urosep-
sis. This susceptibility has been attributed to an incom-
pletely developed immune system [18]. Breastfeeding 
has been proposed as a means of supplementing the 
immature neonatal immune system via the passage of 
maternal IgA to the infant [30], providing the presence 
of lactoferrin [20], and providing the effect of antiad-
hesive oligosaccharides [8]. Several studies have dem-
onstrated the  protective effect of breastfeeding against 
UTI in the first 7 months of life [19, 30].

Another rare cause of urosepsis is ureteral injuries. 
Although a small extravasation of urinary contrast in 
the intrarenal collecting system in the setting of a renal 
injury can often be observed, any ureteral injury should be 
stented and/or repaired immediately. Delay in diagnosis 
or delay in therapy leads to increased complications from 
urinary leakage, including infected urinoma and possible 
urosepsis [43].

11.3 Pathogenesis of Urosepsis

The human urinary tract is a unique space, its 
mucosa lined with transitional cells. Unlike the 
 gastrointestinal tract, it is usually a sterile space with 
an impermeable lining. UTI occurs with entrance 
of pathogens into the urinary tract and subsequent 
adherence to it. Although normal voiding with inter-
mittent urinary outflow usually clears pathogens 
within the bladder, human urine has enough nutrients 

(e.g., amino acids, glucose) for bacterial growth. In 
addition, when abnormal voiding with residual urine 
or bacterial adherence occurs, mechanical clearance 
by voiding may be inadequate, and UTI may result. 
Many urinary pathogens possess fimbrial or nonfim-
brial adhesins (type-1 fimbriae and P fimbriae) for 
introital and periurethral mucosal  adhesion and sub-
sequent colonization into the urinary tract [48]. After 
these strains colonize host mucosal surfaces, they 
injure and invade host tissues, evade host defense 
mechanisms, and incite an injurious host inflamma-
tory response. P fimbriae also appear to be important 
in the pathogenesis of bloodstream invasion from the 
kidney [10, 12]. A multitude of cytokines are pro-
duced in response to the presence of certain organ-
isms or their toxins in the bloodstream. They include 
tumor necrosis factor (TNF)-α and interleukins 
(IL)-1, IL-6, and IL-8. Together, these proinflam-
matory mediators trigger the systemic inflammatory 
response syndrome (SIRS), including vasodilation, 
increased vascular  permeability, abnormal coagula-
tion, superoxide radical production, and granulocyte 
chemotaxis [13]. In urosepsis, urokinase plasmino-
gen activator receptor production is also upregulated, 
which appears to play a role in the inflammatory 
response, particularly in the renal tubular epithelium 
[13, 59].

11.4 Causative Organisms of Urosepsis

In the pediatric population the etiologic agent causing 
UTI, as well as the propensity to invade the bloodstream 
and cause urosepsis, varies with age. For neonates 
born at term, Gram-negative bacteria  comprise the 
 predominate organisms causing urosepsis. Escherichia 
coli alone accounts for 80% of such infections in 
neonates and young infants with other Gram-negative 
organisms such as Enterobacter, Klebsiella, Proteus, 
Citrobacter, Morganella, Providencia, Serratia, and 
Salmonella species causing infection less frequently. 
In the hospitalized neonate or infant, additional 
Gram-negative pathogens such as Pseudomonas and 
Acinetobacter species may cause urosepsis. These 
organisms carry the potential risk of being multid-
rug-resistant, complicating antibiotic management 
and increasing potential morbidity and mortality. The 
infrequent episode of Gram-positive urosepsis in the 
neonate may be caused by Group B Streptococcus, 
Enterococcus or Staphylococcus (saprophyticus or 
aureus) species. In the context of UTI and  urosepsis, 
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premature infants represent a microbiologically dis-
tinct group of patients because in addition to the bac-
terial etiologies discussed earlier, these infants are at 
increased risk for fungal urosepsis. The majority of 
these infections are caused by Candida species [42]. 
Hematogenous seeding of multiple organs such as 
liver, spleen, eyes, brain, and endocardium, as well as 
fungus ball obstruction of the urinary tract are compli-
cations that may be seen in premature neonates with 
Candida urosepsis [3]. It is clear that the incidence 
of concomitant UTI and bacteremia decreases with 
increasing age. In a study of urinary tract infection in 
100 infants aged 5 days to 8 months of age, sepsis was 
documented in 31 percent of neonates, 21 percent of 
infants aged 1 to 2 months, 14 percent of infants aged 
2 to 3 months and 5.5 percent of infants aged greater 
than 3 months of age [16]. What remains unclear is 
the chicken-and-egg dilemma that arises when the two 
(urinary tract infection and bacteremia) coincide as 
to whether ascending UTI results in extension to the 
bloodstream or if the urinary tract is seeded hematoge-
nously from the bloodstream. Regardless, gram negative 
organisms predominate over the occastional gram posi-
tive organism in patients with urosepsis from infancy 
through childhood, with the incidence of urosepsis fall-
ing off sharply after the first few months of life.

11.5  Evaluation of the Patient 
with Urosepsis

Sepsis is suspected in a patient with a known  infection 
who develops systemic signs of  inflammation or organ 
dysfunction. Similarly, a patient with  otherwise unex-
plained signs of systemic inflammation should be eval-
uated for infection by history, physical examination, 
and further lab workup. A typical presentation includes 
fever (temperature > 38°C or >100.4°F) or  hypothermia 
(temperature <36°C or <96.8°F),  tachycardia, tachyp-
nea, hypotension, oliguria (<0.5 mL kg−1 h−1). Later, 
extremities become cool and pale, with peripheral cya-
nosis and mottling. As severe sepsis or septic shock 
develops, the first neurological signs may be confusion 
or altered mental status. Organ failure may develop, 
producing additional signs and symptoms specific 
to the organ involved, including the lungs, kidneys, 
liver, and nervous system. Appropriate laboratory 
evaluation includes urinalysis and urine culture, serial 
blood cultures, and cultures of other suspect body flu-
ids, complete blood count (CBC), arterial blood gas 
(ABG), chest X-ray, serum electrolytes, serum lactate 

levels, and liver function. At the onset of septic shock, 
the peripheral white blood cell (WBC) count may ini-
tially decrease to <4,000 μL−1, and polymorphonuclear 
leukocytes (PMNs) may be as low as 20% immature 
band forms. However, this situation usually reverses 
within 1–4 h of initiation of resuscitative efforts, and 
a significant increase in both the total WBC count 
to >15,000 μL−1 and PMNs to >80% usually occurs. 
A sharp decrease in platelet count to ≤50,000 μL−1 is 
often present early. Blood levels of procalcitonin and 
C-reactive protein are elevated in severe sepsis and 
may facilitate diagnosis, but these are not specific. 
Hyperventilation with respiratory alkalosis (low PaCO

2
 

and increased arterial pH) occurs early, in part as com-
pensation for lactic acidemia. Serum HCO

3
 is usually 

low, and serum lactate increases. As shock progresses, 
metabolic acidosis worsens, and serum pH decreases. 
Early respiratory failure leads to hypoxemia with PaO

2
 

< 70 mmHg. Blood urea nitrogen (BUN) and creati-
nine usually increase progressively as a result of renal 
insufficiency. Bilirubin and serum transaminase levels 
may rise, although overt hepatic failure is uncommon.

Renal ultrasonography (US) should be performed 
on an emergency basis in patients with septic shock 
caused by presumed urosepsis because if the underly-
ing pathologic problem is obstruction of the urinary 
tract, patients usually do not respond adequately to 
supportive treatments until the  obstruction is relieved 
by a drainage procedure. In centers that do not have 
special competence in US, a computed tomography 
(CT) with contrast may be the preferred imaging 
study, which allows for CT-guided abscess drainage 
[38]. It is very important in hospitalized patients who 
suddenly develop signs and symptoms of septic shock 
to consider the possibility of urosepsis even in the 
absence of urinary symptoms. This is particularly true 
after recent instrumentation or catheterization of the 
urinary tract [47].

In an infant presenting with sepsis, evaluation for a 
possible urinary source should be undertaken. A urine 
specimen obtained by catheterization or suprapubic aspi-
ration must be obtained for culture before the institution 
of antibiotic therapy. If pyuria is present, urosepsis should 
be strongly considered. A screening renal ultrasound is 
an excellent means to quickly and accurately assess the 
urinary tract in such infants. The most common causes 
of urosepsis are obstructive uropathy with anatomic 
abnormalities or massive VUR. However, a normal renal 
ultrasound does not rule out VUR, and in the presence of 
urosepsis a VCUG is essential. This should be obtained 
during the acute hospital admission [52, 59].
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11.6 Management of Urosepsis

The first priority in severe cases of urosepsis is the 
initiation of basic resuscitative measures within the 
first 6 h of presentation [9, 31, 45]. It is essential to 
establish intravenous access and to administer fluids. 
If the patient is in shock or fails to respond to fluids 
alone, vasopressors may be needed to assist in main-
taining organ perfusion. The first-line vasopressors in 
this context are norepinephrine bitartrate or dopamine 
although some data suggest that norepinephrine 
has greater initial efficacy [32]. Because norepine-
phrine has little effect on cardiac output, dobutamine 
may be used concomitantly for  inotropic support. 
Phenylephrine, epinephrine, and vasopressin should 
not be used as first-line therapies in septic shock. 
Low-dose dopamine is also not recommended for 
renal protection [2]. Additional measures may be nec-
essary in specific circumstances as part of the initial 
resuscitation such as close monitoring of fluid status 
particularly with regard to urine output. Urine output 
should be at least 0.5 mL kg−1 h−1. Patients should be 
monitored closely for renal insufficiency secondary to 
sepsis, which may require adjustment of fluid status, 
electrolytes, and frequent assessment of renal function 
as well as monitoring drug levels while using antibiot-
ics such as aminoglycosides, or other renally excreted 
medications [4, 14, 15, 36, 49, 50].

In addition to basic supportive therapy, optimal 
management of urosepsis consists of elimination of 
the infectious focus or foci and initiation of appropri-
ate empiric antimicrobial therapy. A list of commonly 
used parental antibiotics can be found in Table 11.1. 
It is important that free drainage of urine from both 
kidneys is established by means of a bladder catheter, 

retrograde catheterization, or percutaneous nephros-
tomy. As soon as the necessary cultures have been 
taken (at least two blood cultures as well as cultures 
from urine and other appropriate body sites and flu-
ids), the patient should be started on broad-spectrum 
IV antibiotics. The best outcome is seen when IV 
antibiotics are initiated within the first hour of pres-
entation [9, 40].

11.6.1 Antimicrobial Therapy for Urosepsis

The selection of initial empiric antibiotics is based 
upon the most likely organisms involved, and the 
agents should be capable of penetrating the suspected 
source of infection [5]. A  history of  previous antibi-
otic therapy should always be elicited in patients with 
urosepsis because such treatment may have resulted 
in selection of resistant organisms [17, 51]. Because 
the predominate organisms responsible for urosepsis 
at all ages are Gram-negative rods, empiric therapy is 
 necessarily aimed at these  organisms. This is not to 
say, however, that empiric treatment decisions should 
be made with disregard to Gram-positive organisms, 
especially Enterococcus species. It is also impor-
tant to understand that in the context of a chapter 
addressing empiric antimicrobial recommendations 
for urosepsis, it is implied that the treating clinician’s 
impression is that the urinary tract is the source for 
the sepsis syndrome. The recommendations offered 
here are not necessarily appropriate for sepsis in 
general, as a number of other potential organisms 
not often associated with infection of the urinary 
tract such as Neisseria meningitidis, Streptococcus 
pneumonia, and Streptococcus pyogenes must be 
considered in the broader clinical context of sep-
sis and septic shock in children. Of course, empiric 
antimicrobial choices must always be modified once 
original blood and urine culture and susceptibility 
data as well as other laboratory testing results (uri-
nalysis, cerebrospinal fluid cell counts, etc.) become 
available. Changes in empiric antimicrobial therapy 
must also be considered when a patient is failing to 
improve clinically within the first 24–48 h of initia-
tion of therapy. In this setting, one must consider the 
possibility of alternative pathogens not affected by 
the chosen antimicrobial agents, or the possibility 
that one is dealing with a pathogen that is resistant 
to the antimicrobial agents that the patient is receiv-
ing. Ampicillin plus gentamicin remains a reason-
able empiric combination therapy for newborns, 
infants, and children with urosepsis. Alternatively, 

Table 11.1 Commonly used parenteral antibiotics for empiric 
therapy of urosepsis

Antibiotic Dosing for normal renal function

Ampicillin 100–200 mg kg−1 per 24 h divided every 
 6 h, max 12 g per 24 h

Ceftriaxone 75 mg kg−1 per 24 h single daily dose, 
 max 2 g per 24 h

Gentamicin 7.5 mg kg−1 per 24 h divided every 8 h,
 check peaks/troughs

Cefepime 100 mg kg−1 per 24 h divided every 12 h, 
 max 6 g per 24 h

Cefazolin 50–100 mg kg−1 per 24 h divided 
 every 8 h, max 6 g per 24 h

Cefotaxime 100–200 mg kg−1 per 24 h divided 
 every 8 h, max 12 g per 24 h
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an expanded spectrum cephalosporin such as cefo-
taxime or ceftriaxone may be appropriate in addition 
to or in place of gentamicin, especially when other 
body foci such as the meninges are documented or 
suspected to be infected. Many experts recommend 
use of an expanded spectrum cephalosporin in this 
setting based on the fact that 50% or more of E. coli 
are resistant to ampicillin. For patients who have been 
hospitalized for more than 7 days and for newborn 
infants born to mothers who were hospitalized for 
more than 7 days prior to delivery, antibiotic-resistant 
Gram-negative and Gram-positive pathogens must be 
considered. For these patients, ampicillin or vanco-
mycin plus gentamicin plus an extended spectrum, 
antipseudomonal cephalosporin such as cefepime 
should be considered. For premature neonates, espe-
cially those hospitalized for more than 7 days and for 
those whose mothers were hospitalized for more than 7 
days prior to delivery, empiric antibiotic considerations 
are the same for those as term newborns above with 
regard to the possibility of encountering an antibiotic-
 resistant pathogen. However, because these infants 
may commonly develop urosepsis caused by Candida 
species, additional consideration should be given to 
initiation of antifungal therapy with amphotericin B, 
especially when such infants are not showing signs of 
clinical improvement within 24–48 h of initiation of 
 appropriate antibacterial therapy.

11.6.2 Antimicrobial Resistance and Urosepsis

An important issue pertinent to patients with  urosepsis is 
the emergence of infections caused by antibiotic-resistant 
bacteria such as extended spectrum ß lactamase (ESBL)-
producing Enterobacteriaceae, vancomycin-resistant 
Enterococcus (VRE), and community and health care-
associated, methicillin-resistant Staphylococcus aureus 
(MRSA). Each of these may be urinary tract pathogens, 
and each requires special antimicrobial therapy to suc-
cessfully treat. The clinician treating patients with uro-
sepsis caused by one of these pathogens should work 
closely with an experienced, state-of-the-art microbiol-
ogy laboratory as well as consult a specialist in infec-
tious diseases to assist in managing these difficult 
and potentially life-threatening infections. Organisms 
producing ESBLs generally demonstrate resistance to 
extended spectrum cephalosporins such as cetriaxone, 
cefotaxime, and cefepime as well as semisynthetic 
penicillins such as ticarcillin and piperacillin. Although 
patients with urosepsis caused by ESBL-producing 

bacteria may respond to antibiotics to which these bac-
teria appear to be resistant to in-vitro, recommended 
therapy for such infections usually includes the use 
of a carbapenem (imipenem, meropenem, ertapenem) 
in  combination with an aminoglycoside (gentamicin, 
tobramycin, or amikacin). For patients with urosepsis 
caused by VRE, optimal therapy formerly consisted of 
the use of the dual peptide antibiotic, quinupristin/dal-
fopristin. However, due to increasing resistance to this 
agent and the potential for infusion-related side effects, 
the use of oral or intravenous linezolid has become the 
recommended therapy for this pathogen. Patients with 
urosepsis caused by MRSA may be treated with a vari-
ety of antibiotics, including vancomycin, trimethoprim-
sulfamethoxazole,  clindamycin, and linezolid. Newer 
agents that have proven  efficacy in adult trials against 
infections caused by MRSA include daptomycin and 
tigecycline, but these antibiotics have not been stud-
ied sufficiently in children to recommend their use at 
the present time. In the near future, anti-MRSA cepha-
losporins such as ceftobiprole medocaril may offer new 
therapeutic  alternatives for patients with urosepsis and 
other infections caused by MRSA.

Fungus balls in the collecting system may cause 
obstruction in children. Patients with these upper tract 
foci of funguria should be treated with systemic therapy 
that consists of amphotericin B or fluconazole. In cases 
of urinary tract obstruction caused by fungi, emergency 
percutaneous nephrostomy should be pursued in order 
to reestablish normal urinary tract drainage and to allow 
for local irrigation. Surgical removal may be necessary 
should the fungal balls persist [45, 55, 56].

When there is obstruction to urine flow (e.g., by a 
calculus or tumor), the obstruction must be relieved, 
either by percutaneous nephrostomy or ureteral stent-
ing [34, 53]. Both are very effective options that may 
be used acutely to relieve the obstruction. When pos-
sible, removal of urinary calculi from patients who have 
pyelonephritis is probably best delayed until the  bacterial 
load can be reduced and the patient stabilized with med-
ical therapy [53]. The indications for nephrostomy tube 
placement include the  preservation of renal function, 
relief of pain; and, in the most extreme circumstances, 
the emergent drainage of a pyocalix or  pyonephrosis 
in a patient with urosepsis in whom retrograde 
ureteral stent placement is not possible or is contraindi-
cated [53]. Renal replacement therapy should be consid-
ered in patients with urosepsis who have developed renal 
insufficiency and no improvement of renal function after 
 placement of percutaneous nephrostomy tubes.
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11.7 C onclusion

Early identification and treatment of urosepsis in 
infants and children is crucial. Urosepsis as a result of 
UTI is a serious condition, commonly caused by Gram-
negative bacteria. Urosepsis leads to  profound disrup-
tion in the normal hemodynamic status of affected 
patients, with deleterious effects on renal, cardiac, res-
piratory, and hepatic function. Such patients are best 
managed in the intensive care setting with IV fluids 
and broad-spectrum antibiotics as soon after presenta-
tion as possible. This severe and often life-threatening 
condition is a paradigm for the need for collaboration 
between various specialties because the fate of the 
patient often will be determined within the first hours 
following admission. During these critical early hours 
 collaborative treatment involving the  pediatric intensiv-
ist,  nephrologist, the urologist, and the infection disease 
 specialist is necessary to optimize patient outcomes.
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Take-Home Pearls
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Case Vignette

A 14-year-old boy with end-stage renal disease 
 secondary to obstructive uropathy on maintenance 
hemodialysis presents to the Emergency Department 
(ED). He suffered a generalized tonic–clonic seizure 
at home lasting 8 min and was transported by ambu-
lance. The seizure abated without intervention. His 
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› Severe hypertension can lead to acute end-organ dysfunc-
tion in children. In the ICU, hypertension is most likely 
a sequela of the critical illness rather than the  primary 
 reason for ICU admission.

› The treatment and evaluation of pediatric hypertension 
should occur simultaneously, and renal parenchymal 
or vascular etiologies of high blood pressure must be 
 considered high in the differential diagnosis.

› Multiple short-acting intravenous agents are available as 
continuous infusions for the rapid lowering of blood pres-
sure and may be used emergently along with the institution 
of longer acting maintenance  antihypertensive therapy.

Core Messages

Hypertension in the Pediatric 
Intensive Care Unit

A.Z. Traum and M.J.G. Somers

12

blood pressure at home was 186/124 mmHg and upon 
arrival to the ED was 178/116. His home blood pres-
sures had recently been more labile, although they 
were improved after dialysis and ultrafiltration on the 
day before, with ongoing counseling regarding the 
importance or adherence to his daily fluid restriction 
and his antihypertensive regimen  consisting of enal-
april and amlodipine.

In the ED, intravenous access is quickly achieved 
and he is administered hydralazine 10-mg IV. His blood 
pressure is unchanged and a second dose is given. In 
the interim, a CT scan of the head is normal. Thirty 
minutes later, with a blood pressure of 180/120, he has 
another 4-min seizure that abates without provision of 
antiepileptic medication.

He is transferred to the Pediatric Intensive Care 
Unit where a continuous infusion of sodium nitro-
prusside is initiated at a dose of 0.25 mcg kg−1 min−1. 
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The  infusion is titrated up to a dose of 5 mcg kg−1 min−1 
with eventual lowering of his blood pressure to 146/88. 
His chronic dialysis prescription is reviewed with 
focus on his presumed dry weight and  ultrafiltration 
requirements. His maintenance oral antihyperten-
sive regimen is reinstituted and his nitroprusside 
drip weaned off, with stable blood pressures in the 
120/80 range documented. A referral is made to the 
Coping Clinic for ongoing psychosocial support and 
help with adherence to his medication and dietary 
routine.

12.1 In troduction

In children, hypertension is a relatively uncommon 
finding and its presence often suggests some under-
lying disease. Unlike in adults, where hypertension 
is generally deemed to be primary or essential and 
frequently no diagnostic evaluation ensues after diag-
nosis, in children primary hypertension is considered 
a diagnosis of exclusion. Regardless of its cause, sig-
nificant elevations of blood pressure can lead to acute 
organ dysfunction, and the hypertensive child almost 
always warrants a diagnostic evaluation while treat-
ment is ongoing. In the hospitalized child, there is the 
additional burden of determining if hypertension is a 
problem in itself or if it stems from another ongoing 
illness or condition. The approach to evaluating and 
treating hypertension is oftentimes both more directed 
and more urgent in the hospitalized child than in the 
ambulatory setting, especially in children whose acute 
illness has resulted in ICU admission.

Hypertension is relatively uncommon as the root 
cause of admission to the general pediatric ward or the 
pediatric ICU. Acute elevations of blood  pressure are 
frequently categorized into hypertensive urgencies and 
hypertensive emergencies, the difference being the 
presence of actual end organ dysfunction in emergen-
cies. In children, a hypertensive emergency most often 
manifests with seizures or  encephalopathy, although 
congestive heart failure and impairment of renal func-
tion may also be seen. Thrombotic microangiopathy 
secondary to severe hypertension is a rarer conse-
quence. Many children found to have severe elevations 
of blood pressure can be managed on the general pedi-
atric ward. Those children with hypertensive emergen-
cies or with symptomatic blood pressures refractory to 
intermittent medication dosing will often require ICU 
admission for continuous infusion of  antihypertensive 
agents and close clinical monitoring.

12.2 Back ground

12.2.1 Blood Pressure Norms

Adult blood pressure standards are based on 
 epidemiologic outcome measures related to chronic 
end-organ damage. In contrast, blood pressure 
 standards in children are based on statistical popu-
lation norms stratified by age, gender, and height 
percentile. The Fourth Report on the Diagnosis, 
Evaluation, and Treatment of High Blood Pressure 
in Children and Adolescents of the National High 
Blood Pressure Education Program (NHBPEP) [1] 
describes the most recent normative pediatric blood 
pressure data in a fashion similar to previously pub-
lished standards in adults [3]. Normal blood pressure 
is defined as consistent blood pressure measure-
ments less than the 90th percentile compared with 
blood pressure readings from a peer reference group. 
Prehypertension is defined as typical blood pres-
sure ³90th percentile but <95th percentile. Stage 1 
hypertension is defined as typical blood pressure 
³95th percentile with stage 2 or severe hyperten-
sion exceeding the 99th percentile. Children with 
sustained blood pressure readings >30% above the 
99th percentile for age, size, and gender are at par-
ticular risk of developing acute sequelae from their 
high blood pressure and, even if asymptomatic, blood 
pressure control must be immediately addressed to 
prevent further deterioration.

12.2.2 Auscultation vs Oscillometry

Accurate measurement of blood pressure is essential 
for diagnosis and for allowing ongoing management 
decisions. The blood pressure norms in pediatrics are 
based on measurement by auscultation in an upper 
extremity while sitting [1]. In spite of this, oscillo-
metric measurements of blood pressure are widely 
used because of the ease in obtaining these readings, 
especially in the hospitalized child and in urgent care 
settings such as the ICU. Oscillometric measurements 
of blood pressure are typically at least 5–10 mmHg 
higher than those obtained by auscultation [25, 26]. As 
a result, any high blood pressure measurements should 
be confirmed with auscultation.

In the ICU setting, arterial lines may be placed to 
assist with monitoring of a patient’s hemodynamic 
stability and will be an additional resource to follow 
blood pressures. Although blood pressures from arte-
rial lines should, ostensibly, be superior to measure-
ments from cuffs, technical complications such as 
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positional line placement or microthrombus  formation 
often cause erroneous readings, and concern regarding 
ongoing vascular integrity often  limits the duration of 
an arterial catheter placement.

12.2.3 Cuff Size

Cuff size is another important factor that affects 
accuracy of blood pressure measurement. Generally, 
a cuff that is too small will overestimate blood pres-
sure. Conversely, cuffs that are too large may underes-
timate blood pressure, although clinically the impact 
of overestimated blood pressure measurements from 
small cuffs is far more significant. Although there are 
controversies regarding the most precise method for 
measuring cuff size [2, 4, 19], the recommendations 
of NHBPEP Working Group on High Blood Pressure 
in Children and Adolescents should be followed as a 
consensus guideline [1]. This guideline delineates that 
the width of the cuff bladder should be at least 40% of 
the arm  circumference measured midway between the 
olecranon and acromion. This measurement also tends 
to correlate with the bladder length covering 80–100% 
of the arm circumference. Appropriate sized cuffs 
should be available for both manual and oscillometric 
blood pressure measurements. In particularly obese or 
muscular adolescents, a thigh cuff may be  necessary to 
cover appropriately the arm.

Blood pressure standards are based on cuff readings 
from upper extremities. In the normal child with no 
aortic or lower extremity arterial  compromise, read-
ings from the lower extremities (thighs or calves) 
should be higher than upper extremity blood pres-
sures. Although lower extremity readings may provide 
information about blood pressure trends when com-
pared with other lower extremity readings, these meas-
urements should not be used to determine if a patient 
actually has hypertension or if medication doses need 
to be augmented.

12.2.4 Ausc ultatory Technique

As noted earlier, auscultation is the modality that has 
been used to create pediatric norms for blood pressure. 
With the child at rest, the diaphragm of the stethoscope 
should be placed over the brachial artery at the antecu-
bital fossa. The right arm is used both by convention 
as well as to assist in the diagnosis of coarctation of 
the aorta, as the left subclavian artery usually comes 
off the aorta after a thoracic coarctation and will thus 
have lower blood pressure. The systolic blood pres-

sure is the pressure noted at auscultation of the first 
tapping or Korotkoff sound, signifying turbulent 
blood flow through a previously compressed  vessel. 
The diastolic blood pressure is the disappearance of 
Korotkoff sounds. In some children, the Korotkoff 
sounds may continue until a diastolic blood pressure 
of zero. Although unlikely in the presence of signifi-
cant hypertension, if this occurs the diastolic blood 
pressure should be  measured at the muffling, or fourth 
Korotkoff sound.

In severely ill children in the ICU, it is likely that 
blood pressure will be monitored by a variety of inva-
sive and noninvasive means and, along with other clini-
cal assessments such as peripheral perfusion, will assist 
in allowing the clinician to gauge the child’s hemo-
dynamic status. Regardless of the modality used, any 
single blood pressure measurement is less important 
than the trend of the blood pressures. In children with 
hypertensive urgencies or emergencies, or in whom 
blood pressures have been chronically quite elevated, 
it is important to make sure that any therapy aimed at 
decreasing blood pressure does not result in too rapid 
a fall from the aberrant baseline since this may trigger 
further CNS compromise. In these settings, the impor-
tance of being able to assess blood pressure reliably by 
a consistent modality cannot be overemphasized.

12.3 Diagnostic Evaluation

Most hospitalized children with identified high blood 
pressure have a secondary form of  hypertension, 
although as the incidence of obesity rises so too does 
the incidence of primary, or essential, hypertension in 
all children [8, 16, 31, 33]. Although obesity and the 
metabolic syndrome result in measurable  physiologic 
changes including increased vascular endothelial 
activity, obesity-related  hypertension in children is 
still generally categorized as primary. Hypertension 
in children admitted to the ICU is rarely primary in 
nature and such a diagnosis would need to be predi-
cated on a rather extensive  diagnostic evaluation.

The diagnostic evaluation of a hospitalized hyper-
tensive child should be undertaken concurrent with 
lowering blood pressure, most especially in the setting 
of hypertensive urgencies or emergencies. Unlike in 
outpatients or children on the general ward, the evalu-
ation should focus on the assumption of a secondary 
cause until proven otherwise. Not to be underestimated, 
especially in the ICU setting, is the influence of pain 
and anxiety on increased blood pressure. All children 
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with evidence of sustained or recurrent hypertension, 
especially in the face of adequate analgesia and seda-
tion, should be evaluated for secondary hypertension. 
This evaluation can be done in a stepwise fashion 
and individualized based on findings of the history, 
physical exam, screening tests, and the child’s clinical 
condition.

Children with more persistent significant  elevations 
of blood pressure, as well as younger  children with 
hypertension, are more likely to have definable causes 
of their hypertension. Aside from pain and anxiety, 
the most common cause of  secondary hypertension 
in hospitalized children is renal parenchymal disease 
[24, 30], and the diagnostic evaluation should empha-
size this etiology. An algorithm for the diagnostic 
 evaluation of hypertension in the hospitalized child is 
provided in Fig. 12.1.

12.3.1 Hist ory

In the hypertensive child in the ICU, although the initial 
focus will be on patient stabilization and  initial treat-
ment of any life-threatening hypertension, eventually 
the clinician will want to begin a diagnostic evalua-
tion with a careful patient history. The history should 
focus on disorders or conditions that predispose to 
hypertension and, in the hospitalized patient, should 
begin with the history of present illness leading to the 
child’s admission and the hospital course following 
admission, especially the child’s renal function, volume 
status, and medications. For instance, in the postopera-
tive child who is otherwise healthy and heretofore had 
normal blood pressures, pain or anxiety may play a role 
in hypertension as can agitation from rapid weaning of 
sedation after  prolonged intubation or other procedures. 
Similarly, in the child  hospitalized with severe reactive 
airway disease, frequent administration of beta-agonists 
may be problematic. In the absence of such an obvious 
precipitating factor to the child’s hypertension, a com-
prehensive medical history is crucial and should begin 
with the child’s perinatal history. Prematurity itself is 
a risk factor for hypertension later in life [1, 14, 30]. 
Interventions in the neonatal period, such as placement 
of umbilical catheters, or periods of hypotension or 
diminished effective volume, may lead to renal hypop-
erfusion and subsequent renal scarring. Upper urinary 
tract infections, and especially repeated episodes of 
pyelonephritis in the first few years of life, may pre-
dispose to renal parenchymal scars that lead to renin-
mediated hypertension. These infections may have 

been undiagnosed and any past history of unexplained 
 recurrent febrile illnesses should be elicited [38].

Glomerulonephritis often presents with a nephritic 
syndrome with edema, hematuria, and hypertension and 
may be isolated to a primary renal condition or asso-
ciated with systemic inflammatory disorders such as 
systemic lupus erythematosus. Relevant historical fea-
tures should focus on joint symptoms, edema, rashes, 
and unexplained fevers. Recent systemic infections 
may also lead to postinfectious  glomerulonephritis 
and may be associated with gross hematuria.

The family history should focus on relatives with 
early-onset hypertension as well as inherited disease that 
affect the kidneys such as any polycystic kidney disease 
complex, tuberous sclerosis, and  neurofibromatosis. A 
strong family history of cardiovascular disease such 
as coronary artery disease, stroke, and hyperlipidemia 
suggests a similar risk in the hypertensive child.

Certain medications are known to cause hyper-
tension, such as oral contraceptives, corticosteroids, 
stimulants used for attention deficit disorder, decon-
gestants, and the calcineurin inhibitors cyclosporine 
and tacrolimus that are often the mainstay of immu-
nosuppression in solid organ transplant patients. 
Recreational drugs with stimulant effects such as 
cocaine, nicotine, and ephedra may also raise blood 
pressure, as can withdrawal from the effects of CNS 
depressants such as ethanol or narcotic analgesics.

The review of systems should evaluate for symp-
toms such as headaches, chest pain, visual changes, or 
mental status changes as these may be related to severe 
hypertension or CNS end-organ damage. Moreover, 
symptoms such as headaches and sleep disturbances are 
often associated with hypertension and may improve 
with normalization of blood pressure [6]. Sweating, 
palpitations, and flushing are associated with states 
of catecholamine excess such as that accompanies a 
pheochromocytoma.

12.3.2 Ph ysical Exam

Height, weight, and body mass index should be meas-
ured to assess for poor growth or to document an over-
weight state or frank obesity. As outlined earlier, the 
accurate measurement of blood pressure is an essen-
tial part of the physical assessment of the child with 
suspected or confirmed hypertension. In children with 
an unclear etiology to their hypertension, blood pres-
sure should be measured in all four extremities. The 
blood pressure in the lower extremities is typically 
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10–20 mmHg higher than in the right arm and may 
even be higher. Blood pressure in the lower extremi-
ties that is not higher than measurements in the upper 
 extremity is suggestive of a coarctation or other nar-
rowing of the aorta and is often associated with dimin-
ished femoral pulses.

The physical exam should include attention to signs 
of end-organ damage from hypertension. Previous 
studies have shown that children  presenting with hyper-

tension even at younger ages often show evidence of 
end-organ damage, such as left  ventricular hypertrophy, 
arteriolar narrowing and hyperreactivity, and structural 
and functional measures of endothelial dysfunction 
such as  elevated carotid intimal medial thickness and 
impaired flow mediated dilation after occlusion of the 
brachial artery [15, 17, 18, 20, 21, 23, 32, 37]. Thus, 
the physical exam should also include fundoscopic, 
cardiovascular, pulmonary, and neurologic exams. The 
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•
•
•
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• DMSA Scan 
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• DMSA Scan 
• Serum Renin, Aldosterone 
• Thyroid Function Tests 
• Urinary Catecholamines 
• Subspecialty Referral to define 

further evaluation

Begin Antihypertensive
therapy 

• Monitor during
hospitalization 

• Follow-up with primary care 
provider Initiate Diagnostic Evaluation if etiology

of Hypertension unclear 

90th-99th percentile 
No associated acute clinical 
conditions 
No concern regarding renal of
cardiac conditions

≥ 99th percentile 
 OR 
Acute Organ Dysfunction 
 OR
Concern regarding exacerbation of acute 
clinical condition 

Chemistry Profile
Urinalysis
Renal Ultrasound with
Doppler 

Fig. 12.1 Algorithm for the evaluation and management of the hospitalized child with hypertension
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abdomen should be  auscultated for abdominal bruits 
that, although uncommon, can accompany renovascu-
lar hypertension.

The physical exam should seek to uncover any evi-
dence of a systemic disease that may explain the elevated 
blood pressure. Similarly, several genetic syndromes 
have elevated blood pressure often related to renovas-
cular anomalies and they have characteristic physical 
findings. These include  neurofibromatosis (café-au-lait 
spots, axillary freckling, Lisch nodules), tuberous scle-
rosis (ash leaf macules, adenoma sebaceum, subungual 
fibromas, retinal hamartomas), Turner syndrome (short 
 stature, shield chest, upturned mouth, webbed neck), 
and Williams  syndrome (overfriendly personality, 
 cognitive impairment, prominent ears).

12.3.3 Laboratory and Radiologic Evaluation

Often, in the ICU setting, the first emphasis may not 
be on precise assignment of an etiology to the child’s 
hypertension. As the medical condition stabilizes, 
ongoing successful management will necessitate a sys-
tematic review of pertinent features of the history and 
physical exam as well as judicious use of laboratory 
and imaging studies. A urinalysis should be performed 
on a freshly voided urine sample and, if the dipstick is 
positive for blood or protein, should include microscopy 
to look for casts or other formed elements. Screening 
blood tests should include blood urea nitrogen (BUN), 
creatinine, and electrolytes to evaluate renal function 
and screen for states of mineralocorticoid excess that 
may lead to hypokalemia and alkalosis. The uric acid 
level is commonly elevated in children with primary 
hypertension [9, 10] and may be helpful in the absence 
of an identified secondary cause, although significant 
hyperuricemia may be seen in the ICU in children with 
dehydration, significant cell turnover or lysis, or with 
renal insufficiency.

Other studies should be sent based on  findings in 
the history or physical exam. For example, tachy-
cardia in the absence of pain or agitation  suggests 
 hyperthyroidism or high-catecholamine states and 
should trigger blood thyroid function tests and  urinary 
catecholamine quantification. A history concerning for 
urinary tract infections with unexplained fevers or pos-
itive urine cultures should precipitate a DMSA nuclear 
scan to determine the presence of  cortical scars.

Plasma renin activity and aldosterone levels are 
helpful only if their results are unequivocally low or 
high. They are most useful when a diagnosis of miner-

alocorticoid excess is suspected as plasma renin activ-
ity is typically suppressed. Aldosterone levels may be 
low or high, depending on the specific etiology of the 
mineralocorticoid excess. As these studies are typi-
cally sent out to reference laboratories, their values are 
not helpful in the acute management of hypertension. 
Additionally, these studies may be secondarily ele-
vated by vasodilators and, if possible, should be sent 
with the initial screening studies, prior to use of potent 
vasodilatory antihypertensives.

All children with hypertension should have a renal 
ultrasound performed. An ultrasound provides infor-
mation about differential renal size, hydronephrosis, 
echotexture, and cystic change and, thus, is a good 
screening test for many forms of kidney disease. Subtle 
renal scarring may not be seen on ultrasound, but a 
size discrepancy between kidneys of >1 cm in length 
is uncommon and may reflect scarring in the smaller 
kidney. A DMSA renal scan is a more  sensitive way to 
diagnose renal scars and should be considered if renal 
scarring needs to be confirmed or is highly suspected.

Doppler assessment of renal vessels measure 
changes in flow rates and, if abnormal, may  suggest 
the presence of renovascular hypertension. A normal 
Doppler study does not, however, rule out renal artery 
stenosis, especially stenosis in smaller segmental 
arteries not appreciated well by Doppler. More precise 
renovascular imaging such as MR or CT angiogra-
phy may be useful in some patients, although formal 
renal arteriography is often necessary to appreciate 
smaller segmental stenoses and allows for concomitant 
angioplasty.

Echocardiography is necessary in any child with 
concern for a structural cardiac lesion causing hyper-
tension. Additionally, echocardiography may be  useful 
as a very sensitive tool to measure cardiac changes 
such as left ventricular hypertrophy that accompanies 
sustained hypertension as an end-organ effect [18, 20, 
32]. In some  hospitalized patients with hypertension, a 
careful ophthalmologic exam may also give  information 
as to the  chronicity of the child’s  hypertensive state.

12.4 T reatment

12.4.1 A cute Management

In the child with sustained blood pressures exceeding the 
99th percentile, diagnostic evaluation and therapy need 
to be very carefully considered. The tempo and urgency 
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of the intervention is again guided on an individual basis 
by the child’s clinical presentation and course.

Severe hypertension with actual acute end-organ 
dysfunction or the concern of impending end-
organ dysfunction should be treated with short-act-
ing intravenous antihypertensive medications. The 
 medications most commonly used in a  hypertensive 
crisis are outlined in Table 12.1. The blood pressure 
should be lowered by 20–30% in the first 2–3 h. Once 
the blood pressure is in a range that is not acutely dan-
gerous for the patient, the blood pressure should be 
lowered more gradually to at least the 95th  percentile 
reference blood pressure over the next  several days or 
even longer.

Hypertension in the ICU can be effectively managed 
with continuous infusions of agents that can be care-
fully titrated to achieve target blood pressure goals. 
The choice of agent should focus on the presumed 
underlying mechanism of the hypertension as well as 
local custom and clinician’s familiarity with specific 
agents. Intravenous hydralazine and nitroprusside 
were for years the mainstay of parenteral antihyper-
tensive therapy in the pediatric ICU but medications 
initially introduced for care of adults have now gained 
more widespread use in children, with a number of 
studies leading to FDA approval for specific efficacy 
and safety labeling for several antihypertensive agents 
in children.

As the blood pressure is controlled, oral therapy 
needs to be initiated to allow a transition off drips 

or infused medications. In children hospitalized in 
the ICU for hypertension, this transition needs to be 
coordinated carefully and is best accomplished in a 
 monitored unit.

12.4.1.1 Nitroprusside

Sodium nitroprusside is a powerful arteriolar and 
venous dilator. For decades, its rapid onset of action 
with short half life has made it a first-line option for 
continuous antihypertensive infusion. Nitroprusside 
acts as a donor of nitric oxide, which mediates its 
potent vasodilatory characteristics. Its use is limited, 
however, by toxicity of its metabolites. Nitroprusside 
is converted by tissue sulfhydryl groups to cyanide, 
and this cyanide is then converted to thiocyanate in 
the liver. Patients with liver disease or reduced renal 
function should have cyanide levels followed. More 
specifically, thiocyanate levels should be monitored 
in patients on nitroprusside for more than 72 h or in 
patients with renal insufficiency and a GFR < 60 mL 
per min per 1.73 m2. Thiocyanate toxicity manifests 
primarily as neurotoxicity, and includes psychosis, 
blurred vision, confusion, weakness, tinnitus, and sei-
zures. An early sign of cyanide toxicity includes meta-
bolic acidosis, while other signs of toxicity include 
tachycardia, pink skin, decreased pulse, decreased 
reflexes, altered consciousness or even coma, almond 
smell on breath, methemoglobinemia, and dilated 
pupils.

Table 12.1 Medications for pediatric hypertensive urgency or emergency

Drug Mechanism Dose Onset Duration

Hydralazine Arteriolar dilator IV: 0.1–0.4 mg kg−1 to max dose of 20 mg 5–15 min 3–8 h

Labetalol a/b Blocker Initial IV bolus: 0.25 mg kg−1; repeat q 15 min 
 at increasing doses up to 1.0 mg kg−1 until 
 effective or total dose of 4 mg kg−1

 Maintenance IV drip: 1–3 mg kg−1 h−1

5 min 2–6 h

Nitroprusside Venodilator and
 arteriolar dilator

IV: start at 0.5 mg kg−1 min−1 1–2 min 3–5 min

Nifedipine Ca Chan blocker PO: 0.25–0.5 mg kg−1 10–20 min 3–6 h

Nicardipine Ca Chan blocker IV: 0.5–5 mg kg−1 min−1 10 min 2–6 h

Esmolol b-Blocker Loading dose of 500 mg kg−1 over 2 min
Maintenance IV drip: 50–250 mg kg−1 min−1

Seconds 10–20 min

Enalaprilat ACE inhibitor IV: 5–10 mg kg−1 dose−1 q8–24 h 0.5–4 h 6 h

Furosemide Loop diuretic IV: Intermittent: 0.5–2 mg kg−1 dose−1 q6–24 h
Continuous: 0.1–0.5 mg kg−1 min−1

2–5 min 2 h

See text for details of use
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Additionally, nitroprusside may increase  intracranial 
pressure (ICP). In the ICU setting where there may be 
children with both increased ICP and hypertension, 
this possible sequela needs to be considered when 
individualizing therapy for relevant patients.

12.4.1.2  Adrenergic Blockers: Labetalol 
and Esmolol

Labetalol may be used both via continuous infusion and 
intermittent IV dosing. It is the only drug that is both 
an alpha- and beta-blocker. Some consider its alpha-
blockade more pronounced in the IV form. Its dosing 
is independent of renal function and thus may be safely 
used in renal insufficiency. It may also be effective in 
the treatment of hypertension related to pheochromo-
cytoma. Furthermore, its function as both a continu-
ous and intermittent agent makes it a good bridge off 
a continuous drip when stability of blood pressure is 
achieved. It should be used judiciously in children with 
asthma as it may precipitate bronchospasm.

Esmolol is a selective beta-blocker used as a con-
tinuous infusion in children primarily in the setting of 
cardiac disease. Like labetalol, its use may be contrain-
dicated in certain children with asthma. Its  toxicities 
include bradycardia and  congestive heart failure.

12.4.1.3 Nic ardipine

Nicardipine is a dihydropyridine calcium channel blocker 
of the same class as nifedipine and amlodipine. While 
generally less familiar as an anti hypertensive agent for 
hypertensive urgencies or emergencies, it has been used 
safely in children with hypertensive crises. In spite of 
earlier concerns of cardiovascular collapse in young 
infants from calcium channel blockers, nicardipine has 
been used safely in both preterm and term neonates and, 
in three studies involving neonates, no adverse events 
were reported [13, 22, 36]. Nicardipine has also been 
used safely in older children for the acute management 
of hypertension [11, 35, 36]. Moreover, nicardipine was 
found as effective as nitroprusside in adult cohorts. Given 
its safety profile, this drug will likely find increased use 
in the pediatric ICU in the coming years. Use of nica-
rdipine also allows transition over to a long-acting oral 
calcium channel blocker such as amlodipine or extended 
release nifedipine.

12.4.1.4 F enoldopam

Fenoldopam is in a unique class of dopamine D1 recep-
tor agonists. The pediatric experience with fenoldopam 
is most extensive in children after  cardiopulmonary 

bypass surgery for congenital cardiac disease. In one 
study, while lowering blood pressure, fenoldopam also 
promoted diuresis in neonates who were fluid over-
loaded after cardiac surgery in spite of therapy with 
conventional diuretics [5]. Its toxicities are relatively 
limited but include reflex  tachycardia and tachyphy-
laxis within days of its onset. This agent will likely 
find greater use given its therapeutic profile, espe-
cially in children with hypertension who may also 
benefit from increased renal perfusion. Its cost and 
limited clinician familiarity with its use may impact its 
widespread acceptance as first-line  therapy for hyper-
tensive emergencies.

12.4.1.5 O ther Agents

Although a continuous infusion is often ideal for care-
ful titration of blood pressure in the ICU setting, there 
may be situations where dosing intermittently with 
other agents may be appropriate or effective.

Hydralazine is a commonly used vasodilator with 
rapid onset that often can be titrated to achieve good 
blood pressure control. It is generally well tolerated 
and can be given in a non-ICU setting.

Nifedipine is another short-acting agent and has 
the advantage of oral administration. Its use in adults 
is rare due to reports of myocardial  infarction related 
to its use [27]. The use of short-acting nifedipine in 
children has been found to be very widespread among 
clinicians treating children with  hypertension, and 
although a higher incidence of adverse events was seen 
in patients with preexisting CNS disease [7], it is con-
sidered a safe general therapy. The sublingual route is 
suboptimal compared with oral ingestion of an intact 
capsule. Sublingual administration requires aspiration 
of liquid from within the gelcap and subsequent dose 
estimation; moreover, absorption after sublingual pro-
vision is erratic.

Enalaprilat is the IV form of the angiotensin con-
verting enzyme (ACE) inhibitor enalapril. Its use is 
appropriate for those scenarios where renin-mediated 
hypertension is a concern. Enalaprilat, like its prodrug 
enalapril, is longer acting than many other IV antihy-
pertensives and is dosed every 8–24 h in infants and 
children [41]. Its use for hypertension in neonates or in 
children with cystic kidney disease, congenital urologic 
malformations, or clinical conditions where afterload 
reduction is indicated makes enalaprilat a unique choice 
that addresses specific mechanisms of hypertension. It 
should be used with caution in renovascular disease as 
renal perfusion is renin-dependent in those settings. 
Careful attention to potassium and creatinine should 
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also be given, as these levels may be adversely affected 
with ACE inhibitors, as discussed further later.

Diuretics are frequently used in adults with hyperten-
sion. Their use in children is more focused, especially in 
the ICU. Loop diuretics (furosemide, bumetanide) are 
the most potent diuretics in clinical use, blocking 25% 
of tubular sodium reabsorption at the thick ascending 
limb of the loop of Henle. Thiazides (hydrochloro-
thiazide, chlorothiazide, metolazone) are less potent 
but are often used for chronic diuretic monotherapy 
or as an adjunctive medication with a loop diuretic. 
Metolazone may be particularly effective in the setting 
of renal insufficiency, heart failure, or refractory neph-
rotic syndrome. Many of the diuretic agents have IV 
forms that are used most commonly in the ICU to treat 
 volume overload when oral diuretics cannot be  utilized 
or have been ineffective. Additionally, because of the 
compensatory sodium retention that follows long-term 
vasodilator and calcium channel blocker use, diuret-
ics can mitigate this volume expansion. Thiazides may 
serve a similar adjunctive function for loop diuretics, 
as increased sodium reabsorption more distal to the 
thick ascending limb can blunt the natiuresis and water 
loss expected with loop diuretics [29]. Finally, aside 
from its intermittent dosing, furosemide or bumeta-
nide can be administered as a continuous infusion for 
refractory volume overload.

12.4.2 Long-A cting Medications

As blood pressure is controlled by intravenous medica-
tion, it is important to initiate oral  antihypertensives to 
allow transition off continuous infusions and transfer 
out of the ICU onto the ward. Table 12.2 reviews the 
drugs used most often for pediatric antihypertensive 
therapy. The choice of  antihypertensive agent should 
address the presumed underlying pathophysiology of 
the blood pressure perturbation. For instance, chil-
dren with fluid overload related to  glomerulonephritis 
should be treated with diuretics and vasodilators. 
Hyperreninemic hypertension due to renal parenchy-
mal scarring should be treated with ACE inhibitors or 
angiotensin receptor blockers (ARBs). Generally, one 
medication is initiated and its dose escalated until max-
imal dosing has been reached at which point an addi-
tional agent is started and dose is adjusted as needed. 
The use of the fewest medications is optimal clinically 
to maximize adherence and minimize drug sequelae. 
Once blood pressure is normalized, medications should 
be maintained to allow ongoing blood pressure control 
and not held because of good blood pressures unless 

there is symptomatic hypotension. Goal blood pressure 
with chronic therapy should be no higher than the 95th 
percentile for reference group. In other words, therapy 
should be escalated or augmented until at least high 
normal blood pressure readings are obtained consist-
ently. Depending on particular clinical circumstance, 
some children may benefit from even lower chronic 
blood pressure readings.

The dihydropyridine calcium channel blockers 
nifedipine and amlodipine are now among the most 
common agents used for pediatric hypertension since 
these agents are generally well tolerated and need no 
specific laboratory parameters followed during ther-
apy. At higher doses, they may cause headache and 
reflex tachycardia. The salt retention that may occur 
with prolonged use may lead to tachyphylaxis, and 
the addition of low-dose diuretic augments the anti-
hypertensive effect. Rare patients develop extremity 
edema that may also respond to diuretics. Extended-
release nifedipine is formulated as a capsule that must 
be swallowed intact and may be difficult for younger 
children to swallow. Amlodipine has been studied in 
specific pediatric trials [12, 28, 34] and is approved 
for use in children over 6 years of age. Although for-
mulated to be swallowed as a whole tablet, amlodipine 
may be crushed and there is extensive clinical use with 
compounded suspensions.

ACE inhibitors have also found widespread use in 
pediatrics, related both to their  antihypertensive action 
as well as their renoprotective effect in patients with 
proteinuria and chronic kidney disease. Many of the 
agents in this class have been studied in children, and 
enalapril, fosinopril, lisinopril, and benazepril all have 
specific pediatric labeling for hypertension [39, 40]. 
These drugs are especially effective in patients with 
hyperreninemic hypertension due to renal parenchy-
mal scarring. In patients with a suspicion of renal 
artery stenosis, tenuous renal  perfusion, or in whom 
the etiology of the hypertension is unclear, ACE inhib-
itors should be used with caution, as they may precipi-
tate acute renal failure in patients with bilateral renal 
artery stenosis or with borderline or diminished effec-
tive intravascular  volume. By decreasing GFR, ACE 
inhibitors may also cause elevations of serum creati-
nine and potassium, and these biochemical parameters 
should be  followed in children taking these drugs. ACE 
inhibitors should generally be avoided as first-line 
therapy in patients with acute renal failure in whom 
alterations of glomerular hemodynamics may impede 
recovery. These  medications may also lead to anemia 
via bone marrow suppression and a CBC should be 
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checked periodically, especially if the patient is on 
any other myelosuppressive medications. Although 
cough is reported frequently in adults on ACE inhibi-
tors, this is seen less often in children unless higher 
doses are used. Finally, this class is teratogenic and 
postmenarchal girls taking these medications should 
be  counseled about  abstinence or contraception.

As a result of specific pediatric studies, two ARBs 
(irbesartan, losartan) are approved for use in children 
over 6 years of age. With respect to biochemical changes 
and teratogenicity, these agents have a side effect profile 
similar to ACE inhibitors, although the effect on potas-
sium may not be as dramatic as for ACE inhibitors.

Beta-blockers are widely used in adults for primary 
hypertension, due to their ability to decrease mortality 
after cardiovascular events and for some children with 
specific cardiac anomalies they will also be prescribed 
as first-line therapy. Beta blockers may cause exercise 
intolerance due to their effect on heart rate, can contrib-
ute to depression in some individuals, and may be prob-
lematic with asthma or diabetes. They may,  nonetheless, 
play a role in antihypertensive therapy even in children 
with normal baseline cardiac status, for instance, in 
individuals already on vasodilator therapy but with 
tachycardia and suboptimal blood pressure control or in 

hypertensive children with migraines who may benefit 
from headache prophylaxis.

Diuretic therapy is increasingly recommended as the 
mainstay of antihypertensive therapy in adult patients. 
In the hospitalized hypertensive child, diuretics are 
used primarily in glomerulonephritis where volume 
overload is a concern, or as an adjunct to vasodilators 
as secondary salt and water retention may develop as 
noted earlier. As chronic therapy in the ambulatory 
setting, diuretics may also be beneficial, again gener-
ally as an adjunctive medication; however, their pre-
scription may be problematic in children without free 
access to lavatories or who are embarrassed or reluc-
tant to use school restroom facilities.

12.5 C onclusion

While hypertension is an uncommon reason for pedi-
atric ICU admission, especially in the setting of a 
hypertensive urgency or emergency where acute organ 
dysfunction is present, prompt management and evalu-
ation is essential. As most causes of severe hyper-
tension are related to kidney disease, the evaluation 
should focus on these etiologies. Early consultation 

Table 12.2 Long-acting oral antihypertensive agents in children

Medication
Initial dose 
(mg kg−1 day−1)

Maximal dose 
(mg kg−1 day−1) Dosing frequency

Calcium blocker

 Nifedipine 0.25 3 XL or SR forms bid

 Amlodipine 0.1 0.4 qd – bid

ACE inhibitor

 Captopril (neonate) 0.03–0.15 2 bid – tid

 Captopril (child) 1.5 6 bid – tid

 Enalapril 0.15 Up to 40 mg 
 total per day

qd – bid

Diuretic

 Hydrochlorothiazide 1 2–3 qd – bid

 Furosemide 0.5–1.0 10 qd – bid

Adrenergic agent

 Atenolol (b blocker) 0.5 2–3 qd – bid

 Propranolol (b blocker) 1 6–8 Bid

 Labetalol (a/b blocker) 1 3 Bid

Vasodilator

 Hydralazine 0.5 10 tid – qid

 Minoxodil 0.1–0.2 1 qd – bid
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with a pediatric nephrologist will facilitate the evalu-
ation, focus laboratory investigation and imaging, and 
optimize pharmaceutical interventions. The evaluation 
of acute hypertension should be  simultaneous with its 
treatment. The choice of antihypertensive agent should 
reflect the putative  etiology of the hypertension. In 
addition to  mainstays of antihypertensive therapy in the 
pediatric ICU such as nitroprusside and labetalol, there 
are a growing number of other medications available 
for continuous or intermittent infusion or oral provi-
sion. As no single continuous infusion drug has been 
shown to be superior, the choice of agent should be 
based on the mechanism of action and the experience 
of the center, with transition to oral therapy as soon 
as feasible to facilitate long-term care. Therapy should 
utilize the fewest medications with sequential maxi-
mization of dosing prior to initiation of an additional 
agent. Goal blood pressure readings should be less than 
the 90th to 95th percentile for age, size, and gender.

› Hypertension in children and adolescents is assumed to be 
secondary and should trigger a diagnostic evaluation.

› Treatment of severe hypertension should be simultaneous 
with the diagnostic evaluation.

› Multiple intravenous agents are available as continuous 
and intermittent infusions for the rapid lowering of blood 
pressure in children.

› Once blood pressure is controlled with an intravenous 
agent, patients should be transitioned to oral medication 
or a similar class.

Take Home Pearls
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› Glomerulonephritis is infrequently the cause of an ICU 
admission but children with significant glomerulonephri-
tis may develop severe fluid and electrolyte perturbations 
or acute kidney injury requiring urgent dialysis therapy 
necessitating intensive care.

› The evaluation of acute glomerulonephritis is directed at 
both discerning an etiology and determining if there is 
rapid deterioration in renal function.

› Any glomerulonephritis with rapid accompanying loss of 
renal function needs an extensive immediate evaluation 
including consideration of diagnostic renal biopsy.

› The therapy for acute glomerulonephritis varies  according 
to the underlying etiology. In cases of a rapidly progressive 
glomerulonephritis with loss of renal function, aggressive 
therapies including plasmapheresis, steroid pulses, and 
cytotoxic agents may be useful.

Core Messages

Acute Glomerulonephritis

J. Dötsch

13

Case Vignette

A 12 year old girl presents with fever and  hemoptysis. 
She was well until 4 months ago when she  developed 
an upper respiratory infection that seemed to lin-
ger with persistent cough and sinus discomfort. She 
has been treated with several courses of oral antibi-
otics without improvement. She has also developed 
 progressive fatigue and has frequently been unable to 
go to school or participate in her dance class. One week 
ago she developed fever to 39°C with night sweats. 

A PPD was placed by her pediatrician and showed 
negative. Diagnostic evaluation included anemia on a 
CBC, negative sinus radiograph, a 3 cm area of nodu-
lar opacity in the left upper lung on chest  radiograph, 
normal serum BUN and creatinine, and a urinalysis 
with 2+ protein and 3+ blood with red blood cell casts. 
Physical examination is noteworthy for a blood pres-
sure of 132/86, mild pallor,  irritated nasal mucosa, 
and diminished breath sounds at the left apex. Fur-
ther diagnostic studies including  complement  levels, 
anti-nuclear antibodies, anti- glomerular basement 
membrane antibodies, and anti-neutrophil cytoplasm 
antibody (ANCA) serologies are obtained. Indirect 
immunofluorescence testing for ANCA is positive 
and anti-proteinase 3 ELISA titer is high. A diagnosis 
of Wegener’s Granulomatosis is confirmed after the 
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patient undergoes biopsies of her kidneys and lungs. 
Renal biopsy reveals occasional glomeruli with cre-
sentic changes. She receives three days of pulse sol-
umedrol intravenously as well as an intravenous pulse 
of cyclophosphamide.

13.1 In troduction

Acute glomerulonephritis (GN) per se rarely is an 
actual indication for admission of a child or  adolescent 
to the intensive care unit. Several complications of the 
illness may, however, lead to the need for critical care 
management, including:

1.  Referral of the patient to the ICU for urgent hemo-
dialysis, hemofiltration, or peritoneal dialysis

2.  Admission of a patient with a complication from 
GN or GN therapy, for instance severe hypertension 
or infection in a child receiving immunosuppres-
sive medications

3.  Management of a patient with severe multisystem 
disease including GN from systemic lupus ery-
thematosus (SLE), Goodpasture’s syndrome, and 
Wegener’s granulomatosis

As a consequence, the ICU specialist should

1.  Recognize GN and organize the initial diagnostic 
evaluation

2.  Know the course and prognosis of different forms 
of acute GN

3. Know the potentially underlying systemic diseases
4.  Anticipate complications of acute GN in the inten-

sive care setting
5.  Know the mainstays of treatment and their 

complications

The major focus of this chapter will be on rapidly pro-
gressive GN (RPGN), also termed crescentic GN for 
its histologic appearance on renal biopsy. Despite being 
rare in presentation, its potential devastating clinical 
course and its propensity to cause severe acute kidney 
injury make it a form of GN likely to be encountered 
in the pediatric IUC.

13.2  Causes and Classification 
of Acute GN

According to the WHO classification of glomerulopa-
thies [6], the most frequently encountered forms of 
acute GN will either be found in a group of primary 

glomerulopathies or in glomerulopathies secondary to 
systemic disease. Among children, the most common 
cause of acute GN is a primary post-infectious  process 
from a preceding bacterial or viral infection. Found in 
the group of systemic diseases with GN are  conditions 
such as Henoch–Schönlein purpura (HSP), SLE-
nephritis, Goodpasture’s syndrome, or anti-glomerular 
basement membrane (anti-GBM) disease. Found in 
the third WHO group are vascular diseases with renal 
complications such as the anti-neutrophil cytoplasm 
antibody (ANCA) positive vasculitides including pol-
yarteris nodosa and Wegener’s granulomatosis.

13.2.1  Causes of Rapidly Progressive 
or Crescentic GN

The causes of a rapidly progressive GN (RPGN) or 
crescentic GN vary substantially in reports from differ-
ent medical centers and countries. While RPGN refers 
to the clinical course with a decrease in effective GFR 
occurring over a relatively compressed time frame, 
crescentic GN refers to the actual biopsy findings. 
Since RPGN may not always be easily  distinguished 
from the acute exacerbation of a heretofore undiag-
nosed glomerulopathy, biopsy may indicate chronic 
diseases as well.

Information on four larger series of children and 
adolescents with an RPGN with at least 50% cres-
centic glomeruli on renal biopsy have been published. 
In European studies with data on 41 children from 
France [19] and Great Britain [13], HSP was by far 
the most common cause of crescentic GN in up to a 
third of children. RPGN from vasculitis (about 15%), 
poststreptococcal GN (about 10%), and anti-GBM 
disease (about 5%) followed in frequency. An RPGN 
from IgA-nephropathy or SLE was rare, and non-
specific mesangioproliferative changes were common 
in almost a quarter of affected children.

These findings are in contrast to data from other 
parts of the world. In 50 American children with 
RPGN, 26% had non-specific immune complex 
 disease, 18% had SLE, 14% idiopathic GN and 12% 
post- streptococcal GN [24]. Interestingly, RPGN 
related to HSP was rare (6%).

In 43 Indian children and adolescents with  crescentic 
GN, 60% of renal biopsies were classified  idiopathic 
and 26% post-streptococcal GN [25].

A very rare cause of RPGN in any series is a com-
plement consuming nephritis associated with a chronic 
infection such as subacute bacterial endocarditis, an 
infected permanent central venous line, or an infected 
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ventriculo-peritoneal or ventriculo-atrial shunt. In the 
context of medically complex pediatric patients in the 
ICU, however, this form of nephritis should be included 
if applicable in broad initial differential diagnoses.

13.3 Diagnosis of Acute GN

The diagnosis of an acute GN necessitates differentiation 
from a chronic renal disorder with similar symptoms and 
signs. Most important in the ICU setting is anticipation 
of any rapidly progressive course that may complicate 
patient management or impact patient morbidity or mor-
tality. A proposed scheme of diagnostic evaluation in 
acute GN is shown in Fig. 13.1.

13.3.1 Clinical Presentation (Table 13.1)

The classical clinical symptoms of acute GN are hema-
turia, often with one or more episodes of macroscopic 

hematuria, sterile pyuria, and proteinuria. Oliguria, 
edema, hypertension, functional renal impairment, and 
anemia are seen to a variable degree.

13.3.1.1  RPGN: Epidemiology and Clinical 
Presentation

As discussed above, in the pediatric ICU, RPGN is 
without doubt the most important form of GN encoun-
tered. The exact incidence of an RPGN in children 
with any type of GN is unknown. In adults, 2–5% of 
all patients diagnosed with GN show crescentic lesions 
on renal biopsy [20]. Approximately half of children 
with a predominately crescentic GN have a rapidly 
progressive course [17].

In contrast to uncomplicated acute GN, the most 
important clinical hallmark of an RPGN is renal impair-
ment. Oliguria, hypertension, edema, and  anemia are 
more common than in uncomplicated acute GN, but 

Fig. 13.1 Algorithm for the clinical management of acute GN
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are not always present [9]. The clinical spectrum of 
crescentic RPGN is shown in Table 13.2.

The onset of disease may be acute, or insidious 
and have pre-existed for a considerable time period. 
If the patient presents with renal failure and normo-
cytic anemia, it may not always be easy to discriminate 
between acute and chronic renal failure. Signs of renal 
osteopathy and serious perturbations in the calcium-
 phosphorus-PTH axis would indicate a more chronic 

course. Under certain circumstances, only renal biopsy 
may lead to a clear diagnosis.

Extrarenal clinical symptoms of systemic disease 
associated with RPGN or crescentic GN may aid in the 
diagnosis (Table 13.3). For instance, HSP has classical 
dermal lesions on the lower legs and buttocks; SLE 
may, apart from the characteristic facial rash, present 
with other skin lesions and  arthritis; Goodpasture’s 
syndrome may present with  pulmonary hemorrhage 
and Wegener’s granulomatosis with epistaxis or sinop-
ulmonary disease. The extrarenal findings in these 
diseases may actually precede any renal impairment or 
an episode of GN by up to several years [3].

13.3.2 D iagnostic Evaluation

The diagnosis of acute GN is usually made by clinical 
evaluation and laboratory examinations. In the case of 
a rapidly progressive course, renal biopsy may be nec-
essary. After symptoms such as brown urine, oliguria, 
or swelling are reported, ongoing clinical examination 
should look for findings suggesting volume imbal-
ance such as exacerbating edema and hypertension. 
The urine volume as well as the patient’s daily weight 
should be determined.

Table 13.1  Causes of GN and risk of a rapidly progressive course in childhood and adolescence. GN: GN, RPGN: rapidly 
progressive GN, CRF: chronic renal failure

GN Age Incidence
Risk of 
RPGN Overall prognosis

Postinfectious GN Childhood (especially
 4–12 years)

Common Low <2% chronic kidney 
 disease [23]

Henoch–Schönlein 
 purpura GN

Childhood Relatively common; 
in 20–60% of cases 
of HSP

Low Up to 20% chronic 
 kidney disease [28]

IgA-nephropathy All ages, 
 especially >10 years 
 old

Relatively common 
 (up to 1% of entire 
 population)

Low Up to 25% ESRD after 
 20 years in adults [8]

SLE-nephritis Adolescents 2/1,000,000 Higher in 
 Afro-American and 
 Asian population

Moderate 10–20% ESRD after 
 10 years [5]

Polyarteritis nodosa All age groups Very rare High Mortality in adults from 
 10% to 45% [12]

Wegener’s 
 granulomatosis

Adolescents Very rare High CRF 50% [1]

Goodpasture’s 
 syndrome

Adolescents Very rare High ESRD and mortality 
 high [3]

Shunt nephritis All age groups Very rare Moderate Reversible with 
 appropriate 
 treatment

Table 13.2  Clinical presentation of children and adolescents 
with RPGN [7,9,13,19,24,25]

Clinical presentation Frequency (%)

Acute kidney injury 100

Microscopic hematuria 100

Macroscopic hematuria 50–90

Proteinuria 70–100

Nephrotic syndrome up to 50

Oliguria 5–100

Edema 15–90

Anemia up to 70

Hypertension 15–85
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Laboratory examination will include urinalysis 
looking for positive heme and protein on dipstick and 
dysmorphic urinary erythrocytes and red cell casts 
on microscopic review. Blood chemistries including 
 electrolytes, urea nitrogen, and creatinine help deter-
mine whether alterations of renal function or solute 
handling have already taken place. As a clue to under-
lying systemic or inflammatory disease, a CBC, C-
 reactive protein, erythrocyte sedimentation rate, C3 
and C4 complement levels, anti-streptolysin titers, 
anti-nuclear antibodies, anti-double-stranded DNA-
antibodies, cANCA or pANCA serologies, and anti-
GBM antibodies may need to be ordered. If nephritis 
linked to a chronic systemic bacterial infection is sus-
pected, blood cultures are indicated.

To assess for systemic pulmonary disease or to assess 
further volume overload, chest radiographs may be 
 indicated. Specific alterations in cardiac  function may 
best be appreciated by  echocardiography. Evaluation 
is best done sequentially and, if there is a rapidly pro-
gressive course and no defined diagnosis, renal biopsy 
must not be delayed.

13.3.3 D ifferential Diagnosis

An acute GN has to be differentiated from a number of 
other entities with shared presenting characteristics:

Chronic glomerulopathies such as IgA nephropathy, 
membranoproliferative GN, focal segmental glomeru-

losclerosis, and Alport’s syndrome may be difficult to 
differentiate, especially if there is an acute exacerbation. 
Signs of chronic renal failure such as short stature, ane-
mia, acidosis, hypocalcemia, hyperphosphatemia, and 
hyperparathyroidism may point to a chronic glomerular 
disease with pre-existing renal insufficiency. Positive 
family history and sensory hearing loss may indicate 
Alport’s  syndrome. Frequently, only renal biopsy estab-
lishes the  etiology of a chronic disorder.

Hemolytic-uremic syndrome is occasionally a dif-
ficult diagnosis, especially if thrombocytopenia and 
anemia are only mild or attributed to another cause. 
A history of bloody diarrhea, with ensuing hematu-
ria, schistocytes in the peripheral blood smear, and an 
elevation of LDH in serum will usually help to arrive 
at the diagnosis of typical or D+ HUS. In D− HUS or 
cases not related to a diarrheal prodrome, a thrombotic 
microangiopathy should still be a cardinal feature; 
various genetic, infectious, or drug-related etiologies 
have been described.

Acute interstitial nephritis due to infections or 
drugs such as penicillins and cephalosporins may 
present with proteinuria, microscopic hematuria, and 
acute kidney injury. As opposed to the proteinuria 
accompanying a glomerular lesion, with heavy urinary 
losses of albumin and potentially,  immunoglobulin 
G, the proteinuria of interstitial nephritis is tubular 
in etiology and usually presents with the loss of low 
molecular mass proteins (α1- microglobulin or  β2-

Table 13. 3 Extrarenal symptoms, clinical signs, and laboratory findings associated with acute GN

Underlying disease Clincal sign Characteristic laboratory findings

Postinfectious GN History of streptococcal infection (2–6 weeks 
 before) or preceding history of other recent 
 infection; arthritis

Complement C3↓, Antistreptolysin 
 Titer↑

IgA nephropathy Acute (viral) infection precipitates gross 
 hematuria

Henoch–Schönlein purpura Purpura of lower legs and buttocks, arthritis, 
 abdominal pain

Systemic lupus 
 erythematosus

Facial rash, arthritis, fever, fatigue, pallor 
 (anemia), infections (leukopenia) central 
 nervous symptoms

Complement C3 and C4↓, anemia, 
 leukopenia, ANA and anti-double-
 stranded DNA antibodies

Goodpasture’s syndrome Pulmonary hemorrhage, dyspnea Anti GBM antibodies

Polyarteritis nodosa Arthritis, polymorphic skin rashes (purpura, 
 skin necrosis, nodules) neurological 
 symptoms, gastrointestinal symptoms

pANCA elevated

Wegener’s granulomatosis Epistaxis, pulmonary hemorrhage cANCA elevated

Shunt nephritis Fever, ventriculo-peritoneal shunt, 
 permanent central venous line or port

Complement C3↓, CRP↑
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 microglobulin). In addition, increased urinary losses 
of sodium, potassium, phophate, and glucose may be 
present from tubular dysfunction.

Isolated hematuria is usually easy to differentiate 
from acute GN since proteinuria is absent and  kidney 
function and blood pressure is normal.

Acute urinary tract infection may sometimes mimic 
acute GN, in particular if macroscopic hematuria is 
present from cystitis. In lower tract urinary infection, 
the urinary erythrocytes are of non-glomerular  origin 
and heavy proteinuria is generally not present.

13.3.4 Renal Biopsy

With advances in technical equipment and using 
ultrasound guidance, renal biopsies can be performed 
with few complications even in very small children. 
Although rare in experienced hands, hemorrhage, 
infection, arterio-venous fistula formation, and even 
organ loss are all reported sequelae.

Renal biopsy is indicated in any GN with  progressive 
loss of renal function raising a suspicion of RPGN, 
with renal involvement in suspected systemic dis-
ease such as SLE or Goodpasture’s syndrome, and in 
cases of GN with a nephrotic course, persisting mac-
roscopic hematuria, or long term persistence of heavy 
 proteinuria (>1 g m−2 d−1).

Biopsy samples should be sent for light microscopic 
review as well as immunofluorescence study and 
 electron microscopy. With light microscopy, glomeru-
lar crescents can be appreciated. Although the number 
of crescents is somewhat predictive of the extent of 
 disease, it may not necessarily predict the outcome 
of disease. In fact, a clinical RPGN can be seen with 
as few as 10% of glomeruli  demonstrating crescents 
[10, 21]. A further histological feature that may be 
very important for the prognosis of the acute GN is 
the nature of the crescents. Three types are described: 
 cellular crescents, implying recent proliferation of 
epithelial and inflammatory cells; fibrous crescents 
where all proliferating cells have been replaced by col-
lagen indicating an advanced chronic state of disease 
that may no longer be remediable; and an intermediate 
type, so called  fibrocellular crescents where there may 
be a mix of reversible and  irreversible changes [13].

Immunohistochemical staining is an important 
diagnostic tool. The underlying renal disease that 
might be discovered by immunohistochemistry may be 
by far more important for the prognosis of the disease 
since directed therapy may induce a disease remission 
and allow tissue healing. Anti-glomerular basement 

 membrane staining, for instance, may help to arrive at 
the diagnosis of Goodpasture’s syndrome [3]. Positive 
IgA-staining helps to identify IgA- nephropathy [10], 
and the so-called “full-house” immunochemical pat-
tern of positive staining for IgM, IgG, C3, and C1 is 
very suggestive of SLE. Assessment of renal vessels 
in the biopsy helps to exclude thrombotic microan-
giopathy from the differential diagnosis, and may also 
help to arrive at the diagnosis of GN in polyarteritis 
nodosa.

13.4  Complications of Acute GN Seen 
in the Pediatric ICU

The complications seen in acute GN may either be due 
to an alteration of renal function, with the consequence 
of volume overload and electrolyte imbalances, or due 
to the involvement of other organs by an underlying 
systemic disease (Table 13.4).

Fluid overload in the course of acute GN is quite 
common. Several factors add to this problem: evolv-
ing or established oligo-anuria due to functional renal 
impairment, iatrogenic overinfusion of crystalloids, 
and activation of the renin–angiotensin–aldosterone 
system (RAAS) on the glomerular level resulting in 
sodium and water retention.

As a consequence, patients often become hyper-
tensive, which may even be further exacerbated by 
ongoing angiotensin II activation or further fluid pro-
vision. If hypertension is not well controlled, in any 
acute GN there is the risk of a hypertensive urgency or 
emergency potentially leading to end organ  damage. 
Hypertension may also potentiate cardiac failure and, 
as a consequence, pulmonary edema may necessitate 
or complicate mechanical ventilation of the patient.

Electrolyte imbalance is another common compli-
cation of acute GN with renal dysfunction in the ICU. 
Hyperkalemia, caused by decreasing renal excretion of 
potassium and metabolic acidosis leading to a shift of 
potassium from the intracellular to extracellular space, 
may lead to cardiac arrhythmias. Hyponatremia from 
volume overload or decreased free water clearance and 
hypocalcemia from renal dysfunction or acid–base 
anomalies may also predispose to clinically relevant 
complications such as seizures.

In the patient with GN from systemic disease, 
other organ systems may be affected. Alterations of 
 consciousness or seizures can accompany SLE or 
vasculitis; lung failure following pulmonary  hemorr-
hage may be seen in Goodpasture’s syndrome and in 
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Wegener’s granulomatosis; multiorgan failure with a 
sepsis-like appearance is a rare manifestation of SLE.

13.5 Treatment of Acute GN

Treatment of acute GN is tailored along three lines:

1. Symptomatic therapy for fluid or electrolyte issues 
arising from renal dysfunction

2. Therapy based on treating any underlying disease 
state

3. Therapy based on addressing specific degrees of 
disease severity

In general, there are very little evidence-based data 
available on the treatment of acute GN or RPGN in chil-
dren or adults, and clinical consensus generally guides 
management. The lack of such specific data underscores 
the importance of multicenter  intervention studies.

13.5.1 S ymptomatic Treatment

13.5.1.1 Mild or No Functional Renal Impairment

Symptomatic treatment depends on the degree of 
functional renal impairment. In patients with little if 
any change in baseline GFR, salt and fluid restriction 
should be considered in view of the activated RAAS. 
Depending on any evolving pattern, hypertension 
needs to be treated if it is sustained, and aggressive 
therapy implemented if there is any risk of hyper-
tensive urgency. Activity level should be guided by 
the patient’s overall clinical status, energy level, and 
stamina. There is no therapeutic utility to severe 
restrictions in activity such as bed rest and, in fact, 
in patients whose acute GN is also complicated by 

 nephrosis, there may be thrombotic complications 
from prolonged inactivity.

13.5.1.2  Severely Impaired Renal Function, 
Rapidly Progressive GN

In the intensive care unit setting, oligo-anuria will 
be the most important therapeutic  challenge since 
critically ill patients often require a large daily fluid 
volume for necessary medications, nutrition, or to 
maintain hemodynamic stability. Apart from judi-
cious fluid provision and sodium restriction in the 
context of a highly activated RAAS, further treatment 
depends on the specific clinical  complications. With 
oliguria, furosemide or other loop diuretics may be 
beneficial. In the setting of reduced GFR, doses as 
high as 2 mg kg−1 body weight may need to be tried 
and, if increased urine flow results, repeated doses at 
regular intervals or diuretic drips may help to blunt 
volume overload, although there is little utility in 
maintaining the use of a diuretic if there is no sig-
nificant response [4]. Continuous infusion and inter-
mittent dosing of furosemide do not appear to have 
different efficacy [15].

If fluid overload leads to therapy-refractory hyper-
tension, cardiac failure, or respiratory compromise, 
hemodialysis or hemofiltration are urgently indicated. 
Until dialysis is initiated, cardiac afterload needs to be 
reduced since, in the context of the high activity of the 
RAAS, angiotenin II-induced vasoconstriction adds 
to the effect of volume overload. Vasodilators such 
as nifedipine or hydralazine or nitroprusside may be 
 beneficial. In certain ICU settings when fluid removal 
and solute clearance can proceed more slowly or where 
there are clinical or anatomic contraindications to 
hemodialysis, peritoneal dialysis may be considered.

Table 13.4 Potential complications of acute GN (seen in the pediatric ICU or leading to referral to the ICU)

Clinical characteristic Complication

Deterioration of renal function Therapy-refractory hypertension

Cardiac failure (hypertension, cardiac arrythmia)

Electrolyte derangements (hyperkalemia, acidosis, 
 hyponatremia, hypocalcemia, hyperphosphatemia)

Seizures (often mediated by hypertension or electrolyte disturbance)

Complications of underlying disease Pulmonary hemorrhage (Goodpasture’s syndrome, Wegener’s 
 granulomatosis)

Seizures, cerebritis, cerebral edema (SLE, HSP, polyarteritis nodosa)

Multi-organ function failure (SLE, generalized vasculitis)
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In the case of hyperkalemia, the use of furosemide to 
encourage a kaliuresis would be an initial measure as 
long as the patient is not anuric. Since hyperkalemia is 
increased by concomitant acidosis, sodium bicarbonate 
infusion can be considered (1–2 mmol kg−1 i.v. over 15–
30 min). A hypokalemic effect from shift of potassium 
intracellularly should be evident after approximately 
15–30 min. The combined use of glucose and insulin 
may also promote intracellular potassium shift. The 
dose of glucose is 0.5 g kg−1 body weight and insulin 
0.1 units kg−1 body weight, infused over 30 min with 
clinical effects in 30–120 min. Inhaled beta agonists 
such as nebulized albuterol may also cause a potassium 
shift intracellularly. Provision of the ion exchange resin 
sodium polysterene sulfonate either orally or rectally at 
a dose of 1 g kg−1 generally leads to a fall in the serum 
potassium by approximately 1 mEq L−1. Unlike the 
aforementioned interventions, this maneuver actually 
removes potassium from the body in stools rather than 
merely shifting it transiently intracellularly. In case of 
overt cardiac arrhythmia, the first intervention should 
be infusion of calcium gluconate (10%) in a dose of 
0.5–1 ml kg−1 body weight over 5–15 min to stabilize 
the myocardium [2]. Following calcium infusion, use 
of other maneuvers as outlined above can help stabilize 
the patient until dialysis can be  initiated emergently.

Hyponatremia is usually a result of fluid overload in 
acute GN. Fluid restriction or ultrafiltration is  usually 
corrective. If the serum sodium  concentration drops 
below 120 mEq L−1 and the child becomes symp-
tomatic, provision of 3% saline is indicated to raise 
the serum sodium by about 5 mEq L−1 over 2–3 h and 
reduce the risk of seizures. The correction of any 
chronic hyponatremia has to be performed slowly, 
often over a period of several days, to avoid the risk of 
central pontine myelinolysis [2].

13.5.2 Treatment of the Underlying Disease

13.5.2.1 Treatment of Mild GN

Mild forms of acute GN are usually not seen in the inten-
sive care unit or may not be the primary  indication for 
ICU admission. Frequent causes of a mild GN include 
an uncomplicated post-infectious GN or HSP associ-
ated GN. After the diagnosis is made on a combination 
of history, clinical findings, and laboratory assess-
ment, treatment of the underlying renal disease is usu-
ally not necessary. The situation changes if progressive 
renal deterioration raises the spectre of RPGN or if the 
acute GN becomes chronic as indicated by  persisting 
heavy proteinuria and hematuria (Fig. 13.1).

13.5.2.2  Treatment of Rapidly Progressive GN 
(Table 13.5)

With suspected RPGN, renal biopsy is indicated and 
treatment should commence as early as possible. 
A delay in treatment, or a treatment not aggressive 
enough, may adversely affect the chance of optimal 
renal recovery.

In fact, in the approximately 160 children and 
adolescents reported in the four studies of RPGN 
 previously described [13,19,24,25], each series found 
an incidence of approximately 50% end-stage renal 
failure, with chronic renal impairment seen in 25%, 
and normal renal function regained in only 25%. In 
general, an RPGN with the need for dialysis support, 
and acutely and widespread crescentic lesions in the 
renal biopsy, points towards a guarded prognosis.

Because of the high risk of end-stage renal fail-
ure with RPGN, aggressive therapy is recommended 
[14]. Data on specific immunosuppressive therapy for 
RPGN in children is very scarce. In the light of poor 
prognosis, however, aggressive immunosuppressive 
therapy should be considered.

Initial treatment options and common adverse 
effects of therapy are shown in Table 13.5. Treatments 
frequently used are some combination of plasma 
exchange, cyclophosphamide, and methylprednisolone 
pulse therapy.

One disease with relative agreement on the mode 
of treatment is Goodpasture’s syndrome or anti-GBM 
disease with pulmonary hemorrhage [16]. Therapy 
usually consists of therapeutic plasma exchange, ster-
oids, and cyclophosphamide. Similar treatment strat-
egies are advocated for ANCA mediated nephritides 
with a pauci-immune GN [27]. In SLE with signifi-
cant renal disease and clinical compromise, high dose 
methylprednisolone pulses  followed by  intravenous 
cyclophosphamide and oral prednisone are indicated 
[18]. In some children with SLE refractory to this 
approach, the CD-20-antibody rituximab has been 
used with success [2]. In polyarteritis nodosa mediated 
RPGN, apart from therapeutic plasma exchange, cor-
ticosteroids and cyclophosphamide, a TNF-antagonist 
has recently been used with some efficacy [11].

There is still considerable argument on how 
aggressively cases of severe HSP nephritis or IgA-
 nephropathy, with a large number of cellular crescents 
on biopsy, should be treated. With concern regarding 
poor prognosis in a large number of patients with such 
crescentic disease, some advocate aggressive therapy 
including pulse steroids and cylophosphamide, but 
others do not embrace an aggressive therapy [10].
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In contradistinction to diseases treated with aggres-
sive immunomodulation, in post-infectious GN with 
initial renal functional compromise immunosuppres-
sive treatment is usually not advocated since no advan-
tage to such therapy has been found [22,23].

13.6 C onclusions

Acute GN necessitating pediatric ICU care is a rare 
entity that intensivists will most likely encounter in the 
form of an RPGN requiring urgent  dialysis. Prognosis 
of an acute GN varies according to  etiology and 
depends on whether an element of rapidly progressive 
dysfunction exists. Because a delay in treatment may 
affect eventual renal outcome adversely, diagnosis 
should be made as soon as possible, including renal 
biopsy when necessary. In most cases of RPGN with 
concern for irreversible renal damage, a multi-agent 
immunosuppressive regimen is instituted, despite the 
lack of evidence-based data in children and  adolescents 
supporting this approach.
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› Acute interstitial nephritis (AIN) is a term usually reserved 
for an allergic inflammation of the kidney, with character-
istic eosinophilic infiltrates in the renal interstitium.

› AIN should be suspected in all cases of unexplained renal 
failure in the intensive care setting, where the incidence of 
this condition is much higher than in other settings.

› Common causes include drug-induced, certain infections 
or autoimmune processes. Withdrawal of the offending 
agent, if possible, and supportive therapy are the main-
stays of management.

Core Messages

Acute Interstitial Nephritis

V.R. Dharnidharka, C.E. Araya, and D.D. Henry

14

Case Vignette

A previously healthy 12-year-old girl was admitted to 
hospital for treatment with intravenous oxacillin for a 
progressive cellulitis on the left leg. On the third day 
of treatment, though the cellulitis had shown some 
improvement, she developed fatigue, some joint pain, 
and a morbiliform generalized skin rash. Urine output 
and blood pressure remained normal, but laboratory 
tests showed microscopic hematuria and an elevated 
serum creatinine of 2.1 mg dL−1 in the context of oth-
erwise normal  urinalysis, blood chemistry panel, and 
blood counts.

14.1 Definition

AIN, unlike many other medical conditions, is aptly 
named and the term accurately describes the cardinal 
features: an acute inflammatory process affecting the 
tubule and interstitial segments of the nephron/kidney. 
Though the etiology of the inflammation is not explic-
itly stated in the term AIN, this term is  typically limited 
to immune-mediated hypersensitivity or allergic reac-
tions. AIN in its purest sense could also be a component 
of acute bacterial  pyelonephritis or acute transplant 
rejection. However, in these cases, the  predominant 
immune cell infiltrating the  kidney is either the neu-
trophil or lymphocyte. In allergic AIN, the predominant 
immune cell seen in the interstitium is the eosinophil, 
one of the pathologic  hallmarks of allergic injury.

14.2 Incidence and Epidemiology

AIN was first described as far back as 1898 by 
Councilman in an autopsy series of patients who died 
from scarlet fever or diphtheria [7]. The kidneys of 
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these patients had sterile interstitial exudates and he 
coined the term AIN. In some texts, the longer term 
ATIN or acute tubulointerstitial nephritis is used and 
is analogous to AIN.

AIN is quite rare in the general population, even 
among the spectrum of kidney diseases. In Finnish 
army recruits who had hematuria or proteinuria, the 
incidence of AIN was only 2 cases among 171 biopsies, 
or 1.1% [24]. In pediatric patients, the reports of AIN 
are limited to small case series [22, 23] or case reports 
[10, 25, 31], so the exact incidence in the general pop-
ulation is not known. The incidence is  presumed to be 
similar to that in young adults.

However, the incidence of AIN rises dramatically 
when considering only those patients with acute renal 
failure, as would be the case in an intensive care set-
ting. In such situations, the incidence of AIN on kid-
ney biopsy ranges between 15 and 27% in adults [9, 
19] and 7% in children [12].

Several excellent reviews, both recent and prior, dis-
cuss AIN in adults [2, 16, 19] and in children [1, 13] 
in detail.

14.3 What Are the Causes of AIN?

The etiologies of AIN can be multiple and fall into 
three broad categories. Drug-induced associations, 
as listed in Table 14.1, are the most  common and 
are thought to be due to allergic reactions to com-
ponents or antigens within the drug. Infections form 
the next most common group, but the proportion 
of AIN cases that are attributable to infections has 
been on the decline due to widespread antibiotic 
use. This drop in incidence represents a somewhat 
paradoxical situation since antibiotics are among the 
chief culprits among drug-induced AIN cases. TINU 
syndrome (tubulointerstitial nephritis with uveitis) 
is a condition of AIN with ocular involvement (see 
later). Autoimmune diseases such as SLE, Sjogren’s 
syndrome, or cryoglobulinemia can involve the kid-
ney as AIN. TINU syndrome may also be autoim-
mune in etiology. The classification of  etiologies is 
not  mutually exclusive, as all three groups share a 
common autoimmune mechanism of injury to the 
kidney. The antigens may be intrarenal (such as base-
ment membrane proteins or Tamm–Horsfall protein) 
or extrarenal (such as immune complexes) in origin 
[28, 29].

Michel and Kelly have provided an elegant dia-
grammatic representation of the immune mechanisms 
involved in AIN, adapted in Fig. 14.1 [19]. While 
cell-mediated immunity seems to play a major role, 
antibody-mediated injury may also occur. Antigen-
specific activation leads to several downstream mech-
anisms also being activated.

14.3.1 TINU Syndrome

Dobrin et al. first described TINU in 1975 [7, 24]. 
Since its discovery no specific risk factors for TINU 
have been identified but mycoplasma or chlamydia 
infection may be implicated. TINU occurs more 
commonly in children and adolescent females but 
has been described in all age groups and ethnicity 
[7, 24]. There is a 2:1 female to male predominance 
of this syndrome. It can develop prior to, in con-
junction with, or after AIN has been identified [9]. 
Clinical manifestations include the features of AIN 
plus the ocular symptoms of red eye, eye pain, or 
photophobia [7]. Examination reveals a uveitis that 
can be  unilateral or bilateral and can be anterior or 
posterior [24]. Uveitis is also associated with polyar-
teritis nodosum, Behcet’s syndrome, systemic lupus 
nephritis, Wegener’s granulomatosis, and Sjogren’s 
syndrome as well as multiple infectious etiologies. 
TINU- associated AIN may take longer to resolve 
than other  etiologies of AIN [15].

14.3.2 Inf ection

Numerous infections have been associated with 
AIN, ranging from direct parenychymal involve-
ment (i.e., acute pyelonephritis) to immunologically 
mediated AIN. These infections include but are not 
limited to staphylococci, streptococci, legionella, 
cytomegalovirus, Epstein–Barr virus, and human 
immunodeficency virus [7, 9] as well as salmonella 
[19] and strongyloides [12]. In kidney transplants, 
 infections that are associated with predominant inter-
stitial inflammation include polyoma virus [22] and 
 adenovirus infection [23].

14.3.3 S ystemic Disorders

Several local and systemic disorders have been 
 implicated as the underlying cause of AIN. These 
include, but are not limited to, sarcoidosis,  systemic 
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lupus  erythematosus, Sjogren’s syndorme, Wegener’s 
granulomatosus, and malignancy. Sarcoidosis is asso-
ciated with a granulomatous AIN but  hypercalcemia 
and hypercalciuria remain the  underlying cause of 
renal dysfunction [10, 25, 31]. In autoimmune dis-
orders the interstitial nephritis is usually chronic and 
renal function is representative of the degree of the 
 underlying glomerulopathy [10].

14.4  What Are the Clinical Features 
and Presentations?

The typical presentation of AIN was primarily des-
cribed in the context of methicillin-induced AIN. 
It consisted of an abrupt onset of renal dysfunction 
in the presence of fever, skin rash, arthralgias, and 

Compiled from several sources

Table 14.1 Medications associated with acute interstitial nephritis

Antibiotics Levofloxacin Foscarnet Piroxicam Anticonvulsants Famotidine

Ampicillin Lincomycin Indinavir Pirprofen Carbamazepine Fenofibrate

Amoxacillin Methicillin Interferon Rofecoxib Diazepam Gold salts

Aztreonam Mezclocillin NSAIDs Sulfasalazine Phenobarbital Griseofulvin

Carbenicillin Minocycline Alclofenac Sulindac Phenytoin Interleukin-2

Cefaclor Moxifloxacin Azapropazone Suprofen Valproate 
 sodium

Lamotrigine

Cefamandole Nafcillin Aspirin Tolemetin Others Lanzoprazole

Cefazolin Nitrofurantoin Benoxaprofen Zomepirac Allopurinol Nicergoline

Cefixitin Norfloxacin Celecoxib Analgesics Alpha-
 methyldopa

Omeprazole

Cefotaxime Oxacillin Diclofenac Aminopyrine Amlodipine Pantoprazole

Cefotetan Penicillin Diflunisal Antipyrine Azathioprine Phenindione

Cephalexin Piperacillin Fenbufen Antrafenine Bethanidine Phenothiazine

Cephaloridine Piromidic 
 acid

Fenclofenac Clometacin Bismuth salts Phentermine

Cephalotin Polymyxin 
 acid

Fenoprofen Floctafenin Captopril Phenylpropa-
 nolamine

Cephapirin Quinine Flubiprofen Glafenine Carbimazole Probenecid

Cephradine Rifampin Ibuprofen Metamizol Chlorpro-
 pamide

Propranolol

Ciprofloxacin Spiramycine Indomethacin Noramido-
 pyrine

Cyclosporine Propylthiouracil

Cloxacillin Sulfonamides Ketoprofen Diuretics Cimetidine Rabeprazole

Colistin Teicoplanin Mefenamic 
 acid

Chlorthalidone Clofibrate Ranitidine

Erythromycin Tetracycline Meloxicam Ethacrynic 
 acid

Clozapine Streptokinase

Ethambutol TMP/SMX Mesalazine Furosemide Cyamethazine Sulphinpyrazone

Flurithromycin Vancomycin Naproxen Hydrochloro-
 thiazide

Cytosine Warfarin

Gentamicin Antivirals Niflumic acid Indapamide D-penicillamine Zopiclone

Isoniazid Acyclovir Phenazone Tienilic acid Diltiazem  

Latamoxef Atanavir Phenylbu-
 tazone

Triamterene Esomeprazole  
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eosinophilia/ eosinophiluria. However, many other fac-
tors have been implicated as a cause of AIN and it is 
now recognized that the clinical characteristics of this 
condition are much more diverse. With a change in 
 etiologies away from penicillins to other drugs, the 
classic triad of fever, rash, and arthralgias is now seen 
in only about 10% of cases [2]. Hence, AIN should be 
considered in any patient with unexplained acute renal 
failure even if there is no concomitant fever, skin rash, 
or eosinophilia/eosinophiluria [19]. Confirmation of 
the diagnosis can be challenging in hospitalized patients 
who develop a progressive deterioration of renal func-
tion of unclear etiology, especially in the intensive care 
setting, if the patient is receiving multiple medications, 
is septic, and is hemodynamically unstable.

The onset of AIN can be variable. It may occur 
rapidly, within 1 day of initiating treatment, or may 
develop after taking a medication for months to 
years. However, in drug-associated AIN most patients 
develop symptoms within 3 weeks of starting the 
causative drug. The main presenting symptom is olig-

uria, occurring in about half of the patients [5]. Other 
nonspecific symptoms including anorexia, nausea, 
vomiting, and abdominal pain may be present. Flank 
pain may occur as a result of renal capsular disten-
tion. The degree of renal involvement is  unpredictable 
and can range from mild azotemia to oliguric renal 
failure requiring dialysis. Proteinuria is typically mild 
(less than 1 g day−1). However, severe proteinuria and 
nephrotic syndrome have been reported particularly in 
NSAID-associated AIN, but has also been observed 
with the antibiotics rifampin, ampicillin, and amoxi-
cillin [6, 8, 21, 27, 32]. In this condition, extrarenal 
manifestations such as fever or rash and eosinophilia/
eosinophiluria are usually absent, but hypertension is 
more common.

Renal tubular injury is the hallmark of AIN, and 
dysfunction of specific nephron segments may reveal 
characteristic clinical and biochemical abnormalities 
[34]. Proximal tubular damage may lead to Fanconi 
syndrome. Lesions involving the loop of Henle can 
result in sodium and water wasting with associated 

Fig. 14.1 Diagram of mechanisms underlying immune injury 
in acute interstitial nephritis (AIN). APC antigen presenting cell, 

Th T helper cell, T
CTL

 cytotoxic T lymphocyte, T
DTH

 delayed type 
hypersensitivity T cell, NK natural killer cell (adapted from [19])
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polyuria and polydipsia. Distal tubular lesions may 
lead to renal tubular acidosis, whereas nephrogenic 
diabetes insipidus due to impaired water reabsorption 
is seen with injuries to the collecting tubules.

14.5 What Is the Pathological Picture?

On histologic examination, the characteristic abnormali-
ties in AIN are the presence of edema and inflammatory 
cell infiltrates within the interstitium, as shown in 
Fig. 14.2 [19]. The inflammatory lesions are typically 
located deep in the cortex at the level of the corticomed-
ullary junction, but can be diffuse in the most severe 
cases. These infiltrates principally comprise T lym-
phocytes and monocytes. Variable numbers of eosi-
nophils, plasma cells, neutrophils, and basophils may 
also be observed. Eosinophils are more commonly 
noted in drug-induced AIN. However, in some cases, 
eosinophils have been absent from these inflammatory 
lesions.

Infiltrating lymphocytes in the peritubular region 
or across the tubular basement membrane (TBM) 
may also be observed. This resulting tubulitis may be 
difficult to distinguish from acute tubular  necrosis. 
Tubular epithelial cell damage is variable, and 
 necrosis can be observed in the more severe cases. 
The renal tubules are dilated and the lumens may 
contain desquamated cells.

Granulomatous inflammation of the tubulointer-
stitium is rare, occurring in 0.5–5.9% of AIN cases 
[3, 20]. Interstitial granuloma formation may be seen 

in drug-induced AIN, related to infections, sarcoido-
sis, Sjogren’s syndrome, and Wegener’s granuloma-
tosis. These granulomas are nonnecrotic and contain 
epithelioid macrophages and multinucleated giant 
cells.

Classically, in AIN the glomeruli and blood ves-
sels are uninvolved. However, there have been reports, 
most commonly in NSAID-associated AIN, describing 
a combination of AIN with lesions similar to minimal 
change disease [6]. Glomeruli appear to be normal by 
light microscopy, with foot process fusion observed by 
electron microscopy.

Immunofluorescence and electron microscopy 
findings of the kidney in AIN are typically nega-
tive. However, granular deposition of IgG, C3, and 
C1q along the TBM and Bowman’s capsular base-
ment membrane with electron-dense deposits within 
the TBM has been observed [33]. Intense and diffuse 
linear IgG staining along the TBM are encountered 
when antibodies are directed against membrane anti-
gens (such as in anti-TBM disease). Antigens may be 
lodged into the interstitium from the circulation and 
may comprise infectious agents and drug metabolites 
bound to the membrane [18].

Currently, the majority of patients with AIN are not 
subjected to a renal biopsy and the decision to perform 
the procedure is not always straightforward. However, 
a percutaneous renal biopsy should be considered in 
patients in whom the diagnosis is unclear, patients 
who fail to improve after discontinuation of the pos-
sible precipitating drug, or when immunosuppressive 
therapy is considered.

Fig. 14.2 Acute tubulointerstitial nephri-
tis. Interstitial mononuclear cells with focal 
infiltration of tubular epithelium (PAS 
stain) (courtesy of Dr. William Clapp, 
University of Florida)
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14.6  How Does One Make 
the Diagnosis?

There is no single clinical or laboratory test to diag-
nose AIN. Therefore, renal biopsy remains the gold 
standard. AIN should be suspected in patients with 
classic features or unexplained renal failure [16, 19, 
29]. The different laboratory test results discussed 
later are summarized in Table 14.2.

The urinary findings in AIN vary depending on the 
etiology. Microscopic or gross hematuria,  sterile pyu-
ria, and white blood cell casts are common. However, 
red blood cell casts are usually not seen [16, 19, 29]. 
The degree of proteinuria will vary with AIN but is 
typically less than 1 g per 24 h unless the  glomerulus 
is involved [16, 19, 29]. This is not true for nonster-
oidal anti-inflammatory drugs (NSAID)-induced 
AIN, which can be associated with nephrotic range 
proteinuria and hypersensitivity symptoms. Urine 
eosinophilia (>1% of white blood cells being eosi-
nophils) will reinforce the diagnosis of AIN but has 
been shown to have a low sensitivity of 40–67%, 
low positive predictive value of 50%, and moderate 
specificity of 72% [30]. Eosinophils are best identified 
with Wright’s or Hanzel’s stain with the latter being 
more sensitive. Eosinophiluria is also seen in cysti-
tis, prostatitis, pyelonephritis, and rapidly progressive 
glomerulonephritis.

Other biochemical findings such as anemia, 
 electrolyte abnormalities associated with Fanconi’s 
syndrome, or other tubular dysfunctions and ele-
vated hepatic function test will vary depending on 
the underlying etiology, acuteness of the disease, and 
extent of the renal insufficiency.

14.7  What Is the Differential 
Diagnosis?

1. Urinary obstruction
2. Vasomotor renal insufficiency
3. Acute tubular necrosis
4. Drug-induced nephropathy
5. Other causes of glomerulopathy
6.  Immune-mediated systemic diseases with renal 

involvement
7. Vasculitis
8. Malignancy

14.8  What Are Current Treatment 
Concepts?

The mainstay of therapy is still supportive care, 
 particularly for the comorbid conditions associated 
with acute renal failure. Fever and rash, if present, 

Table 14.2 Laboratory test findings in AIN

Laboratory Evaluation Findings Application

Urinalysis Proteinuria Variable degrees <1 g per 24 h except if associated 
 with NSAIDs

Sterile pyuria Leukocyte and leukocyte casts

Hematuria RBCs without casts

Eosinophiluria >1% total white cells Sensitivity low, specificity moderate, PPV low

Fractional excretion of sodium Usually greater than 2%

CBC Eosinophilia Variable

Anemia Variable

Serum chemistries Elevated BUN Varies depending on renal function

Elevated creatinine Varies depending on renal function

Hyper/hypokalemia Variable based on severity of renal function

Hyperchloremic metabolic acidosis Degree of tubulointerstitial injury

Liver function test Elevated transaminases Associated with drug-induced liver injury

Miscellaneous Elevated IgE levels serum

ANA, C3, C4, ASO

Renal biopsy Gold standard See pathology section



Chapter 14 Acute Interstitial Nephritis 199

can be treated symptomatically. Once the  diagnosis 
is suspected or proven by biopsy, if an offending drug 
agent can be identified, removal of that drug, if pos-
sible, is the first intervention. In many situations, 
there may be several possible offending drugs and 
those drugs are potentially life-saving for the patient, 
hence removal may be difficult to actually implement 
in practice.

Acute renal failure is treated as one would other-
wise treat, and is discussed in detail in Chap. 6. The 
principles of acute renal failure therapy include (1) 
monitoring for acidosis and hyperkalemia, (2) with-
drawing sources of potassium if hyperkalemia is 
present, (3) using alkaline agents if acidosis is present, 
(4) using phosphate binders if hyperphosphatemia is 
present, and (5) monitoring fluid  status. Drug dosing 
should be adjusted for existing level of renal function. 
Dialysis may be indicated if any of the earlier compli-
cations are refractory to other forms of therapy.

The use of pharmacologic therapy to reverse AIN 
is controversial, both in terms of whether necessary 
and in timing, since spontaneous recovery is common. 
Drugs that have been tried to reverse AIN include cor-
ticosteroids, cyclophosphamide, and cyclosporine A. 
The data supporting corticosteroid use originate from 
small uncontrolled comparison series of less than 30 
patients each. In the methicillin era, use of intravenous 
methyl-prednisolone or oral  prednisone led to shorter 
recovery times, lower serum creatinine values at fol-
low-up, and a higher percentage of complete recovery 
of serum creatinine value [11, 26]. In these series, cor-
ticosteroids were  initiated after conservative measures 
had failed to demonstrate improvement in the first 2 
weeks [4, 17]. In contrast, Clarkson et al. performed 
a relatively larger retrospective single center review 
of 60 AIN cases over a 12-year period in a relatively 
modern time period 1988–2001 [5]. Sixty percent 
of these cases received corticosteroids. The serum 
creatinine values were not significantly different 
between the steroid and nonsteroid groups at 1, 6, or 
12 months postpresentation. Whether corticosteroids 
should be started right away is unknown. There are 
no prospective randomized trials conducted to deter-
mine if  corticosteroid use would improve outcomes. 
Successful use of cyclophosphamide or cyclosporine 
A is documented in even smaller numbers.

The use of pharmacological therapy for AIN, at 
this time, is recommended for biopsy-proven AIN 
that is severe, i.e., rapidly rising serum creatinine or 
 diffuse inflammatory involvement on biopsy without 
significant fibrosis [19].

14.9 What Are the Outcomes?

In most series, the majority of cases make a full 
 recovery, though the incidence of full recovery seems 
to be diminishing in the modern era,  reflecting a dif-
ferent etiology in modern times [26]. Recovery usually 
takes several weeks. Poor prognostic factors include 
extent of fibrosis, diffuse nature of  inflammation, and 
>1–6% of neutrophils [14].

› While the classic presentation of AIN includes fever, skin 
rash, arthralgias, and eosinophilia/eosinophiluria, this 
presentation is now seen in less than 10% of cases.

› AIN is a significant cause of unexplained renal failure 
in the PICU, and thus it should be suspected in such 
situations.

› Supportive therapy remains the mainstay of management. 
Corticosteroid therapy is controversial.

Take-Home Pearls
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› The tumor lysis syndrome (TLS) is a set of metabolic 
abnormalities caused by widespread tumor cell death and 
a physiologic inability to maintain adequate clearance 
rates of tumor metabolites.

› The cardinal metabolic features of TLS are hyperuricemia, 
hyperphosphatemia (with secondary hypocalcemia), and 
hyperkalemia.

› TLS-induced renal failure is caused by obstructive uric 
acid and/or calcium phosphate uropathy and can rapidly 
promote worsening of TLS by further reducing clearance 
of TLS metabolites.

› TLS is a life-threatening condition that requires a high 
level of suspicion, close clinical monitoring, timely 
 therapeutic interventions, and potential involvement of a 
variety of subspecialty services.

› Early transfer to the Pediatric Intensive Care Unit to allow 
close monitoring of the fluid and electrolyte status should 
be considered in children at high risk for TLS.

Core Messages

The Tumor Lysis Syndrome: An 
Oncologic and Metabolic 
Emergency

J. D’Orazio

15

Case Vignette

A 12-year-old girl presented to her pediatrician with a 
2-day history of abdominal pain associated with a 
 rapidly enlarging right upper quadrant mass. Radiologic 
 imaging revealed a large tumor in the portal hepatic 
region as well as multiple lesions seen throughout both 

S.G. Kiessling et al. (eds) Pediatric Nephrology in the ICU.
© Springer-Verlag Berlin Heidelberg 2009
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kidneys (see Fig. 15.3). Laboratory studies were relevant 
for elevated serum uric acid (7.3 mg dL−1), LDH (433 U 
L−1), serum creatinine (1.4 mg dL−1), and serum phos-
phorus (5.7 mg dL−1). The patient was admitted to the 
hospital, placed on cardiovascular monitoring, and was 
aggressively hydrated. Mature B cell (Burkitt’s) lym-
phoma was identified on biopsy. Because of evidence of 
spontaneous TLS (metabolic derangements even before 
administration of chemotherapy) as well as extensive 
renal infiltration by disease, the patient was treated with 
urate oxidase (rasburicase) along with aggressive hydra-
tion before and during the initial days of chemotherapy. 
Her serum uric acid dropped to <0.5 mg dL−1 promptly 
after rasburicase  administration, her serum creatinine 
slowly returned to normal over the next several days, 
and her urine output remained brisk. In this vignette, this 
patient presented with a variety of risk factors predictive 
of severe TLS (see Table 15.2), including a highly pro-
liferative chemosensitive tumor, bulk disease,  anatomic 
involvement of both kidneys, and baseline elevations of 
serum LDH, uric acid, and creatinine. Fortunately, this 
patient maintained adequate renal output throughout the 
first days of chemotherapy, enjoyed a rapid response to 
chemotherapy, and had a fine clinical outcome.

15.1 In troduction

It has long been known that patients newly  diagnosed 
with certain types of tumors often have metabolic dis-
turbances that accompany their presentation and that 
peak during the first few days after the start of chemo- 
or radiotherapy [28]. The TLS is characterized by the 
classic pentad of hyperuricemia, hyperkalemia, hyper-
phosphatemia, hypocalcemia, and renal  failure [9]. The 
diagnosis of TLS in a newly diagnosed oncology patient 
represents a true medical emergency that if not properly 
managed can rapidly deteriorate to death. In fact, the 
severe metabolic disturbances of TLS may represent the 
most life-threatening aspect of cancer in the first hours-
to-days after diagnosis [24, 28]. Appropriate management 
of TLS requires a high level of suspicion, diagnostic acu-
men, timely initiation of effective therapeutic measures, 
and scrupulous attention to clinical condition, electro-
lyte status, fluid balance, and pharmacologic responses. 
Importantly, proper management of TLS often involves 
communication and coordination between oncologists, 
nephrologists, intensivists, and other subspecialists for 
optimal patient care. TLS occurs most frequently in the 
context of high white-cell count leukemias [6, 27] and 

Burkitt lymphoma [1, 3, 25, 43], but can occur with a 
variety of tumors that present with bulky disease and 
exhibit profound sensitivity to  chemotherapy [14, 22, 
24, 38, 39, 52, 90].

Mechanistically, TLS is a physiologic conse-
quence of widespread tumor cell death and spillage 
of  intracellular contents – specifically nucleic acids, 
proteins,  potassium and phosphate salts – from dying 
cells into the interstitial and vascular fluid compart-
ments. This massive release of intracellular elements 
overwhelms normal physiologic excretory capacity, 
and  metabolites accumulate in the serum and tissues to 
cause pathology. Because highly proliferative tumors 
display rapid baseline cell  turnover at presentation, 
TLS may occur even before administration of antine-
oplastic therapy; this has been termed “ spontaneous 
TLS” [14]. However most often, severity peaks in the 
first hours to days  following administration of ther-
apy to which the tumor is susceptible (either chemo- 
or radiotherapy). Acute renal failure occurs in TLS 
because uric acid and calcium phosphate precipitate in 
renal collecting vessels and cause an obstructive urop-
athy, which reduces glomerular filtration rate (GFR). 
This reduction in GFR then worsens TLS because the 
kidneys are the main excretory route for TLS metabo-
lites, whose serum levels will rise without good renal 
function. In this manner, a self- amplifying destructive 
series of interrelated events is established wherein 
reduced GFR causes serum levels of TLS metabolites 
to increase, which, in turn, leads to further reduction 
of renal function. This vicious cycle of TLS, if not 
emergently interrupted, can rapidly result in clinical 
deterioration and death. Therefore, practitioners must 
have a high index of suspicion for TLS and must rap-
idly implement preventive strategies and therapeutic 
interventions as early as possible in the pathophysi-
ologic cascade of TLS. Effective management of TLS 
involves frequent and thorough clinical and laboratory 
assessment, vigilant fluid monitoring with strict atten-
tion to urine output and volume balance, and pharma-
cologic and medical interventions as described in this 
chapter.

15.2 Definition and Classification

TLS is a constellation of metabolic abnormalities 
that includes hyperuricemia, azotemia, hyperkalemia, 
hyperphosphatemia, and hypocalcemia [14]. One group 
defined TLS as either (1) a doubling of baseline serum 
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creatinine in association with at least one of the fol-
lowing measures: serum phosphate >5 mg dL−1, serum 
uric acid >7 mg dL−1, or serum potassium >5 meq L−1 
or (2) elevation of two of these measures regardless of 
serum creatinine [60]. Cairo and Bishop described a 
distinction between laboratory TLS, which is defined 
by serologic evidence of TLS in the absence of clinical 
symptoms, and the more severe clinical TLS in which 
laboratory TLS is accompanied by clinical signs/
symptoms [14]. Clinical TLS can be graded based on 

the severity of clinical findings, with the degree of 
required medical intervention generally correlating 
with the severity of TLS grade (Table 15.1).

15.3  Incidence of Risk Factors for TLS

Metabolic complications of malignancy and can-
cer therapy have been recognized for well over a 
century by clinicians [73]. In fact, the metabolic 

Table 15.1 Definition and clinical grading of TLS

Laboratory TLS

A patient has evidence of TLS if presence of malignancy is suspected or confirmed and at least 2 of the following metabolic 
abnormalities are found in the serum within 3 days prior to or 7 days after initiation of chemotherapy:

  Uric acid >8 mg dL−1 or 25% increase from baseline

  Potassium >6 meq L−1 or 25% increase from baseline

  Phosphate >4.5 mg dL−1 or 25% increase from baseline

  Calcium <7 mg dL−1 or 25% decrease from baseline

Clinical TLS

  A patient has clinical TLS if she meets criteria for laboratory TLS and exhibits one or more of the following:

  Increase serum creatinine (1.5 times upper limit of normal)

  Cardiac arrhythmia or sudden death

  Seizure

Grade 0 Grade I Grade II Grade III Grade IV Grade V

Laboratory 
 evidence 
 of TLS

− + + + + +

Serum 
 Creatinine

1.5 × ULN 1.5 × ULN 1.5–3 × ULN 3–6 × ULN >6 × ULN Death from 
 clinical TLS

Cardiac 
 arrhythmia

None Nonurgent
 No medical 
 intervention 
 needed

Nonurgent
 Medical 
 intervention 
 needed

Urgent
 Symptomatic
 Incompletely 
 controlled 
 medically or 
 controlled with 
 a device (e.g., 
 defibrillator)

Life-
 threatening 
 associated with 
 CHF, 
 hypotension, 
 syncope, or 
 shock

Death from 
 clinical TLS

Seizure None None One brief 
 generalized 
 seizure, 
 controlled by 
 anticonvulsants
 or infrequent 
 motor seizures 
 not interfering 
 with activities 
 of daily living

Poorly 
 controlled 
 seizures affect 
 consciousness 
 breakthrough 
 despite 
 medical 
 intervention

Prolonged, 
 repetitive, or 
 refractory 
 seizures status 
 epilepticus 
 or intractable 
 epilepsy

Death from 
 clinical TLS

Adapted from [14] and originally modified from [33]
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 manifestations of TLS can be the first sign of occult 
malignancy [2, 79]. As effective therapies for tumors 
developed in the early-to-mid twentieth century, the 
incidence of therapy-related metabolic complications 
rose, leading to the syndrome of tumor lysis that we 
know today [10, 11, 23, 28]. Historically, TLS compli-
cates mainly fast-growing, bulky tumors that respond 
quickly to antineoplastic therapy. Independent of 
chemo- or radioresponsiveness of the tumor, how-
ever, patients at risk for development of TLS can be 
predicted by various clinical and laboratory criteria 
(Table 15.2) [24, 33].

The solid tumor most famously associated with 
TLS is Burkitt’s lymphoma. Burkitt’s lymphoma is 
among the fastest growing of all childhood malig-
nancies and often presents with bulky abdominal 
disease burden, which sometimes compresses or 
involves renal structures and interferes with normal 
renal function. It is not uncommon for newly diag-
nosed Burkitt’s  lymphoma patients to present with 

serum uric acid levels of at least double or triple 
the upper limit of normal and with reduced GFR as 
evidenced by elevated serum creatinine and oligu-
ria even before chemotherapy is started [63, 64, 66, 
87]. In one study, bulky abdominal disease (espe-
cially with external ureteric  compression by tumor), 
elevated pretreatment serum uric acid and lactate 
dehydrogenase concentrations, and oliguria at pres-
entation all predisposed Burkitt’s lymphoma patients 
to severe TLS once therapy began [17]. Hande and 
Garrow found through a retrospective analysis that 
42% of patients with intermediate- or high-grade 
non-Hodgkin lymphomas exhibited laboratory evi-
dence of TLS and that 6% were symptomatic from 
TLS [33]. The frequency of acute renal failure in 
high-risk patients, especially those with advanced-
stage Burkitt leukemia or lymphoma can be as high 
as 30% [17, 41, 86].

Acute leukemias are the other common cause of 
TLS in pediatrics, particularly with ALL in which the 
presenting white blood cell count exceeds 100,000 
cells mm−3 [26, 57]. Though white cell counts can be 
very high at the time of diagnosis for either AML or 
stable-phase CML, it is rarer for TLS to accompany 
these conditions perhaps because myeloblasts and 
the mature forms of CML are inherently more sta-
ble than lymphoblasts [53, 56, 60, 67]. Other pediat-
ric solid tumors less commonly associated with but 
capable of causing TLS include Hodgkin’s disease 
[58], large-cell lymphoma [4, 12], neuroblastoma 
[32, 49, 62], rhabdomyosarcoma [45], medulloblast-
oma [80], and  sporadic carcinomas [7]. CNS tumors 
and bone tumors typically do not feature TLS as a 
manifestation of disease, perhaps because they may 
present earlier and are therefore less bulky or alter-
natively because they are less sensitive to antican-
cer therapies than hematologic malignancies. It is 
important, however, to understand that use of more 
aggressive therapeutic regimens may cause TLS to 
emerge in a broader spectrum of malignancies in the 
future.

Regardless of the particular underlying malignancy, 
the severity of TLS typically peaks 12–72 h after ini-
tiation of the first cycle of antineoplastic therapy. TLS 
usually does not occur in subsequent chemotherapy 
cycles, presumably because the greatest amount of cell 
killing occurs with the initial treatment. TLS can occur, 
however, with unexpectedly low burden of  disease if 
renal impairment is present [31, 65].

Table 15.2 Risk factors associated with a high-risk of TLS 
[7, 14, 20, 37, 39, 60, 71, 82]

Tumor characteristics

 Burkitt’s lymphoma or acute lymphoblastic leukemia

 High proliferative rate (rapid clinical progression, 
 elevated LDH)

 Bulky disease, advanced stage of malignancy

 Rapid tumor cell turnover

 Involvement of abdominal organs

 Renal compression or involvement

 Leukocytosis (>50,000 per mL)

 Exquisite chemosensitivity

Patient characteristics

 Elevated uric acid on admission

 Low serum calcium on admission

 Delayed pharmacologic intervention (hydration, 
 anti-TLS therapy)

 Metabolic acidosis

 Decreased GFR

  Hypovolemic state (dehydration, poor p.o. intake, fever)

  Renal involvement by malignancy

  Urinary outflow obstruction by tumor

  Preexisting renal disease
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15.4 P athophysiology of TLS

TLS is ultimately a problem of inadequate physi-
ologic waste clearance mechanisms inundated with 
 metabolites released in the process of widespread 
tumor cell death (Fig. 15.1). The metabolic by-prod-
ucts of cell lysis can cause TLS before inception of 
antineoplastic therapy (spontaneous TLS) or after 
initiation of effective antitumor therapy (therapy-
related TLS) [21]. In either case, because the kidney 
represents the primary clearance mechanism for these 
electrolytes and metabolites, renal function directly 
influences development and severity of TLS (Table 
15.2). Although the pathophysiologic processes of 

TLS occur simultaneously and can interact to cause 
symptomatology, it is useful to consider each meta-
bolic component separately to illustrate  mechanistic 
principles of disease (Table 15.3).

15.4.1 H yperuricemia

Being highly proliferative by nature, tumor cells are 
rich in DNA. As they die, DNA is released from cells 
and is broken down into its basic nucleotide base 
constituents – the pyrimidines cytosine and thymine 
and the purines adenosine and guanosine. Catabolism 
of pyrimidines contributes little to TLS, however, 
 metabolism of purines results in production of uric 

PO4

Malignant
cell

Cell
death

DNA

Proteins

K+

K+

PO4

PO4 binds Ca 
2

 
+

in serum

Decreased ability to clear TLS
metabolites

Further elevation of serum
K +, PO4, Uric acid

Higher concentration of TLS electrolytes in
Urine, precipitation

Worsening obstructive uropathy

Vicious cycle
of TLS

in renal tubules

Uric
Acid

DNA

Proteins

Hyperuricemia

Uric acid
precipitation

CaPO4
precipitation

Hyperphosphatemia

Hypocalcemia
Obstructive
nephropathy

Acute Renal
Failure

Hyperkalemia

Clinical Morbidity

Arrythmia
Seizures
Tetany
Asystole
Sudden Death

Fig. 15.1  Mechanistic pathophysiology of TLS: Leakage of 
intracellular metabolites from dying tumor cells in quantities that 
overwhelm normal excretory mechanisms allow buildup of uric 
acid, potassium, and phosphate in the serum. These electrolyte 
abnormalities cause clinical symptoms ranging from mild con-
stitutional complaints to life-threatening sequelae,  depending 

on their severity and rate of development. The kidneys serve as 
the main organ to clear TLS electrolytes, but become dysfunc-
tional with increasing electrolyte burden. Thus, a vicious cycle 
is established that if not emergently interrupted medically can 
lead to significant morbidity and mortality
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acid, a chief mediator of TLS. As uric acid accumulates 
in the serum, it is secreted into the urine by the kidney. 
With a pKa of 5.4, uric acid tends to remain soluble 
at physiologic pH but precipitates and crystallizes in 
solutions of lower pH. Like other salts, the concen-
tration of uric acid increases in solution as water is 
resorbed, and therefore solute accumulation and pre-
cipitation occur predominantly in the distal  collecting 
ducts where urine is less dilute and has an acidic pH 
[41, 42], leading to microobstructive uropathy. In 
florid TLS, uric acid  precipitation may also occur in 
deep cortical and medullary blood vessels as a conse-
quence of hemoconcentration and further  compromise 
of GFR. Nonetheless, intraluminal tubular obstruction 
by uric acid crystals represents the main functional 
abnormality leading to reduced GFR in uric acid 
nephropathy [41]. Reduced GFR slows clearance of 
serum uric acid, worsening hyperuricemia and leading 
to further uric acid nephropathy. Although the most 

important physiologic consequence of elevated uric 
acid levels is acute renal failure, hyperuricemia can 
cause a variety of constitutional symptoms including 
lethargy, nausea, vomiting, arthralgia, and renal colic. 
Strangely, gout is atypical in TLS, presumably because 
the intra-arthric urate crystal deposition and inflam-
mation that cause gout are related more to the duration 
of serum urate elevation rather than the short time that 
uric acid levels are elevated in most cases of TLS.

Through the activity of deaminases,  nucleotidases, 
and purine nucleotide phosphorylase, uric acid is 
formed through the metabolic intermediates inosine, 
hypoxanthine, and xanthine by the purine catabolic 
pathway (Fig. 15.2). Interestingly, in most mammals, 
uric acid is further degraded in vivo to allantoin via 
the urate oxidase enzyme. However, humans lack this 
enzyme because of a universal nonsense mutation in 
the coding sequence, and are thus unable to terminally 
convert uric acid into allantoin [88, 89, 91, 92].

Table 15.3 Characteristics and clinical consequences of TLS [4, 14, 16, 20, 29, 39, 48, 81, 82]

TLS component Normal Critical valuea Clinical consequences

Hyperuricemia Serm uric acid 
 1.8–5.0 mg dL−1

Serum uric acid > 
 10 mg dL−1

Renal: precipitation of urate crystals in the renal 
 collecting tubules, blocking urine flow and 
 diminishing GFR, elevation of serum BUN and 
 creatinine; oliguria or anuria possible; hematuria 
 Other: nausea, vomiting, anorexia, edema

Hyperkalemia Serum potassium 
 3.2–4.5 mmol L−1

Serum potassium > 
 6 mmol L−1

Cardiac: arrhythmias, ventricular tachycardia, 
 fibrillation, asystole, cardiac arrest
Neuromuscular: weakness, paresthesias, muscle 
 cramps, ascending flaccid paralysis
Other: nausea, vomiting, diarrhea, anorexia

Hyperphos-
 phatemia

Serum phosphate 
 3.4–6.0 mg dL−1

Serum phosphate > 
 7 mg dL−1

Renal: precipitation of calcium phosphate crystals 
 that retards or blocks urine flow, decreasing GFR 
 and raising serum BUN and creatinine
Other: precipitation of calcium phosphate crystals 
 in soft tissues and circulation, leading to secondary 
 hypocalcemia

Hypocalcemia Serum total calcium 
 8.8–10.6 mg dL−1 
 or serum ionized 
 calcium 4.6–5.1
  mg dL−1

Total serum calcium 
 7 (total) or <ionized

Cardiac: hypotension, ventricular arrhythmias, 
 ventricular tachycardia, heart block, ECG changes
Neuromuscular: tetany, muscle twitches, cramping, 
 carpopedal spasms, paresthesias, laryngospasm
Mental status: confusion, delirium, hallucinations, 
 impaired memory, seizures

Renal failure, 
 uremia

Urine flow > 
 1–2 mg kg−1 h−1

 Serum creatinine 
 0.6–1.4 mg dL−1 
 (or age appropriate)

Urine flow <
 1 mg kg−1 h−1

 Serum creatinine > 
 2 × upper limit 
 of normal

Oliguria or anuria, increased serum BUN and 
 creatinine, edema, reduced capacity to excrete 
 TLS metabolites, platelet dysfunction, CNS 
 disturbances

a  The absolute value wherein an electrolyte imbalance may cause clinical pathology is not the same for every patient. Rate of 
development of the abnormality and comorbid factors clearly affect outcome. The clinician is strongly encouraged to monitor for 
symptomatology from a given electrolyte disturbance even before this critical value is reached
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Inhibiting xanthine oxidase with allopurinol has been 
one of the main therapeutic interventions for TLS, and 
is still widely used for mild hyperuricemia in TLS. The 
recent use of recombinant urate oxidase (rasburicase), 
however, exploits the biochemical fact that allantoin 
is more water soluble across a range of pH values and 
is therefore much less prone to precipitation than uric 
acid. The availability and use of rasburicase has revo-
lutionized the management of TLS in recent years, and 
patients with TLS treated with rasburicase generally have 
profound and rapid reversal of hyperuricemia and renal 
failure. Though much more expensive than allopurinol, 
rasburicase is fast becoming the treatment of choice for 
the TLS patient with significant elevation of serum uric 
acid and renal failure.

15.4.2 H yperkalemia

Potassium, the principle intracellular cation, freely 
spills out of cells as the plasma membrane is breached 

during cell death. In fact, hyperkalemia, defined as a 
serum potassium >6.0 mmol L−1, is often the earliest 
laboratory manifestation of TLS, and occult malig-
nancy should be considered in the differential diag-
nosis of a patient presenting with hyperkalemia of 
unknown origin. Steady-state co ncentration of potas-
sium in the serum is a reflection of both influx (from 
dying cells) and efflux (into the urine); therefore, 
concurrent impairment of renal function by uric acid 
or calcium phosphate nephropathy in TLS worsens 
hyperkalemia by interfering with clearance of potas-
sium. Furthermore, metabolic acidosis, which often 
accompanies TLS, exacerbates hyperkalemia because 
normal physiologic compensatory mechanisms are 
called upon to reduce extracellular acid load function 
by promoting potassium efflux from normal cells in 
exchange for hydrogen ions. Simultaneous hypocal-
cemia in TLS destabilizes cell membrane potential and 
can exacerbate cardiac symptomatology and other con-
sequences of hyperkalemia. Thus, several interacting 

Urate Oxidase
Allopurinol

N

N N N

N
N

N
N

Ribose

Purine Nucleotide
Pltosphorylase

Inosine

Hypoxanthine
Xanthine
Oxidase

Xanthine
Oxidase

Uric Acid

Allantoin

Adenosine
Deaminase

Guanine
Deaminase

Purine nucleotide
Phosphorylase

xanthine

GuanineGuanosine

N

O

O
O

O

C
O

Renally
cleared
Won’t
precipitate

H

H

H

Ribose

Adenosine

H N N

NN

NH
2

H

H
H

H

H

HO

OO

O

O

N

N

N

N

N N

N

H

H

H

H

H

H
2
N H

2
N

H

N

N

Ribose

O

N

N

H

H

H
N

O

H

H
2
N H

H

N

N

N N

N

N

H

H

H

H

Renal
excretion
Precipitates in
renal tubules at
low pH

Fig. 15.2 Purine catabolic pathway, generation of uric acid, and 
biochemical points of pharmacologic intervention: Adenosine and 
guanosine are metabolized by the purine catabolic pathway, illus-
trated here in abbreviated form. Through the activity of a variety 
of deaminases, nucleotidases, and phosphorylases, uric acid is 
formed through the metabolic intermediates inosine, hypoxan-

thine. Urate oxidase, found in other mammals but not in humans, 
converts uric acid to allantoin, a harmless water-soluble metabo-
lite. Inhibiting xanthine oxidase with allopurinol has been one of 
the main therapeutic interventions for TLS, though it leads to the 
buildup of xanthine and hypoxanthine. Rasburicase is a recom-
binant form of urate oxidase recently introduced into practice
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biochemical and pathologic pathways may interplay 
during TLS to affect serum potassium concentration 
and its effect on tissues [35, 39, 54, 90].

Although clinical complications of  hyperkalemia 
usually do not manifest until serum levels are >6–7 
mmol L−1, clinical pathology can certainly be influ-
enced by the rate at which hyperkalemia  develops. If 
hyperkalemia develops rapidly, then clinical  symptoms 
may manifest at lower absolute serum potassium lev-
els due to insufficient time for  physiologic  adaptive 
mechanisms to become established. The most feared 
consequence of hyperkalemia is life-threatening car-
diac arrhythmia such as ventricular fibrillation or 
asystole [40, 55, 78, 84]. It is prudent to monitor ECG 
status of hyperkalemic patients because subtle changes 
may predict more significant pathology. Specifically, 
peaked T waves, flattened P waves, prolonged PR 
interval, widened QRS complexes, deep S waves, and 
sine waves must be rapidly diagnosed because they 
may herald more serious cardiac arrhythmias that 
develop with ongoing or worsening hyperkalemia. 
Therapies must be aimed at stabilizing of the myocar-
dial cell membrane and reducing serum potassium to 
reduce morbidity.

15.4.3 Hyperphosphatemia and Hypocalcemia

TLS-associated hyperphosphatemia occurs because 
of release of intracellular phosphates and phosphate-
rich biomolecules (e.g., nucleic acids and proteins) 
from dying cancer cells into the circulation. Because 
lymphoblasts contain up to four times the intracel-
lular phosphate content of normal lymphocytes [83], 
lymphoid malignancies are especially associated 
with TLS-associated hyperphosphatemia. The clini-
cal sequelae of hyperphosphatemia are largely benign 
with one notable exception: when serum phosphate 
levels reach a certain threshold, soluble calcium inter-
acts chemically with phosphate to precipitate into 
calcium phosphate. It has been estimated that if the 
solubility product factor (Ca × P) reaches a level of 60 
or more, then calcium phosphate will precipitate [83]. 
Serum calcium levels will then become depleted as cal-
cium gets incorporated in calcium phosphate crystals 
and hypocalcemia secondary to hyperphosphatemia 
results [93]. Calcium phosphate precipitation in the 
renal collecting tubules, such as uric acid crystalliza-
tion, retards urine flow and contributes to decreased 
GFR that, like uric acid nephropathy, worsens TLS. 
Normal physiologic mechanisms may contribute to 
the problem. For example, secretion of parathyroid 

hormone (PTH) is normally upregulated in the hypoc-
alcemic state. PTH in turn decreases proximal tubular 
reabsorption of phosphate leading to higher urinary 
phosphate levels and increased risk of urinary calcium 
phosphate  precipitation [93].

Hypocalcemia can lead to a number of clinical 
manifestations including spasms, tetany, seizures, 
and bronchospasm. Furthermore, hypocalcemia 
 contributes to QT interval lengthening, which predis-
poses patients to ventricular arrhythmia and cardiac 
arrest particularly in the setting of concurrent hyper-
kalemia and other electrolyte imbalances. Chvostek 
and Trousseau signs may be present in the sympto-
matic hypocalcemic patient and are useful components 
to test for in the physical examination. Aggressive 
calcium infusion may, however, cause injury to the 
patient because it may promote widespread calcifi-
cation in the face of hyperphosphatemia, including 
intrarenal calcification that threatens to worsen the 
renal failure of TLS [90]. Therefore, in the hyper-
phosphatemic patient, treatment of hypocalcemia 
should, as a general rule, be reserved only for serious 
clinical symptomatology directly attributable to low 
serum calcium.

15.4.4 Uremia and Renal Failure

Intrarenal precipitation of uric acid and calcium phos-
phate each interfere with the generation and physio-
logic flow of urine. It is thought that the major cause of 
TLS-related renal failure prior to chemotherapy is uric 
acid buildup, whereas calcium phosphate- mediated 
obstructive nephropathy contributes much more after 
therapy has begun. Regardless of which crystals actu-
ally accumulate in the kidney, however, decreased 
renal glomerular filtration reduces urine flow, which 
promotes further crystals to form in static urine. To add 
to the problem, children presenting with malignancy 
frequently exhibit some degree of dehydration and pre-
renal azotemia because of poor oral intake and/or fever 
at diagnosis. Oliguria from hypovolemia favors intrare-
nal urate and calcium phosphate precipitation,  making 
timely diagnosis and intervention with intravenous flu-
ids critical to optimal patient care. If the patient has the 
added misfortune of his/her tumor invading or com-
pressing renal structures, then anatomic obstruction of 
urine flow will further compromise renal function and 
predispose the patient to severe TLS [65].

Besides reducing clearance of the electrolytes 
that cause TLS, a diminished GFR also interferes 
with clearance of other renally excreted compounds 
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such as urea, creatinine, and free water. Symptoms 
of uremia include fatigue/weakness, pericarditis, 
and mental confusion and may interfere with nor-
mal platelet function, which is of particular concern 
in  thrombocytopenic patients. As renal function 
 diminishes, signs of volume overload, such as dysp-
nea, pulmonary rales, edema, and hypertension, may 
develop. Though the renal  failure of TLS is often 
reversible with appropriate medical intervention 
aimed at reducing serum uric acid and phosphate lev-
els and reestablishing normal urine output, dialysis or 
other renal replacement therapy may be required in 
severe or refractory cases.

15.4.5 Metabolic Acidosis

Large amounts of endogenous intracellular acids are 
released from dying tumor cells and their buildup in the 
serum and tissues causes acidosis. Acidemia can worsen 
the many electrolyte imbalances already present in TLS 
because normal physiologic compensatory mecha-
nisms aimed at reducing extracellular H+ concentration 
in acidemic conditions hinder intracellular K+ uptake, 
decrease uric acid solubility, and shift phosphate out of 
cells. Calcium phosphate solubility, however, improves 
in acidic conditions; therefore, careful thought must be 
given as to what degree of acidemia is tolerable for the 
clinical circumstances. The practice of indiscriminate 
and universal alkalinization of TLS patients has been 
called into question in recent years and it should be 
 dictated by clinical condition [14, 22].

15.5 Evaluation of the Patient with TLS

The clinician should attempt to discern the rate of 
progression of malignancy by history and physical 
 evaluation. Relevant historical information includes 
time of onset of symptoms referable to the  malignancy, 
pace of growth of a palpable solid tumor, and character 
and timing of pain or fullness. The patient should be 
questioned about contributors or symptoms of dehy-
dration including decreased urine output, thirst, dizzi-
ness, vomiting, bleeding, and diarrhea. Other pertinent 
historical components that will help guide clinical 
decision making include presence of cramps, spasms, 
tetany, seizures, and alterations in consciousness sug-
gestive of hypocalcemia. On examination, special 
attention should be given to blood pressure, cardiac 
rate and rhythm, abnormal masses, degree of lymphad-
enopathy and hepatosplenomegaly, and presence of 

pleural or pericardial effusions or ascites. Other  useful 
signs include facial plethora or swelling and head/neck 
venous congestion, which might suggest superior vena 
cava syndrome and cough, stridor, and orthopnea that 
might indicate an anterior mediastinal mass and tra-
cheal compression.

Initial laboratory studies for TLS include a CBC with 
a manual differential and reticulocyte count (Table 
15.4). Critical serum electrolyte studies include a 
basic electrolyte panel (serum sodium, potassium, 
chloride, bicarbonate), and serum values for total cal-
cium, phosphorus, magnesium, uric acid, blood urea 
nitrogen, creatinine, lactate dehydrogenase, and liver 
function tests. Elevated LDH in particular correlates 
with high tumor load and may predict a more severe 
course of TLS [46, 60]. A urinalysis with  microscopy 
will give an indication of specific gravity and may 
exhibit urate crystals, casts, and/or hematuria. If the 
serum calcium is low, an ionized calcium and serum 
albumin should be obtained. If a nonhemolyzed serum 
potassium is elevated, an ECG is indicated to evalu-
ate for electrocardiographic signs of physiologically 
significant hyperkalemia (e.g., peaked T waves, QRS 
widening) or hypocalcemia (e.g., prolonged QT

c
 

interval). If ECG abnormalities are found, the patient 
should be placed on a cardiac monitor, and therapies 
should be immediately implemented to restore normal 
cardiac function.

Because extrinsic compression by tumor can cause 
renal failure by obstructive uropathy, abdominopelvic 
imaging (typically ultrasound or CT scan) is useful on 
any patient with an abdominal or pelvic mass. If kid-
neys are involved by tumor (see Fig. 15.3 for a clini-
cal example) or if the tumor compresses renal outflow 
tracts, this places the patient at particular risk of acute 
renal failure from severe TLS. In such cases, nephro-
logic and/or urologic consultation may be indicated to 
determine the need for dialysis and/or urinary  stenting/
catheterization [59].

It is important to very closely monitor clinical 
parameters and the relevant serum markers of TLS fre-
quently during the first several hours-to-days of tumor 
lysis in order to get a sense of the pace of the process 
and to determine whether alterations need to be made 
in clinical management. Assessing urine output and 
fluid balance at least every 6–8 h as well as serum 
electrolytes, calcium, phosphate, and BUN/creatinine 
is usually warranted, with intensity and frequency of 
monitoring governed by clinical status. Keep in mind 
that severity of TLS often peaks after antineoplastic 
therapy is initiated.
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15.6 Managemen t of TLS

The keys to successfully managing acute TLS are to (1) 
maintain a high index of suspicion by promptly iden-
tifying patients at risk for TLS, and (2)  aggressively 
institute proactive measures to prevent and/or reduce 
the severity of the clinical abnormalities associated 
with TLS [71]. Ideally, antitumor therapy should be 
delayed until prophylactic TLS measures have been 
implemented and renal function is restored. However, 
if delay is not possible (e.g., because of the aggres-
sive nature of their underlying malignancy), then the 
practitioner must weight the relative risks and benefits 
of delaying tumor therapy vs. the risk of developing 
or exacerbating TLS. Patients at risk for TLS should 
undoubtedly have reliable venous or central access 
and be treated in an intensive care or oncology unit by 
well-trained staff familiar with the complications and 
 management of TLS.

15.6.1 Pre vention

Patients who present with spontaneous TLS that accom-
panies initial presentation of malignancy and those at 
risk of treatment-related TLS should begin prophylactic 
measures aimed at optimizing hydration and clearance 
of pathogenic metabolites as soon as possible. This is 
especially critical in patients with high-risk clinical 
features (Table 15.2). One or more large-bore periph -
eral intravenous catheters through which fluids and 
medications can be administered and from which 
labs may be drawn is essential. At a minimum, all 
patients at risk of TLS should be treated with ade-
quate IV hydration to maintain a vigorous urine 
output. As outlined below, alkalinization of fluids 
as well as pharmacologic measures to treat hyper-
kalemia, hyperuricemia, hyperphosphatemia, and 
hypocalcemia may play valuable roles in tumor lysis 
prophylaxis and treatment (Table 15.5), but there is 

Table 15.4 Laboratory evaluation for TLS [4, 29, 44, 90]

Serological testsa

 CBC with differential (especially in case of leukocytosis)

 Serum electrolytes: sodium, potassium, chloride, and bicarbonate

 Uric acid

 LDH

 Phosphate

 Calcium (total and ionized if indicated)

 Total protein and albumin

 BUN, creatinine

Urine studies

 Urine output (cc kg−1 h−1)

 Urinalysis: pH, crystals, hematuria

Imaging Studies

 Radiography of the chest is useful to determine the presence of a large tumor, e.g., mediastinal mass

 Ultrasonography or computed tomography scanning of the abdomen and retroperitoneum if mass lesions in the abdomen or 
 renal failure are present; intravenous contrast may be contraindicated in a patient with renal insufficiency

Fluid balance data

 Daily weight

 Daily abdominal girth

Cardiac assessment

 ECG or continuous cardiac monitoring

Begin assessment prior to chemo- or radiotherapy and continues every 6–8 h or more for 48–72 h after treatment induction or as 
dictated by clinical scenario
a Blood should be collected through a wide-bore catheter
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no universal clinical practice algorhythm appropriate 
for every TLS patient. Rather, each patient’s therapy 
should be tailored to his/her particular clinical cir-
cumstances. Though TLS can often be well-managed 
pharmacologically, the clinician should keep in mind 
that debulking or cytoreductive measures (e.g., cyto-
pheresis in leukemias) can be useful antitumor lysis 
interventions by reducing tumor cell burden before 
chemotherapy is instituted.

15.6.2 Fluids and Alkalinization

As a general rule, children newly diagnosed with malig-
nancies who are at risk of TLS and who have adequate 
renal function should be aggressively hydrated [14, 
37, 68]. Vigorous fluid therapy maintains urine output, 
flushes away existing precipitated uric acid or calcium 
phosphate crystals from renal tubules (thereby reduc-
ing obstructive  nephropathy), prevents urinary stasis, 
which favors further crystallization, and reduces meta-
bolic  acidosis. Unless acute renal failure or urinary 
outflow tract obstruction exists at diagnosis, patients 
should normally be treated with intravenous fluids at a 

rate of at least twice the daily maintenance requirement 
(3 L m−2 day−1 or 200 mL kg−1 day−1 if less than 10 kg in 
weight). Twice maintenance fluid rate usually promotes 
a brisk urine output, but  fluids can be adjusted up to 
four times the daily fluid  maintenance requirement to 
optimize urine flow (at least 100 mL m−2 h−1 or at least 
3 mL kg−1 h−1 if the patient weighs less than 10 kg). 
Ideally, urine specific gravity should remain at or below 
1.010. Diuretics (mannitol and/or furosemide) may 
be helpful to achieve this urine output, but should not 
be used in the setting of acute obstructive uropathy or 
hypovolemia (Table 15.5) [4, 24, 34, 71]. Historically, 
the main component of the renal failure associated with 
TLS has been uric acid nephropathy. Recently, however, 
hyperuricemic patients who would otherwise be at risk 
of uric acid nephropathy have been very effectively 
treated with recombinant urate oxidase, which rap-
idly and effectively reduces serum uric acid levels and 
reverses uric acid nephropathy. Consequently, hyper-
phosphatemia and calcium phosphate nephropathy 
now represent the main cause of acute renal failure in 
TLS. Therefore, aggressive alkalinization may do more 
harm than good when administered to TLS patients 

Fig. 15.3 Example of a patient at high risk of developing severe 
TLS: A 12-year-old girl presented with a rapidly enlarging 
abdominal mass that was identified as Burkitt’s lymphoma on 
biopsy. As shown in these abdominal CT scan images at diagno-
sis, there was a large right-sided flank mass as well as extensive 
involvement of both kidneys by disease. This patient presented 
with a variety of risk factors predictive of severe TLS (see Table 

15.2), including a highly proliferative chemosensitive tumor, bulk 
disease, anatomic involvement of both kidneys, and baseline ele-
vations of serum LDH, uric acid, and creatinine. Fortunately, this 
patient maintained adequate renal output throughout the first days 
of chemotherapy, was treated with rasburicase and nonalkalinized 
fluids, and had a fine clinical outcome
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 effectively treated with urate oxidase and who are at low 
risk for uric acid nephropathy but who remain at risk for 
 calcium  phosphate nephropathy. Careful thought should 
be given to the need for fluid alkalinization.

If indicated, alkalinization of the urine can be achie-
ved by addition of sodium bicarbonate to intravenous 
fluids (Table 15.5). An alkaline urine (pH > 6.5) pro-
motes the urinary excretion of uric acid; therefore, if 
the serum uric acid is only mildly elevated and there is 
good renal function, alkalinization of fluids along with 
allopurinol administration remains a viable clinical 
option for patients with mild TLS. At our institution, 
we generally add sodium bicarbonate to intravenous 
fluids for such patients and have had good success in 
managing TLS by maintaining a brisk urine flow with 
a urine pH in the 7.0–8.0 range. When alkalinizing 
and hyperhydrating a patient, each urine void should 
be dipped and adjustments in the rate and/or amount 
of sodium bicarbonate should be made to maintain an 
ideal void rate and pH range. Obviously, potassium, 
calcium, and phosphate should be withheld from 
hydration fluids to avoid  worsening of hyperkalemia 
and  hyperphosphatemia and to avoid triggering of cal-
cium phosphate  precipitation in vivo [5, 14, 41, 75].

15.6.3 Management of Hyperuricemia

15.6.3.1 Allopurinol

Allopurinol is a xanthine analogue with metabolite 
oxypurinol function in vivo as a competitive inhibitor of 
xanthine oxidase, the enzyme required to generate uric 
acid from purines (Fig. 15.2) [47, 77]. Administered 

either orally or intravenously,  allopurinol effectively 
decreases the formation of new uric acid and has been 
shown to reduce the incidence of uric acid obstructive 
uropathy in oncology patients at risk of TLS [17, 61, 85]. 
Though usually well-tolerated and moderately effective, 
it has several drawbacks, which should be considered 
before use: (1) allopurinol does not degrade existing 
uric acid and should not be expected to result in swift 
normalization of serum uric acid levels in the markedly 
hyperuricemic patient, (2) its use leads to predictable 
accumulation of upstream products of purine catabo-
lism (hypoxanthine and xanthine), which can them-
selves precipitate in the kidney and block urine flow 
[51], (3) allopurinol unavoidably decreases metabolism 
of other purine analogues (e.g., 6- mercaptopurine) 
whose clearance is xanthine oxidase-dependent, neces-
sitating dose reductions in purine analogues when used 
simultaneously with allopurinol [8, 23, 50, 77]. In all, 
allopurinol is useful in the TLS patient with minimal 
serum uric acid elevation and preserved renal func-
tion. If, however, serum uric acid levels are markedly 
elevated and renal function is significantly impaired, 
then rasburicase should be considered the treatment of 
choice to rapidly reverse hyperuricemia and uric acid 
nephropathy.

15.6.3.2  Recombinant Urate Oxidase (Rasburicase)

Unlike allopurinol that acts by inhibiting formation 
of new uric acid, urate oxidase (rasburicase) actually 
breaks down existing molecules of uric acid into harm-
less water-soluble by-products and can rapidly reverse 
even the most elevated cases of hyperuricemia. It is 

Table 15.5 Pharmacologic management of TLS [22, 41, 71, 74]

Intravenous hydration 5% Dextrose + 0.25–0.5% normal saline

Add 40–60 meq L−1 NaHCO3 if urinary alkalinization is desired (may not be indicated 
 if rasburicase is used)

Do not add K+ or phosphate to intravenous fluids

Run fluids at 2–4 × maintenance rate (3–6 L m−2 day−1); begin at 200 mL kg day−1 
 if less than 10 kg in weight

Adjust rate to keep urine output > 100 mL m−2 h−1 or >3 mL kg−1 h−1 if the 
 patient weighs less than 10 kg and urine specific gravity is <1.010

Alkalinization Adding 40–60 meq L−1 NaHCO3 to 5% dextrose + 0.25% normal saline generally 
 results in good alkalinization of the urine (pH 7.0–7.5)

Adjust NaHCO3 concentration in intravenous fluids to maintain urine pH 7.0–7.5

Consider withholding sodium bicarbonate if rasburicase is used

Reduce bicarbonate if blood level is >30 meq L−1 or urine pH is >7.3

Consider acetazolamide (5 mg kg−1 day−1)

(continued )
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currently the most effective treatment for the hype-
ruricemia of TLS [18, 19, 76]. Rasburicase oxidizes 
uric acid into allantoin, which is readily secreted into 
the urine and remains soluble regardless of urine pH 
making alkalinization of the urine unnecessary during 

rasburicase therapy [19]. Pui et al. initially reported 
that prophylactic use of rasburicase in 66 children with 
hematological malignancies at risk of TLS signifi-
cantly reduced the median uric acid level within 4 h 
of administration with a therapeutic effect that lasted 

Table 15.5 (continued)

Uric acid reduction Allopurinol
100 mg m−2 dose−1 q8 h (10 mg kg−1 day−1 divided q8 h) p.o. (maximum 800 mg day−1) or 
 200–400 mg m−2 day−1 in 1–3 divided doses i.v. (maximum 600 mg day−1)

Reduce dose by 50% or more in renal failure

Adjust doses of purine analogues and drugs metabolized by P450 hepatic microsomal 
 enzymes with concomitant allopurinol -or-

Urate oxidase (rasburicase; 0.2 mg kg−1 day−1 × 1–3 days)

1–3 daily doses usually sufficient

0.05–0.2 mg kg−1 (round dose to nearest vial size) intravenously over 30 min

Alkalinization of urine not required when rasburicase is used

Use with caution in patients with oxidation-sensitive conditions (e.g., G6PD deficiency, 
 unstable hemoglobins)

Small risk of allergic reaction – have diphenhydramine and epinephrine readily available

It is necessary to place blood samples immediately on ice in order to follow serum 
 uric acid levels to avoid ex vivo enzymatic degradation

Hyperkalemia Low potassium diet

Withhold potassium from all intravenous fluids

Sodium polystyrene sulphonate (Kayexelate) 1 g kg−1 with 50% sorbitol orally or via 
 nasogastric tube

Insulin (0.1 U kg−1) + 2 mL kg−1 25% glucose

Albuterol nebulization

Potassium-wasting diuretics (furosemide, thiazides)

Calcium gluconate (100–200 mg kg−1 iv)

Hyperphosphatemia Low phosphate diet

Withhold phosphate from intravenous fluids

Aluminum hydroxide orally or via nasogastric tube 15 mL (50–150 mg kg−1 per 24 h) q6

Hypocalcemia Asymptomatic – no therapy

Symptomatic – calcium gluconate 50–100 mg kg−1

Infusing calcium in the setting of hyperphosphatemia can precipitate calcium 
 phosphate and worsen renal failure

Forced diuresis Furosemide (0.5–1 mg kg−1)

Mannitol (0.5 g kg−1 over 15 min every 6–8 h)

Avoid if patient is hypovolemic

Dialysis (or other renal 
replacement therapy)

Should be considered if one or more of the following exists:

Volume overload (pulmonary edema, effusions)

Renal failure, severe oliguria, or anuria

Refractory or symptomatic hyperkalemia, hyperphosphatemia, hyperuricemia, or 
 hypocalcemia

Uncontrolled hypertension

Severe metabolic acidosis

Severe uremia with CNS toxicity or bleeding diathesis

Consultation with nephrology is usually warranted before beginning dialysis or 
 other renal replacement therapies
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despite subsequent initiation of chemotherapy [70]. 
Later, in a randomized trial comparing allopurinol and 
rasburicase in patients at risk of acute TLS, rasburicase 
proved far more effective than allopurinol in reducing 
uric acid levels and overall length of hyperuricemia 
[30]. Being a recombinant enzyme, however, rasburi-
case is significantly more expensive than allopurinol, 
and is therefore generally reserved for patients with 
very high levels of uric acid and/or clear evidence of 
acute renal failure due to uric acid nephropathy [15]. 
Administered intravenously with the dose usually 
rounded to the nearest vial available in order to minimize 
waste, rasburicase achieves peak effect within hours of 
administration and removes existing uric acid without 
inducing accumulation of xanthine [69]. Usually no 
more than three daily doses of rasburicase are needed 
to rapidly reverse hyperuricemia and maintain low-to-
normal uric acid levels through the first stages of anti-
neoplastic therapy. Normalization of serum creatinine 
and GFR often follows within hours after intravenous 
administration of rasburicase. Some have suggested 
that in order to reduce therapeutic costs, allopurinol 
can be safely administered after an initial rasburicase 
treatment and uric acid reduction [37]. It is important 
to note that in rasburicase therapy hydrogen peroxide 
is generated in rasburicase-mediated conversion of 
uric acid to allantoin; therefore, caution must be used 
in patients with glucose-6-phosphate dehydrogenase 
(G6PD) deficiency or other oxidation-sensitive states 
(e.g., unstable hemoglobins) in order to avoid trigger-
ing inadvertent oxidative hemolysis [69]. Because of 
the minimal but potentially life-threatening risk of 
allergic reaction elicited by rasburicase administra-
tion, appropriate medications (e.g., diphenhydramine, 
epinephrine) should be available at the bedside during 
initial administration of rasburicase.

Therefore, in general, patients with grade 0-II TLS 
(Table 15.1) remain good candidates for allopurinol 
prophylaxis and fluid alkalinization. However, patients 
with higher grade TLS are probably best served by 
rapid administration of at least one dose of rasburicase 
and hydration.

15.6.4 Management of Hyperkalemia

As hyperkalemia is arguably the most immediate life-
threatening aspect of TLS, it must be attentively and 
rapidly managed. In TLS, serum potassium can rise 
rather quickly over the span of hours when renal failure 
accompanies tumor lysis. Therefore, patients with TLS 

must be closely monitored during the first hours of TLS 
with particular attention paid to fluid balance, serum 
potassium, and cardiac status. Clinical manifestations 
of hyperkalemia usually appear with serum potassium 
levels above 6.0 mmol L−1 and include nonspecific 
constitutional symptoms (nausea, vomiting, anorexia, 
and diarrhea) as well as more severe problems such 
as neuromuscular (weakness, cramping, paresthe-
sias, paralysis) and cardiac abnormalities (conduc-
tion disturbances ranging from asystole to ventricular 
arrhythmias), syncope and sudden death [5, 39, 41]. 
In general, the degree of pathophysiology correlates 
with the magnitude of electrolyte imbalance. Often, 
the first hint of cardiac abnormality due to hyperkale-
mia can be detected on ECG; therefore, cardiac moni-
toring is helpful in patients with hyperkalemia.

Management of the hyperkalemic patient begins 
with optimizing renal function and excluding potas-
sium from all intravenous fluids. In patients who are 
asymptomatic with only mild elevations of the serum 
potassium, initial medical treatment may require only 
sodium polystyrene sulphonate (Kayexelate) adminis-
tration to absorb potassium in the intestine. In sympto-
matic patients, however, more vigorous interventions 
may be required including insulin and glucose infu-
sions, albuterol nebulizations, or even hemodialysis 
(Table 15.5) Hypocalcemia can worsen physiological 
consequences of hyperkalemia, thus correcting other 
metabolic abnormalities can be of great benefit to the 
hyperkalemic patient.

15.6.5  Management of Hyperphosphatemia and 
Hypocalcemia

Unlike uric acid that can be markedly elevated at diag-
nosis even before chemotherapy has begun, hyper-
phosphatemia usually is not clinically significant 
until after chemotherapy has begun. Signs/symptoms 
of severe hyperphosphatemia include nausea, vomit-
ing, diarrhea, lethargy, and seizures. Furthermore, 
because of tissue and serum precipitation of cal -
ci um phosphate, hypocalcemia and calcium phosphate 
nephropathy can develop [13, 71]. Phosphate should 
be withheld from all intravenous solutions, and intesti-
nal phosphate binders such as aluminum hydroxide or 
Sevelamer are useful first-line therapies administered 
orally or via nasogastric tube that can effectively treat 
hyperphosphatemia. Like other electrolyte imbalances, 
however, dialysis may be required in severe refractory 
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cases [36, 41, 72]. Along with hyperkalemia, severe 
hypocalcemia is one of the most life- threatening 
aspects of TLS. Signs/symptoms of hypocalcemia 
include muscle cramps/spasms, paresthesias, tetany, 
 ventricular arrhythmias, heart block, hypotension, con-
fusion, delirium, hallucinations, and seizures. Severe 
hypocalcemia is manifested by bradycardia, cardiac 
failure, coma, and rarely death [39, 71]. Aggressive 
treatment of asymptomatic hypocalcaemia by intrave-
nous calcium infusion, however, is contraindicated in 
the asymptomatic hypocalcemic hyperphosphatemic 
patient because of the risk of precipitating calcium 
phosphate in the urine and worsening of obstructive 
uropathy. The hypocalcemia of TLS generally resolves 
as tumor lysis improves; however, symptomatic hypoc-
alcemic patients may require intravenous calcium 
 gluconate or dialysis (Table 15.5) [14, 41].

15.6.6 D ialysis

Despite appropriate and timely pharmacologic inter-
vention, some patients with refractory TLS may require 
more aggressive therapy. Patients with  increasing renal 
dysfunction and worsening electrolyte abnormali-
ties may benefit from dialysis or hemofiltration [41]. 
Indications for assisted renal replacement therapies are 
listed in Table 15.5, and consultation with  nephrology 
is obviously  warranted in such cases.

15.7 C onclusions

TLS is a combination of metabolic disturbances caused 
by inability to sufficiently clear products of cellular 
degradation as tumor cells rapidly turn over at diagnosis 
and/or shortly after antineoplastic therapy is begun. It is 
ultimately a problem of  disturbed electrolyte homeosta-
sis, with normal excretory pathways being overwhelmed 
by an excess of waste products released from dying 
tumor cells. The specific metabolic imbalances that 
comprise TLS include hyperuricemia, hyperkalemia, 
hyperphosphatemia, and hypocalcemia. Improvements 
in the management of TLS over the last several decades 
have resulted in much less morbidity and mortality in 
the first days of therapy for newly diagnosed pediatric 
oncology patients. In particular, the use of rasburicase 
has revolutionized the treatment of TLS, making the 
need for dialysis and other renal replacement meas-
ures much less common and overall outcomes much 
better. Clearly, the  management of TLS will evolve 

as more therapies are developed. Future prospective 
studies will help determine which patients are at the 
highest risk of developing TLS and its complications, 
and which require rasburicase as first-line therapy vs. 
which patients only require  allopurinol for prophylaxis 
and/or treatment. Management of newly diagnosed 
patients at risk of TLS affords a unique opportunity for 
the oncologist to work hand-in-hand with their neph-
rology and critical care colleagues to optimize care for 
this  complex life-threatening metabolic disorder.

› Large tumor cell burden, high rate of malignant cell divi-
sion, baseline renal failure, renal involvement by tumor 
and onset of chemo- or radiotherapy are important predic-
tors of severe TLS.

› Recombinant urate acid oxidase (Rasburicase) rapidly 
reverses hyperuricemia even in the setting of renal failure.

› Aggressive hydration remains a cornerstone therapeutic 
principle in the management of TLS.

› Alkalinization of intravenous fluids may not be indicated 
after administration of recombinant urate oxidase and cor-
rection of serum uric acid as it risks worsening of calcium 
phosphate crystallization in renal tubules.

› Though TLS has historically complicated hematopoietic 
tumors (lymphomas and leukemias), the development 
of more effective chemotherapeutic agents may herald 
therapy-related TLS in broader range of malignancies.

Take-Home Pearls
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Core Messages

› The triad of anemia, thrombocytopenia, and abnormal 
renal function needs to alert the provider about the pos-
sibility of hemolytic uremic syndrome (HUS).

› Mortality and prognosis of HUS have improved dramati-
cally over the years with improved understanding of the 
pathophysiology of the disease and advances in fluid and 
electrolyte management.

› Early anticipation of and preparation for renal replace-
ment therapy is crucial in the management of oliguric or 
anuric acute renal failure.

› Despite the lack of controlled studies, early nutritional 
support aiming for a positive caloric balance might be an 
important part of the treatment strategy.

Hemolytic Uremic Syndrome

S.G. Kiessling and P. Bernard

16

Case Vignette

A previously healthy 23-month-old child is admitted to 
the Pediatric Inpatient Service with pallor, irritability, 
and decrease in activity as well as urine output. The 
illness started about 10 days ago with onset of bloody 
diarrhea, vomiting, and crampy abdominal pain. The 
diarrhea decreased and the patient improved clini-
cally after 1 week but the family noticed dark urine 
and irritability on the day of admission. Diapers are 
less soaked than usual. The parents noted mild perior-
bital edema and pallor on the morning of presentation. 

The child was seen in the emergency room, and blood 
work shows a complete blood count with a hematocrit 
of 22.3% and a platelet count of 56,000 per mcl. LDH 
is significantly elevated and the Coombs test is nega-
tive. Blood urea nitrogen (BUN) is elevated at 46 mg 
dL−1 with a serum creatinine of 3.2 mg dL−1. There is 
mild hyponatremia and metabolic acidosis. Peripheral 
smear confirms schistocytes. Transfer to the Pediatric 
Intensive Care Unit is arranged as the child becomes 
clinically more unstable. Twenty-four hours after 
admission, the child is anuric with progressive ane-
mia and azotemia. A central venous line is placed and 
 preparations for renal replacement therapy are made.

16.1 In troduction

HUS, characterized by the triad of hemolytic anemia, 
thrombocytopenia, and acute renal insufficiency, is one 
of the most common causes of acute renal failure in the 
pediatric age group. It is also known to be associated 
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with a significant risk for the development of chronic 
renal failure [60]. The disease is known for its unpre-
dictable clinical course and presentation with a wide 
range of clinical findings, from minimal symptoms to 
severe involvement of multiple organ systems. Since 
the first description by Gasser et al. in 1955 [21], the 
prognosis has improved dramatically; however, given 
the unpredictable clinical course, hospital admission 
and transfer to the intensive care unit for manage-
ment are frequently necessary. Most commonly, HUS 
presents in the complete form with the triad of a nonim-
mune, microangiopathic hemolytic anemia (MAHA), 
thrombocytopenia due to consumption, and oliguric or 
nonoliguric acute renal insufficiency. The rare incom-
plete presentation is defined by the combination of 
either MAHA or thrombocytopenia with acute renal 
failure. Historically, HUS is associated with signifi-
cant morbidity and mortality due to the disease itself 
and therapy-associated complications.

16.2 Classifica tion

HUS is usually divided into a diarrhea positive 
(D+) and a diarrhea negative group (D−) [18]; this 
 classification is clinically not very useful and often 
confusing since there is significant overlap between 
the groups. In this chapter, D + HUS will be used when 
referral is made to the syndrome being associated with 
Shiga-toxin-producing Escherichia coli 0157:H7, the 
most common form of HUS in the United States and 
Europe.

In more than 90% of cases, HUS is caused by Shiga-
toxin-producing Escherichia coli, first reported by 
Karmali et al. in 1985, 30 years after the initial report 
of HUS [29]. Three years prior to that, an association 
between E. coli 0157:H7 and hemorrhagic colitis was 
reported [43]. HUS can also occur under a variety of 
other infectious and noninfectious conditions as listed 
in Table 16.1. Other infectious agents causing HUS 
include Shigella dysenteriae type 1 (also clinically 
presenting with diarrhea in the majority of cases), 
Streptococcus pneumoniae, and human immunodefi-
ciency virus.

Other types of HUS, clinically not associated with 
diarrhea as the Shiga-like-toxin-producing E. coli or 
Shigella dysenteriae-related forms, are commonly 
summarized as atypical HUS. This group carries a 
much higher mortality rate compared with the typi-
cal childhood HUS. Some of those forms have a 
 deficiency or defect in Factor H (fH), a glycoprotein, 

which is an important component in the regulation of 
complement, specifically in preventing the produc-
tion of C5b membrane attack complex and leukotactic 
C5a by conversion from C3b [6]. The exact role of fH 
deficiency in the pathogenesis of HUS is unknown but 
it appears that activation of C3 under those circum-
stances leads to  autoantibody and immunecomplex-
mediated glomerular damage. Other, rare forms of 
atypical HUS are associated with deficiencies in von 
Willebrand factor- cleaving protease (ADAMTS 13). 
Von Willebrand factor (VWf), a glycoprotein, forms 
large multimers able to bridge between platelets and 
inducing aggregates. This is avoided by ADAMTS 13, 
a metalloprotease that cleaves VWf before multimeric 
structures can be formed.

This chapter will focus on the diarrhea positive form 
of HUS, also frequently referred to as typical HUS.

16.3 Epidemiology of Typical HUS

Enterohemorrhagic E. coli (EHEC) are a subclass of 
E. coli, which produce a toxin with the potential to 
induce hemorrhagic enterocolitis, frequently a clinical 
prodrome to HUS. It has been estimated in the past that 
about 5–10% of children infected with Shiga-toxin-pro-
ducing E. coli will progress to HUS [5, 9]. Contributing 
factors and risk factors leading to progression and ulti-
mately development of the disease have not been clearly 
identified. This toxin, originally named Verotoxin 
because of its ability to kill Vero cells (grown from 
African green monkey kidneys), was renamed Shiga-
like toxin because of its close structural relation to the 
toxin produced by Shigella  dysenteriae type I, which 
was detected in 1977.

Shiga-toxin-induced HUS occurs much more com-
monly during the summer months, mainly June to 
September. This seems to be at least in part related 
to the higher incidence of positive fecal cultures for 
enterohemorrhagic E. coli during that time of the year 
[26]. Since E. coli 0157:H7 is frequently colonizing 
the intestines of cattle, outbreaks have been found 
to be closely related to contact with beef products 
[28]. Outbreaks can sometimes be tracked back to a 
 single source of either primarily contaminated beef or 
unsafe food handling practices [57]. Other risk fac-
tors include drinking contaminated water including 
ingestion of water in swimming pools, handling ani-
mal feces, and eating fruit and vegetables fertilized 
or irrigated with animal manure. Recent outbreaks 
of E. coli 0157:H7 have been widely publicized in 
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conjunction with strawberry and spinach as primary 
sources. Interestingly, by far the minority of indi-
viduals (less than 10%) exposed to E. coli 0157:H7 
develops the full clinical picture of HUS as shown in 
a collaborative study by Rowe et al. [47]. Risk fac-
tors for progression to typical HUS are unknown, and 
higher bacterial load does not seem to be correlated 
with a higher risk to develop disease.

16.4 P athophysiology

Tsai recently updated our understanding of the molec-
ular biology involved in thrombotic microangiopa-
thies including HUS [55]. The main target of injury in 
virtually all forms of HUS is the vascular endothelial 
cell representing the primary step initiating a cas-
cade of events. The Shiga-toxins 1 and 2 produced by 
E. coli are encoded by bacteriophage DNA in contrast to 
Shiga-toxin from S. dysenteriae, a 70-kD protein exo-
toxin encoded by S. dysenteriae DNA. In D + typical 
HUS, Shiga-toxin, the five B or binding units attached 
to the A core bind with very high affinity to the glycoli-
pid cell surface receptor globotriaocylceramide (Gb3), 
inhibiting protein synthesis, leading to cytotoxic injury 
to target cells including colonic, cerebrovascular, and 
glomerular epithelial and endothelial cells [55]. The 
first step in this cascade of events is characterized by 
intestinal infection of Shiga-toxin- producing E. coli in 
the intestines with consecutive injury to the intestinal 
epithelial cells inducing bloody diarrhea. The toxin 

gains access to the systemic circulation by translo-
cating through the intestinal epithelium [41], binding 
to Gb3 receptors on endothelial cells in the kidney, 
brain, and other organs. It also binds to monocytes. 
Binding to Gb3 on various cell types leads to release 
of interleukins and chemokines as well as large mul-
timers of vWf secreted by glomerular endothelial cells 
[38]. Endothelial cell injury leads to release of several 
intracellular factors including von Willebrand factor 
and platelet aggregating factor (PAF) [15]. Platelet 
consumption by formation of hyaline platelet-fibrin 
microthrombi in areas of endothelial injury leads to 
consumptive thrombocytopenia [30]. These micro-
thrombi occlude  capillaries, in typical HUS, mainly 
in the kidney. Blood cells passing through injured and 
(partially) occluded vessels will become dysmorphic 
and fragmented leading to MAHA and the appearance 
of schistocytes on the peripheral blood smear. The 
reticuloendothelial system consecutively removes the 
fragmented red blood cells (RBCs) from the circula-
tion leading to anemia.

16.5 Clinical Presentation

After a rather short incubation period of only 3–4 
days, nine out of ten children present with symptoms 
of diarrhea. In more than 50% of those cases, the 
diarrhea becomes bloody within 2–3 days [36, 44]. In 
typical HUS, the age group at highest risk is between 
6 months and 4 years of age with a peak between 12 

Table 16.1 Classification of hemolytic uremic syndromes in children

1. HUS associated with infection and diarrhea Shigatoxin-producing EHEC
Verotoxin-producing Shigella dysenteriae

2. HUS associated with infection Human immunodeficiency virus
Streptococcus pneumoniae producing neuraminidase

3. Secondary HUS

   HUS associated with transplantation

SLE and antiphospholipid syndrome

Recurrent disease after kidney tranplantation
De novo HUS posttransplantation
HUS after bone marrow transplantation

   HUS associated with drugs Cytotoxins
Calcineurin inhibitors
Quinine

   Associated with a genetic predisposition Factor H gene mutations or deficiency
von Willebrand factor-cleaving protease deficiency
Abnormal Vitamin B12 metabolism

4. HUS of unknown etiology Autosomal dominant and recessive HUS
Idiopathic
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and 24 months. The diarrhea is often associated with 
severe, crampy abdominal pain mimicking appendici-
tis or inflammatory bowel disease. Especially in the 
early stages of the disease or in the absence of bloody 
diarrhea, a more aggressive viral gastroenteritis is 
often the initial working diagnosis. The colitis respon-
sible for the severe diarrhea is often very painful and 
leads to exhaustion of the child over time. Potential 
gastrointestinal complications, though rare, include 
bowel perforation, obstruction, and ischemic infarc-
tion. Frequently, the child symptomatically improves 
with decreased or complete resolution of diarrhea 
clinically after 5–7 days, at which point irritability 
and pallor are noted commonly. At that point, most 
children with typical HUS present with the classic 
triad of acute renal failure, Coombs-negative hemo-
lytic anemia, and thrombocytopenia leading to the 
diagnosis. Central nervous system involvement occurs 
in as many as one-third of children presenting with a 
variety of clinical findings including seizures, altered 
level of consciousness, visual and auditory hallucina-
tions, and paresis. Seizures are the most common neu-
rologic finding and are often seen early in the course 
of the disease. Generalized seizures compared with 
partial seizures seem to have a better prognosis [16]. 
In children who require medications for pain control 
or agitation, a high index of suspicion needs to be kept 
to differentiate neurologic involvement of HUS from 
medication effects and side effects. More than 50% 
of children with typical HUS have a period of oligoa-
nuria for about 1 week, but it can persist for several 
weeks.

16.6 Diagnosis

The clinical presentation and classic triad of  anemia, 
thrombocytopenia, and renal failure need to alert the 
provider to include possible HUS in the differen-
tial diagnosis. In children with a history of (bloody) 
diarrhea, anemia, and thrombocytopenia, the diagnosis 
is normally quite straight forward. In typical HUS, cul-
ture of stool within 6 days after onset of the disease on a 
D-sorbitol-containing McConkey agar yields a positive 
result in greater than 90% but decreases significantly if 
sent later in the course [52]. Unfortunately, in the early 
stages of the disease, the presenting symptoms are com-
monly unspecific, and E. coli-associated diarrhea or 
HUS is included as a broad range of differential diag-
noses. By the time the clinical course becomes more 
consistent with HUS, the stool culture is frequently 

already negative. For that reason, keeping a high index 
of suspicion early is very important to confirm the diag-
nosis. Stool should always be sent specifically to assay 
for E. coli 0157:H7 since some children present without 
abdominal complaints [34].

The anemia is nonimmune mediated and a direct 
Coombs test is negative. A manual peripheral blood 
smear usually shows evidence of schistocytes or helmet 
cells, as well as fragmented RBCs indicating evidence 
of microangiopathic hemolysis. The fragmentation 
is thought to occur as RBCs travel through partially 
occluded areas in the microcirculation causing turbu-
lence and damage to the cells [38]. Thrombocytopenia 
is usually significant with platelet counts less than 
50,000 mm−3 but the degree of thrombocytopenia does 
not necessarily correlate with severity of the disease. 
Once the diagnosis is suspected, additional labora-
tory tests are ordered. These include a complete blood 
count with differential and a reticulocyte count, which 
is usually elevated indicating an appropriate bone mar-
row response. Children with E. coli 0157:H7 enteritis 
and an elevated white blood cell count >13,000 per 
mcl have an up to seven-fold risk to develop HUS but 
little is known about the effects of initial leukocyto-
sis on prognosis and outcome of typical HUS [6, 13]. 
A comprehensive metabolic panel with liver func-
tion tests, lactate dehydrogenase (LDH), and baseline 
amylase and lipase should be ordered. Elevation in 
LDH, abundant in RBCs, is correlated with the degree 
of hemolysis. A urinalysis to assess for hematuria, 
hemoglobinuria, and proteinuria should be performed. 
Microscopic review of a freshly voided urine speci-
men is very helpful to look for the presence of hyaline, 
granular and cellular casts, which can be indicative of 
renal disease but do not necessarily  correlate with the 
degree of injury.

16.7 Diff erential Diagnosis

HUS, a thrombotic microangiopathy, is usually char-
acterized by the triad of anemia, thrombocytopenia, 
and acute renal failure. The clinical presentation usu-
ally allows differentiation between diarrhea positive 
and negative forms of HUS, but significant overlap 
can exist.

Diarrhea secondary to other gastrointestinal infec-
tions can potentially present with very similar clini-
cal findings, including amebiasis, Campylobacter, 
Salmonella, and Shigella gastroenteritis. In cases 
where diarrhea induces significant dehydration, both 
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the BUN and the creatinine can be elevated mimick-
ing acute renal failure in HUS [2]. In contrast to HUS, 
the azotemia will improve after proper rehydration and 
restoration of normal circulating volume.

Thrombotic thrombocytopenic purpura (TTP), 
another form of MAHA and thrombocytopenia, can 
present with quite similar clinical symptoms and 
was in the past thought to be a different presentation 
of the same disease entity. It was first described by 
Moschcowitz in 1924 [40]. Both HUS and TTP share 
the same histological lesions defined by subendothe-
lial space widening and intraluminal thrombi [48]. 
Whereas platelet-fibrin thrombi are mainly found in 
the renal circulation in HUS, systemic microvascu-
lar aggregation of platelets is causing ischemia to the 
brain and other organs in TTP. The resulting ischemia 
to the brain at least partially explains the dominance 
of neurologic pathology in TTP [38]. Familial forms 
of TTP in children are caused by a functionally defec-
tive metalloprotease called ADAMTS 13, which 
cleaves large multimers of von Willebrand factor 
(vWF). This leads to adhesion and aggregation of 
platelets to vWF multimers ultimately leading to TTP. 
Other forms of TTP occur in the presence of autoan-
tibodies against ADAMTS 13, transient defects, or 
abnormal attachment of ADAMTS 13 to endothelial 
cells [38]. Differentiation of the two entities is very 
important to decide on appropriate therapies and to 
optimize outcome. Rarely, patients may present with 
right lower quadrant pain with preceding diarrhea and 
be diagnosed with appendicitis [17]. In case reports, 
appendicitis and HUS have been reported to coexist. 
Therefore, it is imperative that a high index of suspi-
cion is maintained prior to surgical intervention.

16.8 General Aspects of Management

Given the complexity of the disease and the lack of 
reliable markers of severity of the clinical course to 
be expected, inpatient unit admission for further man-
agement should be considered in virtually all children 
once the diagnosis is established. Common reasons for 
hospital admission or referral to a center experienced 
in the care of children with HUS include (rapidly) 
worsening anemia, thrombocytopenia, dec-reased 
urine output with and without azotemia, electrolyte or 
acid–base imbalance, and presence of clinically sig-
nificant blood pressure elevation. The course of HUS 
is difficult to predict, and children who appear healthy 
to the treating provider at the initial presentation can 

worsen within a period of a few hours. For that reason, 
notifying the pediatric intensivist and planning for 
early transfer to the ICU have proven to be extremely 
valuable in our institution. Serial physical exams and 
blood draws at set intervals to detect changes early are 
extremely important in the management of the child. 
A potential diarrhea-induced fluid deficit should be 
corrected to avoid prolonged prerenal physiology but 
emphasis needs to be placed on prevention of overcor-
rection. In other words, once fluid losses have been 
replaced and perfusion is restored, the strategy needs 
to be shifted toward replacement of losses to keep fluid 
balance even and avoid iatrogenic overload. Antibiotics 
should be avoided in children with evidence of E. coli 
0157:H7-induced diarrhea as there is evidence of an 
increased risk of developing typical HUS [59]. This 
is thought to be due to increased release of Shiga 
toxin from bacteria. Also, antimotility drugs appear to 
increase the risk of progression to HUS in individuals 
infected with E. coli O157:H7.

Communication with the family is very impor-
tant. The disease itself and the unpredictable course 
should be discussed at length initially. Frequent 
updates will allow the family to better understand 
potential interventions as they might become neces-
sary at some point during the course of the disease.

16.8.1 Management in the Intensive Care Unit

From a patient care perspective, early transfer of the 
child to the ICU has several benefits. Common criteria 
for transfer of care include clinical  deterioration and 
need for closer monitoring, cardiovascular  instability, 
and oligoanuria with impending need for renal 
replacement therapy. ICU staffing ratios allow close 
observation and documentation of clinical status 
with recognition of deterioration of the patient as it 
occurs rather frequently in HUS. Balancing intake 
(oral and intravenous fluids) and output (urine, stool, 
and insensible losses) at set close intervals will allow 
an accurate assessment of the child’s fluid status and 
early detection of decreased urine output in case of 
development of oligoanuric acute renal failure. Fluids 
should be restricted early in cases where volume-
related cardiopulmonary effects have been noticed 
[53]. This is of importance to avoid potential iatro-
genic fluid overload. An accurately measured weight 
of the patient, recorded once or twice per day, can 
be very helpful to correctly assess the volume status. 
In edematous patients, either due to severe hypoalbu-
minemia or a primary vascular leak, the weight on 
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the other hand might not be truly reflecting intravas-
cular or circulating volume status rather than total 
volume.

Serum electrolytes and acid–base status need to 
be followed very closely, especially in the setting of 
decreased urine output. Hyponatremia, most common 
dilutional, is seen quite frequently in children with 
HUS and needs to be addressed by minimizing free 
water excess. Hypotonic fluids should not be adminis-
tered as the degree of hyponatremia is correlated with 
the severity of neurologic injury [37]. Intravenous 
medication infusions should be, if possible, mixed 
in isotonic saline once hyponatremia is recognized 
to be progressive. Repeat blood work to assess renal 
function and serum electrolytes, and progression of 
anemia will influence the decision to place central 
venous access or a peritoneal dialysis catheter. Central 
venous access should be placed early in cases where 
the clinical course indicates worsening renal function 
or a progressively positive fluid balance in the setting 
of decreased urine output. Placement of invasive lines 
should only be undertaken by experienced profes-
sionals as bleeding complications are not infrequently 
encountered. Early dialysis access placement will 
avoid difficulties due to marked volume overload and 
edema and might decrease the risk of procedure-asso-
ciated complications. Presence of hypertension or res-
piratory involvement might require the insertion of an 
arterial line for blood gas and accurate blood  pressure 
monitoring. Also, in most centers, acute forms of dial-
ysis are preferentially performed in the ICU setting, 
especially continuous renal replacement therapy in the 
form of CVVH(DF).

16.8.2 Management of Anemia

The potential need for packed red blood cell (PRBC) 
transfusion in children with HUS has been reported to 
be as high as 80% [11]. Children with HUS can expe-
rience a significant drop in the hemoglobin and hema-
tocrit level within a short period of time, and CBCs 
need to be followed quite closely, as often as three 
to four times per day depending on clinical circum-
stances, to correctly assess the trend. Plasma LDH, an 
enzyme catalyzing the conversion from pyruvate to 
lactate, present in abundance in RBCs and released by 
their breakdown, is a very useful parameter to assess 
the degree of hemolysis and can be used to assess the 
potential need for future transfusion. Once dialysis is 
initiated, its use becomes limited since LDH levels 
are affected by all forms of renal replacement therapy. 

There are no consensus guidelines on when transfu-
sion of packed RBCs becomes an absolute indication. 
As recently reported by Laverdiere et al. [33], trans-
fusion practices among intensivists vary significantly 
between centers depending on a variety of factors 
including type of disease and hemoglobin levels. This 
does not seem to be different for HUS, and there-
fore transfusion practices vary depending on experi-
ence, provider, and center. Usually, transfusion can 
be delayed as long as oxygen delivery to the tissue is 
sufficient and there is no significant cardiovascular or 
hemodynamic compromise in the patient. On the other 
hand, a recent study by Grant et al. [25] has shown that 
in the state of acute anemia, adaptive changes compen-
sate for decreased oxygen delivery. It is unclear if this 
adaptive state could influence the overall outcome in 
critically ill individuals.

One of the main risks of blood transfusions is 
related reactions. Even though it is at times difficult 
to distinguish between symptoms related to the under-
lying disease and a true reaction to transfusion, the 
incidence of transfusion-related reactions has been 
reported to be as high as 1.6% in a prospective trial 
[22]. Another important factor to consider when mak-
ing the decision to transfuse packed red cells is the 
strong potential of bone marrow  suppression in a 
patient who has an appropriate bone marrow response 
indicated by an elevated reticulocyte count. Recently, 
Lacroix et al. [32] recommended a restrictive transfu-
sion strategy and to withhold transfusion in critically 
ill but stable children until the hemoglobin falls below 
7 g dL−1. Serum potassium levels need to be followed 
closely due to risk of transfusion-related hyperkale-
mia, especially in the setting of renal dysfunction.

Common criteria for PRBC transfusion include 
a rapid drop in hemoglobin and hematocrit levels, 
symptoms associated with anemia, and hematocrit 
levels less than 18%. Some authors recommend with-
holding transfusion to even lower hematocrit levels 
[50]. Frequently, once the decision for transfusion is 
made, a volume of 10 cc kg−1 is transfused over sev-
eral hours, not faster than at a rate of 2–3 cc kg−1 h−1 
in the hemodynamically stable child. The volume of 
cells (in cc) can also be calculated by multiplying the 
estimated blood volume of the child with the desired 
hematocrit change and by dividing the result by the 
hematocrit of PBRCs (which is usually around 65%) 
[12]. Posttransfusion hematocrit levels above 30% 
(hemoglobin greater than 10 g dL−1) are rarely neces-
sary and carry a significant risk of  hypertension, espe-
cially in the oligoanuric patient.
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16.8.3 Management of Thrombocytopenia

Thrombocytopenia in HUS is secondary to endothelial 
injury with consumption of platelets in microthrombi 
[30]. This is a dynamic process, and studies have shown 
that prolonged thrombocytopenia is associated with an 
increased risk for long-term renal abnormalities [7]. 
There are no consensus guidelines on the management 
of thrombocytopenia in HUS, and the therapeutic 
approach oftentimes varies significantly depending on 
the center and the group of treating providers. Limited 
available data caution treating providers to withhold 
platelet transfusion given the potential to increase for-
mation of hyaline platelet-fibrin thrombi and worsen-
ing of microthrombi by transfusing additional platelets 
[24, 27]. An absolute indication for platelet transfusion 
in the setting of documented thrombocytopenia is acute 
and clinically significant bleeding, which is rarely 
seen in clinical practice; most centers also agree on 
platelet transfusion as a prophylactic measure before 
performing an invasive procedure such as placement 
of a central venous catheter. Platelets are consumed 
quite rapidly in the acute phase of the disease; there-
fore, timing of the transfusion as close to a procedure 
is possible (or still infusing during the procedure) and 
appears to be reasonable.

16.8.4 Management of Acute Renal Failure

In the initial stages after the diagnosis of typical HUS 
has been established, focus is on conservative medical 
management of acute renal failure. Renal failure can 
present either in the oligoanuric form or nonoligoa-
nuric form. Accurate fluid management is critical for 
both groups since renal failure can progress toward 
oligoanuria at any point in time. A recent study has 
shown limited evidence of the potential benefit that 
intravenous fluid expansion very early in the disease 
might decrease the risk for developing oligoanuric 
renal failure [1]. Unfortunately, in clinical practice, 
the diagnosis of HUS is rarely based on the presence 
of bloody diarrhea early on so that evidence of renal 
failure in one form or another is already present at 
the time the correct diagnosis is made. This includes 
medical management of hyperkalemia and other 
electrolyte imbalances, acid–base abnormalities, and 
close documentation of the fluid balance by meas-
uring intake and output including insensible losses 
(350–400 cc m−2); this is important to avoid volume 
overload, one of the most common indications for 
initiation of renal replacement therapy. In case of 

a positive fluid balance and presence of oliguria, it 
is often useful to consider a trial of diuretics. Loop 
diuretics are commonly used as first-line agents to 
increase urine output and to ameliorate fluid over-
load. There is ongoing debate about the optimal diu-
retic prescription. It appears that in hemodynamically 
unstable children continuous intravenous infusion is 
superior to bolus administration, mainly due to better 
controlled diuresis and decreased risk for iatrogenic 
volume depletion with potential for secondary renal 
injury [31]. A trial of furosemide at a dose of 2–4 
mg kg−1 dose−1 or as continuous drip should be consid-
ered. The addition of a downstream thiazide diuretic 
can potentially further enhance urine output. In a 
recent meta- analysis of patients with acute renal fail-
ure ( including critically ill patients), loop diuretics 
did not affect mortality or the need for renal replace-
ment therapy but shortened the duration of dialysis 
and improved urine output [3]. However, since the 
majority of the patients in these studies were not criti-
cally ill, conclusions for this particular population are 
difficult to make.

16.8.4.1  Indications for Renal Replacement Therapy

HUS is one of the most common reasons for acute 
renal failure encountered in the ICU setting. Because 
of advances in research and clinical experience, the 
prognosis of acute renal failure in general has dra-
matically improved over the last 20 years [58]. These 
advances are due to a combination of several factors, 
including availability of continuous forms of hemodi-
alysis in children, especially younger children, quality 
of vascular access, and our improved understanding of 
the pathophysiology of individual disease entities [35]. 
Despite optimal conservative management of acute 
renal failure, as many as 30–50% of children with HUS 
will require initiation of renal replacement therapy 
during the course of the disease. Acute renal failure in 
children has a very high chance of recovery, sometimes 
even after weeks of oligoanuria, and the majority of 
children will need renal replacement therapy only for a 
limited period of time. Preparing the family and child 
for possible initiation of renal replacement therapy in 
a timely fashion is crucial in the management of the 
child with HUS. Several factors need to be taken into 
consideration, most of all modes of dialysis and early 
provision of proper access by the pediatric intensiv-
ist or pediatric surgeon. Having central venous access 
available early will avoid difficulties with placement in 
the setting of volume overload and edema. There is no 
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consensus for the optimal point in time to initiate renal 
replacement therapy. It is helpful to decide on a mode 
of dialysis sooner than later so that staff and providers 
have sufficient time to plan for staffing needs and pro-
vision of supplies. Studies have also shown that patients 
with less volume overload and lower levels of uremia 
might have an overall better prognosis [23, 46].

The absolute indications for dialysis in children with 
acute renal failure related to HUS are essentially the 
same as for any other child suffering from acute renal 
insufficiency (Table 16.2). It is important to remem-
ber that all modalities of dialysis have certain poten-
tial risks and that conservative  management should be 
optimized before renal replacement  therapy is initiated. 
This includes fluid restriction for a reasonable period 
of time and use of a diuretic  regimen in the setting of 
oligoanuria. In the  presence of hyperkalemia, diuretics, 
bicarbonate and potassium binding resins among 
others (see chapter on hyperkalemia) should be used 
until proven noneffective and the  decision to proceed 
with dialysis is made. It is important to remember 
that insulin with glucose and treatment with bicar-
bonate only lead to a temporary decrease in extra-
cellular potassium levels by intracellular shifting but 
not decreasing total body potassium. Children with 
acute renal failure in the intensive care unit are fre-
quently malnourished, often due to a combination of 
an exhausting primary disease and malabsorption of 
nutrients [4]. In the past, fluid restriction to avoid a 
positive fluid balance in a child with oligoanuric renal 
failure was one of the mainstays of supportive care. 
Though early dialysis has not been shown to alter the 
outcome, there is evidence that optimizing nutrition in 
individuals with acute renal failure leads to a higher 
rate of recovery. It seems therefore intuitive that early 
dialysis in oligoanuric children and avoidance of pro-
longed nutritional restriction might be a reasonable 

strategy. Caloric intake should match at least the mini-
mal recommended daily allowance adjusted for age. 
Assistance by an experienced  dietician/nutritionist to 
optimize the child’s nutrition is extremely valuable. 
Abnormalities in a baseline cholesterol and triglycer-
ide levels might warrant restriction of lipids, which is 
otherwise not recommended. Need for possible total 
parenteral nutrition for a period of time in children not 
tolerating enteral feedings should be assessed early 
since placement of central venous access can be coor-
dinated with the placement of dialysis access to avoid 
additional  procedural sedation.

16.8.4.2 Choice of Dialysis Modality

Most intensive care units in tertiary care centers will be 
able to perform all available forms of renal replacement 
therapy under the direction of the Pediatric Nephrologist 
and Intensivist. The choice of dialysis mode depends 
on the individual experience of the treating providers 
and center. Peritoneal dialysis (PD) is frequently the 
preferred mode unless abdominal complications, most 
often serious colitis requiring surgical intervention, 
pose a contraindication to this form of renal replace-
ment therapy. PD can be learned quite easily and does 
not require the presence and experience of specialized 
staff as in the other forms of renal replacement ther-
apy. The peritoneal dialysis catheter can be placed at 
the bedside or in the operating room and is essentially 
ready for use immediately after placement. Peritoneal 
dialysis solutions are available from a number of man-
ufacturers containing 1.5, 2.5, and 4.25% dextrose. An 
example of an initial PD regimen is hourly exchanges 
(5-min fill, 45-min dwell, and 10-min drain) with 2.5% 
dextrose at a fill volume of 10 cc kg−1 of body weight. 
Three variables allow adjustment of the ultrafiltration 
volume and clearance: dextrose content of the solu-
tion, fill volume, and frequency of exchanges. Main 
complications seen in the acute PD setting are leakage 
around the catheter entry site (since the catheter has no 
time to heal in), peritonitis, abdominal discomfort, and 
respiratory compromise.

With advances in filter size, availability of pediatric 
tubing and improved accuracy of ultrafiltration, con-
tinuous forms of hemodiafiltration (CVVHDF) have 
become available for smaller and younger children, 
even for infants. Continuous forms of renal replace-
ment therapy are quite gentle and used in the coop-
erative child but require the presence of experienced 
personnel. Sedation and potentially intubation might 
be required for a younger child to successfully perform 
the procedure, interventions that are rarely necessary 

Table 16.2 Indications for renal replacement therapy in typical 
hemolytic uremic syndrome

1 Need for adequate nutrition

2 Clinically significant volume overload

3 Medically noncontrollable hyperkalemia

4 Metabolic acidosis refractory to conservative therapy

5 Progressive and profound azotemia

6 Need for transfusion of blood products in the 
setting of oliguria

7 Removal of inflammatory mediators in the 
critically ill child
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with peritoneal dialysis. Advantages of CVVHDF 
include but are not limited to gentle fluid removal in 
the hemodynamically unstable child, slow reduction of 
azotemia, and also easier control of fluid balance com-
pared with both peritoneal and intermittent hemodialy-
sis (IHD). Care must be taken with respect to bleeding 
 complications, clotting of the circuit, and infection. A 
more detailed discussion of CVVDHF is beyond the 
scope of this chapter.

Young age and cardiovascular instability of the child 
frequently limit the potential success of intermittent 
hemodialysis, the third option in acute renal failure; 
most centers prefer the other modalities, especially 
in young children. Despite significant progress and 
increasing experience with IHD, it remains a challeng-
ing procedure to perform especially in young children, 
who are most commonly affected by D+ HUS. IHD 
requires nursing staff with experience in hemodialysis 
that is not readily available in all, even larger institu-
tions. Fluid removal and electrolyte shifting occur over 
a much shorter time compared with the other forms of 
dialysis, making this a suboptimal mode of therapy in 
the hemodynamically unstable patient. Also, it requires 
careful and advanced planning of fluid removal 
( ultrafiltration) and fluid balance, both of which can 
change unexpectedly for a variety of reasons (need for 
transfusion, intravenous medications, and others). In 
case the decision to perform IHD is made, treatments 
should be performed daily given recently supported 
evidence of improved outcome in a study on adults 
with acute renal failure [49].

16.8.4.3 Suppor tive Therapies

The usefulness of plasmapheresis in HUS has been 
vigorously debated but no consensus approach has 
emerged so far. Whereas there seems to be a benefit of 
plasmapheresis in TTP, no clear benefit has been docu-
mented in standard-risk HUS [8]. In high-risk HUS 
on the other hand (atypical HUS, hypertension, and 
neurologic involvement) and TTP, plasmapheresis has 
been shown to be beneficial [8, 45].

Antithrombotic agents, thought to have an effect on 
formation of microthrombi, have been used in clini-
cal trials in the 1980s with no significant  difference 
in the outcome in treatment vs control groups [56]. 
Moreover, treatment groups had a higher incidence of 
bleeding.

In the late 1990s Synsorb-Pk, an oral Shiga-toxin 
binding agent, was used in a controlled clinical study 
in children with confirmed HUS, but there was no 
documented difference with regard to mortality [54].

16.8.5 Management of Complications

The spectrum of complications potentially associated 
with HUS is broad even though the  occurrence of seri-
ous complications is uncommon. For the clinician, it is 
important to be familiar with and to be able to differen-
tiate complications from primary disease as opposed 
to adverse effects of the supportive therapies initiated. 
This is especially important in the  context of neuro-
logic findings. A system-based approach is helpful to 
organize and manage these issues.

16.8.5.1 C ardiovascular Complications

Hypertension is commonly associated with HUS and 
can be severe. For that reason, diligent blood pressure 
monitoring during the acute stage of the disease is man-
datory. A detailed discussion on the topic of hyperten-
sion can be found elsewhere is this book. In HUS, two 
major factors have been found to be of significance in 
the pathogenesis of hypertension: First, hyper expan-
sion of the intravascular volume secondary to an imbal-
ance of fluid needs and inability to excrete and second, 
activation of the renin–angiotension–aldosterone axis 
(RAA) due to hypoxic-ischemic pre- and intrarenal 
injury. In children in the ICU, hypertension is most 
commonly a combination of both factors. As already 
outlined, accurate fluid management is crucial to mini-
mize the risk for volume overload and related blood 
pressure elevation but also to prevent further prerenal 
injury by preventing volume depletion. Accurate blood 
pressure readings are extremely important to assess the 
need for therapy. Especially in very young or uncoop-
erative children, documenting accurate blood pressure 
readings can be challenging, and placement of an arte-
rial line can be useful. Depending on the severity of 
the child’s illness and degree of blood pressure eleva-
tion, either intravenous or oral antihypertensive treat-
ment needs to be considered if elevated blood pressure 
readings are sustained. The choice of category of the 
antihypertensive depends on individual preference and 
route of administration. In the intensive care setting, 
intravenous therapy is often preferred at least initially 
and direct vasodilators, beta blockers, or calcium 
channel antagonists among others can be  considered 
depending on the individual patient.

16.8.5.2 Gastrointestinal Complications

As outlined earlier, gastrointestinal complications 
of varying severity are rare but have been reported 
during the acute phase of the disease. Complications 
involving the colon appear to be the main reason for 



228 S.G. Kiessling and P. Bernard

surgical consultation, mostly due to bowel perforation 
as shown by Brandt et al. [10]. Pancreatic involve-
ment in HUS is rather common but generally mild, 
nevertheless severe cases have been reported in the 
past [42]. Other potential complications include chole-
lithiasis and rectal prolapse.

16.8.5.3 Neurologic Complications

The brain is the most commonly involved organ 
in D+ HUS following the intestines and the kidney. 
Significant neurologic involvement as indicated by the 
presence of mental status changes, seizures, general-
ized or focal neurological deficits, or evidence of cere-
brovascular events is commonly associated with a poor 
prognosis and outcome. Any unexplained neurologic 
symptoms warrant timely and thorough investigation, 
preferably under the guidance of a pediatric neurolo-
gist. This is especially important in cases where the 
clinical differentiation between HUS and TTP is diffi-
cult and plasmapheresis is considered. Magnetic reso-
nance imaging with attention to ischemia as well as 
electroencephalography to rule out subclinical status 
epilepticus can be helpful diagnostic tests. It is also 
important to recognize the myriad of adverse effects 
of medications used for supportive therapy in HUS, 
especially in children receiving sedatives to success-
fully perform renal replacement therapy or other rea-
sons. Minimizing the use of those agents or a trial off 
might help to differentiate between disease-associated 
pathology and medication side effects.

16.8.5.4 O ther Complications

Pulmonary edema is encountered frequently in HUS. 
With judicious fluid management and early renal 
replacement therapy this complication is on the other 
hand rarely clinically significant. Pancreatic involve-
ment including pancreatitis and transient diabetes mel-
litus has been reported in 5–15% of individuals [15]. 
Therefore, close monitoring of serum blood glucose 
levels and involvement of a pediatric endocrinologist 
as necessary is recommended.

16.9 Follow-Up and Prognosis

Long-term renal abnormalities are detected in as many 
as 30–50% of individuals after recovery from HUS 
[51] despite mortality in the acute phase of the dis-
ease dropping to less than 5%. Approximately 5% of 
patients require long-term dialysis [15]. Since therapy 
has over the years remained mainly supportive, this 

decrease in mortality is primarily due to increased 
experience and expertise in managing fluid balance 
and electrolyte abnormalities [15] and improvement of 
renal replacement therapy. Duration of required renal 
replacement therapy and risk for chronic renal disease 
are closely associated. Patients who need dialysis for 
more than 1 week are at higher risk of chronic renal 
disease compared with others. Patients requiring renal 
replacement therapy for more than 1 month and recov-
ering normal renal function after that period of time 
are the exception. Children with persistent proteinuria, 
microscopic hematuria, hypertension or those individ-
uals whose level of azotemia do not return to baseline 
are at highest risk for long-term kidney abnormalities. 
In a large systemic review by Garg et al. an excellent 
prognosis was associated with absence of overt pro-
teinuria, predicted creatinine clearance greater than 
80 cc min−1 per 1.73 m−2, and normotension greater 
than 1 year after recovery from the acute event of D 
+ HUS [20]. While renal biopsies are rarely done in 
modern practice, it appears that cortical necrosis and a 
greater than 50% disease involvement of glomeruli on 
histopathology correlate with a poorer prognosis. The 
clinical course on the other hand might not necessarily 
predict long-term outcome; renal histology seems to 
be the best prognostic indicator [19].

Moghal et al. [39] have shown that persistent pro-
teinuria and renal pathology findings on biopsy speci-
men consistent with hyperfiltration and hyperperfusion 
injury are closely correlated. Even after apparent full 
recovery with benign urine sediment, absence of hyper-
tension, and normal renal function on blood work, there 
is a risk for renal dysfunction to become overt years 
after the disease and patients need to be followed at set 
intervals. Conversely, proof of causal relation between 
HUS and new onset of hypertension or renal damage in 
the form of proteinuria or hematuria or other pathology 
years after complete recovery is difficult, and defining 
true incidence is problematic. Regardless, close follow-
up in intervals is of absolute importance for any child 
after the acute phase of HUS, especially in children who 
continue to experience signs of persistent renal dysfunc-
tion, including hypertension, azotemia, and an abnor-
mal urinalysis with proteinuria or microhematuria.

16.10 Prevention of Typical HUS

Typical D+ HUS is most commonly related to expo-
sure to enterohemorrhagic E. coli and therefore, key 
to disease prevention is to minimize exposure risk and 
avoidance of bacterial spreading. Proper handling of 
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meat products and preparation of foods, especially 
ground beef, if cooked to an internal temperature of at 
least 155 °F can reduce the risk of infection with EHEC. 
Pasteurization of milk products is also recommended. 
Early identification of index cases and notification of 
the local health department to detect the source might 
help prevent bacterial spread and exposure of other 
individuals. Even though there are currently no meas-
ures to prevent progression of infection with E. coli 
0157:H7 to the complete form of HUS, early detection 
of children at risk theoretically could improve manage-
ment and overall outcome.

Public health outbreaks have been widely pub-
licized in relationship to contaminated swimming 
water. Local regulations should address pool safety, 
and swimming pool operators should be encouraged 
to enforce the use of disposable swim diapers. Some 
operators now provide these diapers free of charge in 
response to potential litigation.

Promising basic science development includes 
intranasal application of the B subunit of E. coli Shiga-
toxin. In a rodent model, rats given the intranasal appli-
cation showed a neutralizing antibody response [14]. 
This could be of importance for the development of a 
vaccine directed against E. coli 0157:H7 in the future.

› Typical HUS is among the most common causes of acute 
renal failure in children.

› Public education is essential to decreasing the incidence 
of the disease.

› Early recognition may advert complications such as inad-
vertent surgical intervention, neurologic involvement, and 
respiratory failure.

› The decision to transfuse RBCs and platelets should be 
individualized and based on the severity and stage of the 
disease as well as associated symptoms.

› Given the overall large percentage of children with 
chronic renal injury, long-term follow-up is mandatory in 
the majority of cases.

Take-Home Pearls
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Vasculitis can present with a myriad of signs and symp-
toms, some of which are classic, but in many instances the 
presentation overlaps with other diseases (Table 17.1).
 The rarity of vasculitis in conjunction with an incom-
plete presentation may delay diagnosis, potentially 
increasing morbidity, and mortality.
 From a nephrological perspective, nephritis or hyper-
tension typically leads to consultation.
 Work-up can be broad and might include laboratory 
 testing, imaging, and biopsy (Table 17.2).
 Therapeutic options and aggressiveness are often dic-
tated more by the severity of symptoms than the etiology 
of the disease:
› Pulse dose steroids should be considered up front as empiric 

therapy as long as there is reasonable certainty regarding 
the absence of malignancy or underlying infection.

› Patients with an immediately life-threatening presenta-
tion should also be considered for therapeutic plasma 
exchange, though its benefit is not always clear in all 
forms of vasculitis.

› Cytotoxic agents have a proven role in most forms of 
vasculitis.

› IVIG is less well studied (the exception being Kawasaki 
syndrome), but the literature is full of anecdotal suc-
cesses with its use.

› Newer immunomodulatory agents are also undergoing 
evaluation.

The outlook for many contemporary pediatric cases is 
not as bleak as it once was, particularly if the diagnosis 
is made early.

Core Messages

Vasculitis

James A. Listman and Scott J. Schurman

17

Case Vignette

NR was a 9-year-old, previously healthy, girl, who 
 presented with a seven-day history of vomiting, watery 
diarrhea, weight loss, fever, and lethargy. The gastroin-
testinal losses were nonbloody, but her urine was dark 
brown the prior 2 days and was reduced in volume. She 
also had a rash on her left leg described as the remnants 
of an infected bug bite she  developed 3 weeks prior. 
This responded well to a 2 week course of antibiotics. 
She was not taking medications chronically, but she 
was using acetaminophen for the fever. There was no 
history of upper or lower respiratory tract problems.

On physical examination, she was pale and appeared 
moderately ill and dehydrated. She had a  temperature 
of 39 °C, a blood pressure of 133/75 mmHg, and a 
pulse of 114 beats per minute. The remainder of the 
examination was only remarkable for a 3 cm red and 
slightly raised circular lesion on the left lower leg.

S.G. Kiessling et al. (eds) Pediatric Nephrology in the ICU.
© Springer-Verlag Berlin Heidelberg 2009

Initial laboratory investigations showed normal 
white blood cell (WBC) and platelet counts, but 
marked anemia with a hemoglobin of 6.4 g dl−1. The 
blood smear showed fragmented red blood cells 
(RBCs) and large platelets. Serum BUN and creatinine 
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were 80 and 7.5 mg dl−1, respectively, accompanied by 
mildly disturbed electrolytes. Urinalysis showed dark 
yellow urine with a specific gravity of 1.020, a pH of 
5, 2 + protein, and 25–50 RBCs, 3–10 WBCs, and 0–2 
granular casts per high-power field. Renal ultrasound 
showed enlarged and echogenic kidneys with pulsatile 
flow in the renal vessels. Chest X-ray was negative.

Blood samples were sent off for the  determination 
of C3 and C4 complement concentrations and antinu-
clear and antineutrophil antibody titers (ANA, ANCA), 
and the patient was admitted for hydration, supportive 
care, and possible dialysis.

Normal complement levels and a negative ANA titer 
were found on the first hospital day, but the ANCA titer 
returned strongly positive at 1:2,560, leading to additional 
testing showing cytoplasmic staining on immunofluo-
rescence (cANCA) and detecting high levels of anti-pro-
teinase 3 (PR 3) antibodies, but no anti-myeloperoxidase 
(MPO)  antibodies. The patient was immediately given 
pulse-dose steroids and underwent a renal biopsy, which 
showed 100% of her glomeruli to be globally necrotic on 
light microscopy. The immunofluorescence and electron 
microscopy showed no evidence of immune complex 
disease or linear staining of anti-GBM antibody.

A diagnosis of atypical Wegener’s granulomatosis 
(WG) was made, and no further immunosuppression 
was used because her kidneys did not appear salvage-
able. She was placed on chronic kidney disease medi-
cations and prepared for renal replacement therapy. 

On hospital day 14, she developed dyspnea and fever, 
followed by hemoptysis and seizure activity, consist-
ent with pulmonary and central nervous system vascu-
litis. Pulse steroids and cylcophosphamide as well as 
therapeutic plasma exchange with intermittent IVIG 
replacement were initiated, eventually leading to sta-
bilization and allowing discharge to home on hospital 
day 50 on chronic dialysis.

After 6 months, the cyclophosphamide was dis-
continued and her steroids tapered to a low dose, 
based on absence of symptoms and AP3 antibody 
levels that were still slightly above normal but dra-
matically improved.

After 2 years on dialysis, she received a LRD kid-
ney transplant using standard immunosuppression. 
The graft remains stable 4 years later, and there has 
had been no recurrence of her original disease.

17.1 Back ground

Vasculitic conditions with renal involvement are an 
anomaly in most pediatric ICU settings where the 
more common entities one encounters include com-
plications of infection (sepsis and respiratory failure), 
trauma, or babies with postoperative congenital heart 
disease. Furthermore, many of the more  common 

Table 17.1 Differential diagnosis

› Menigiococcal infection

› Malignancy

› Endocarditis

› SLE

› HSP

› Postinfectious GN

›  Systemic polyangiitis (Wegener granulomatosis, 
microscopic polyangitis, polyarteritis nodosa)

› Renal vein thrombosis with pulmonary embolism

›  Hemolytic-uremic syndrome/thrombotic thrombocytopenic 
purpura

› Goodpasture syndrome

›  Chronic hepatitis B infection/pneumococcal 
infection/HIV

›  Infiltrative diseases (sarcoidosis, histiocytic proliferative 
diseases)

› Drug reactions (hypersensitivity angiitis)

Table 17.2 Diagnostic tools for the evaluation of vasculitis

› Blood cultures

› Erythrocyte sedimentation rate/C-reactive protein

› White blood cell count

› Blood smear

› C3, C4, ANA

› Lumbar puncture (CNS involvement)

›  Chronic hepatitis/HIV serologies

›  Bone marrow aspirate (particularly with FUO or before 
empiric treatment)

›  ANCA

› Anti-glomerular beasement mmbrane antibody

›  Renal Ultrasound (including Doppler of renal vessels and 
inferior vena cava)

›  Echocardiogram

› CT/MRI of head (for patients with CNS involvement)

›  CTA/MRA or angiogram (if PAN or Takyasu arteritis are 
suspected)

› Biopsy of diseased tissue



Chapter 17 Vasculitis 233

forms of vasculitis that the pediatric  nephrologist 
see, e.g., systemic lupus erythematosus (SLE) and 
Henoch-Schönlein purpura (HSP), will be diagnosed 
outside the ICU setting, while the more rare forms, 
e.g. Wegener’s granulomatosis (WG), microscopic 
polyarteritis (MPA), and polyarteritis nodosa (PAN), 
will primarily be seen in the ICU, probably due to 
delayed diagnosis because of their  rarity and lack of 
specific diagnostic testing. Pediatric nephrologists 
often possess unique insights into the management of 
these diverse diseases because they frequently involve 
the kidney, require uncommon diagnostic testing 
(by pediatric standards), and require immunosuppres-
sant therapy. Unfortunately, our treatment plans are 
often more art than  science, as there is a paucity of 
 controlled data for what constitutes optimally effective 
treatment for many vasculitic diseases, particularly in 
the  maintenance phase of therapy. Therefore, histori-
cal outcome data and anecdotal experience form the 
basis for most management strategies. Exceptions 
include the treatment of moderately active SLE and 
WG/MPA, where there exists solid data to support a 
treatment plan. Newer therapies directed at specific 
inflammatory mediators are currently undergoing 
 evaluation. Most therapeutic strategies are derived 
from studies in adult subjects or patients; the excep-
tions being Kawasaki syndrome or Takyasu’s  arteritis. 
Notwithstanding its relative high frequency in the 
pediatric population, HSP nephritis still has no clear 
treatment strategy primarily because so many patients 

improve spontaneously, and the frequency of the more 
severely-involved patients  preclude easy study.

The rapidity at which vasculitis is recognized 
 generally depends on the patients presenting symp-
toms (Table 17.3). Constitutional symptoms are 
typically the first signs of more indolent disease, but 
multiple-organ involvement becomes more apparent 
with time. In our experience, a CNS presentation (for 
example seizure) due to hypertensive  encephalopathy 
or microangiopathy oftentimes delays the diagno-
sis of vasculitis because the initial workup is often 
directed more toward infectious  etiologies or CVA. 
Furthermore, use of benzodiazepine anticonvulsants 
and sedatives may obscure significantly elevated 
blood pressure that might clue the clinician in to renal 
involvement. Once the elevated blood pressure or 
hematuria comes to light, a more directed differential 
diagnosis ensues. In contrast, respiratory disease with 
hemoptysis and associated hematuria are usually suf-
ficient enough to bring pulmonary/renal syndromes 
to mind immediately. Vasculitis should also be con-
sidered in the differential of a purpuric rash partic-
ularly if purpura fulminans is ruled out on clinical 
grounds. When vasculitis is considered in the differ-
ential, rapid diagnostic and therapeutic interventions 
are warranted and need to be prioritized accordingly. 
It almost goes without saying that once vasculitis 
is seriously considered in the differential diagno-
sis of a critical ill child, high dose corticosteroid 
therapy should not be withheld as there is minimal 

Table 17.3 Signs and symptoms of vasculitis

Feature Entity Comment

Fever, chills, 
night sweats

All Frequent

Malaise All Frequent

Weight loss All Weight gain if nephrotic

Myalgias All Frequent

Arthralgia/arthritis Collagen vascular disease, HSP, Wegener’s

CNS (seizure, mental 
 states change)

Potentially all except Bechet’s and Kawasaki Primary CNS involvement or 
hypertensive

Hypertension Most syndromes May present with seizure or CVA

Hematuria Many (immune complex diseaswes, nectrotizing 
lesions of smaller vessels)

Less likely in large vessel disease

Dyspnea Systemic necrotizing vasculitis Common

Rash All (includes papules, purpura, nodules, livedo 
reticularis, necrosis, and Reynaud’s)

Classic distributions in immune complex 
diseases like SLE and HSP

Upper respiratory tract Systemic necrotizing vasculitis Common

Eyes Kawasaki’s, Wegener’s, and Bechet’s syndromes Common
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complications associated its short-term use, and there 
is sufficient historical evidence that corticosteroid 
therapy dramatically improves the survival of patients 
with life-threatening secondary or idiopathic vascu-
litis. In some instances, it may prove useful to seek 
assistance from our adult nephrology colleagues who 
may have considerable more  experience with “adult” 
forms of vasculitis. Bone marrow aspiration for his-
tology and culturing is prudent in patients in whom 
one is less decisive in declaring a primary diagnosis 
before using high dose steroids or cytotoxic agents.

17.2 Pathogenesis and Classification

The pathogenesis of vasculitis remains uncertain and 
controversial. Virtually all components of the immune 
response are implicated in the pathogenesis of vas-
culitis. The process probably begins with endothelial 
activation via induction of adhesion molecules and 
consequent attachment and  transmigration of leu-
kocytes, culminating in the release of proteases and 
cytotoxic substances [31]. The specific inciting events 
remain obscure, although several mechanisms have 
been proposed: Deposition of immune complexes in 
HSP, superantigen in Kawasaki syndrome, defects in 
cell-mediated cytotoxicity in PAN, and anti-endothe-
lial antibodies (not to be confused with ANCA) in vir-
tually all forms of vasculitis, including WG [1, 17, 21, 
23, 66, 72]. Unfortunately, it remains a nontrivial task 
to detect anti-endothelial antibodies making their path-
ogenic relevance in some forms of vasculitis uncertain. 
SLE can cause vascular injury by a few mechanisms, 
including immune complex deposition,  causing 
glomerulonephritis (GN) or a rash, or anti-endothe-
lial cell antibodies (e.g., antiphospholipid antibodies) 
that can cause thrombosis of small or medium-sized 
vessels. Therapeutic plasma exchange would appear 
to lend itself well to processes that involve circulat-
ing factors, although, the utility of this approach is not 
uniformly apparent in these diseases.

One of the major hurdles for clinicians remains con-
cise definitions of vasculitic conditions,  particularly 
of the idiopathic variety. Strictly speaking, vasculitis 
describes and inflammatory lesion of blood vessels. 
Neutrophil infiltration with necrosis (leukocyto-
clastic reaction), immune complex deposition, and 
granuloma formation are some of the more common 
characteristic findings. Vasculitis may occur as just 
one manifestation of a more complex disease state 

(collagen vascular disease or chronic infections like 
Hepatitis B) or is the defining characteristic of the 
disease. The secondary forms are generally easier to 
diagnose because of the availability of sensitive and 
specific tests. Idiopathic forms of vasculitis may be 
more difficult to diagnose because of the lack of spe-
cific serologic testing. This problem is best illustrated 
by the pediatric experience with Kawasaki disease 
in infants who often have a more atypical presenta-
tion and are diagnosed at autopsy after succumbing 
to a catastrophic event. Other examples include clini-
cal situations where disease manifestations are more 
indolent or develop sequentially over time. HSP, on 
the other hand, is often easily diagnosed on clinical 
grounds alone, as are ANCA-associated conditions in 
the right clinical context.

The most accepted stratifications subdivide vas-
culitis first by vessel size with further subdivision 
based upon histologic criteria. Diagnostic tests such as 
ANCA have previously not been used in the standard 
classifications, but their diagnostic value is well rec-
ognized in the literature. Until recently, classification 
relied upon criteria set forth in adults only. However, 
in 2005, several international pediatric organizations 
with an interest in vasculitic diseases convened for the 
purpose of establishing a pediatric-specific classifica-
tion (Table 17.4) [65]. This classification borrows from 
the standard Chapel Hill criteria that rely upon vessel 
size to stratify the idiopathic forms of disease, which 
might fail to detect many patients with idiopathic vas-
culitis [75]. The main differences are the inclusion of 
phenotypes encountered primarily in children such as 
Kawasaki syndrome and the exclusion of those that 
are extremely rare or never seen in childhood [12]. 
The classification also includes secondary forms of 
vasculitis. Furthermore, this group took advantage of 
newer radiographic and serologic techniques to assist 
with development of diagnostic criteria for many of the 
idiopathic forms of vasculitis. Prospective studies to 
 validate these criteria are ongoing.

Hopefully, with time, the pediatric classification 
will gain acceptance and help categorize patients in 
a standardized way that will assist future  therapeutic 
trials. Of course, such stratifications do not necessarily 
shed insight into the pathogenesis of these syndromes. 
In fact, some argue that stratifying vasculitic diseases 
has minimal value in terms of treatment because of the 
considerable overlap in many patients’ phenotypes and 
treatment regimens. Nevertheless, this classification, 
representing an uniform scheme to support the study 
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of these rare disease, is the basis for the more detailed 
outline presented below of those idiopathic varieties of 
vasculitis that are likely to include renal involvement.

17.3 Clinc opathologic Correlates

17.3.1 Henoch-S chönlein Purpura

HSP is an idiopathic systemic immune complex  disease, 
primarily of the immunoglobulin A (IgA) class, that 
occurs uncommonly in childhood and even more rarely 
in adults [71]. It is well described in any general text-
book of Pediatrics and Medicine. The most defining and 
required feature for the diagnosis of HSP is its rash, a 
palpable purpura generally present in the lower extremi-
ties. HSP is generally not a diagnostic dilemma if the 
classic tetrad of  abdominal pain, arthritis/arthralgia, pur-
puric rash (confined to buttocks and legs), and nephritis 

are present (Table 17.5). On many occasions, however, 
there is  limited expression of the disease or  staggering 
of symptoms, resulting in a delayed diagnosis. For 
example, orchitis is a common but sometimes under-
appreciated complication in male patients. In contrast, 
fulminant, and potentially lethal, presentations are also 
possible, e.g., acute abdomen, CNS vasculitis, or pul-

Table 17.4 New classification of childhood vasculitis

 Renal involvement

I   Predominantly large vessel vasculitis
    Takayasu arteritis Yes

II Predominantly medium-sized vessel vasculitis

 › Childhood polyarteritis nodosa Yes

 › Cutaneous polyarteritis

 › Kawasaki disease Rare

III Predominantly small vessels vasculitis

(A) Granulomatous

 › Wegener’s granulomatosis Yes

 › Churg-Strauss syndrome

(B) Nongranulomatous

 › Microscopic polyangiitis Yes

 › Henoch- Schönlein purpura Yes

 › Isolated cutaneous leucocytoclastic vasculitis

 › Hypocomplementic urticarial vasculitis

IV Other vasculitides

 › Behcet disease

 ›  Vasculitis secondary to infections (including hepatitis B-associated polyarteritis nodosa), 
malignancies, and drugs, including hypersensitivity vasculitis

Yes

 › Vasculitis associated with connective tissue diseases Yes

 › Isolated vasculitis of the central nervous system

 › Cogan syndrome  

 › Unclassified Yes

Table 17.5 Classification criteria for Henoch-Schönlein 
purpura

Palpable purpura (mandatory criterion) in the presence 
of at least one of the following four features:

 › Diffuse abdominal pain

 ›   Any biopsy showing predominant IgA deposition

 › Arthritisa or arthralgia

 ›   Renal involvement (any haematuria and/or 
proteinuria)

a Acute, any joint
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monary hemorrhage. The differential diagnosis includes 
other forms of vasculitis such as SLE, necrotizing vascu-
litis, hypersensitivity angiitis, and infection, in particular 
with pneumoccous. In difficult cases, biopsy of the skin 
lesions can be diagnostic and shows a leukocytoclastic 
reaction in small vessel walls staining positive for IgA 
deposits on immunofluorescence. When HSP afflicts the 
kidney, the findings mimic the full spectrum of those 
found in IgA nephropathy.

Despite the risk for severe organ involvement, the 
reality is that for most patients, HSP follows a rela-
tively benign course, particularly for those with no or 
minimal renal involvement. However, it is this renal 
involvement that causes the most morbidity and worry 
for parents and clinicians [56]. 1.4% of pediatric renal 
transplants in North America over the past 20 years 
are done because of end-stage renal disease (ESRD) 
caused by HSP, and this rate is similar in Europe. Other 
pediatric patients with HSP are left with a chronic 
glomerulonephritis (GN) essentially identical to IgA 
nephropathy and, accordingly, an uncertain fate into 
adulthood. There is a smaller subset of patients that 
presents with a rapidly progressive GN, which may 
well require admission to the ICU, or chronic and 
 relapsing GN that places the nephrologist at a cross-
roads because there is a paucity of data to guide when 
or how to treat such patients – all in the face of success 
treating other vasculitic diseases of the kidney (e.g., 
SLE or WG) with aggressive immunosuppresion.

Evidence of nephritis can be found in 20–50% 
of children with HSP [77]. There is no  correlation 
between the severity of nonrenal symptoms and 
the risk of nephritis, and most patients who develop 
nephritis do so within one month of presentation, 
although exceptions abound [49, 55, 68, 83]. The 
most common renal manifestation is microscopic 
hematuria with or without nonnephrotic proteinuria. 
Fortunately, most patients with these findings remit 
spontaneously over the course of several weeks to 
months [68, 77]. Approximately, one-third of patients 
with renal involvement will have evidence of a more 
active nephritis heralded by gross hematuria, hyperten-
sion, edema, and/or renal failure. Patients with severe 
nephrotic syndrome or renal failure are predictably at 
greatest risk for progression. Their GN may be rapidly 
or more slowly progressive, with the latter frequently 
associated with relapsing disease. Other patients may 
seemingly completely recover. Defining the risk for 
progression in any individual patient is complicated by 
epidemiologic data that are mired by center effect. For 
example, in a series of 275 hospitalized children with 

HSP reported by Stewart et al., 20% had any renal 
manifestation, but only 18% of these had true GN or 
nephrotic syndrome, and only 1 of 10 patients in this 
category developed ESRD [77]. This low risk con-
trasts with the findings of many older case series that 
generally include only those patients who present with 
significant renal manifestations and were referred spe-
cifically because of their renal involvement (reviewed 
in [55]). For example, in the classic series of Habib 
et al., more than half of patients who presented with 
severe nephrotic syndrome (defined as serum total 
protein less than 5 mg dl−1) or renal failure (defined 
as serum creatinine greater than 2 mg dl−1 or glomeru-
lar filtration rate less than 50% of normal) developed 
terminal renal failure, despite treatment attempts in at 
least some of these patients [48]. It is not clear how 
many of the patients in the Stewart series met the 
threshold for severe nephrotic syndrome or renal fail-
ure because serum protein or severity of azotemia at 
presentation were not mentioned, but it was probably 
a very small fraction. The low number of severe cases 
in the Stewart series also derives from the population 
base of only 155,000 vs most, if not all, of France for 
the Habib series.

Renal biopsy may be valuable for prognostication 
in selected cases. Patients with minor urine abnor-
malities do not require biopsy because, historically, 
they recover, and most would show only mesangial 
proliferation. The findings become more varied 
with the more advanced cases. Besides mesangial 
 proliferation, one sees variable degrees of endocap-
illary  involvement that may be focal and segmental 
or diffusely proliferative. This distinction probably 
has minimal significance as the more worrisome 
findings are the degree of necrosis and extracapillary 
crescent formation present. If greater than 50% of 
glomeruli have crescents, there is an associated 20–
50% risk of ESRD within months to several years of 
presentation [49, 79]. The rate of complete recovery 
is low, and most patients have residual renal mani-
festations. This risk of ESRD falls to 5–10% if less 
than 50% of glomeruli feature crescents. Patients 
with greater than 80% crescents almost uniformly 
progress to ESRD, at least if untreated [48]. Thus, 
biopsy can help coarsely predict a patient’s risk for 
progression or recovery. However, there is a caution-
ary note here for those with chronic urinary find-
ings and even for those who seemingly completely 
recover with normal renal function and urinalysis. 
Two long-term studies have shown that a significant 
proportion of patients with persistent abnormalities 
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progress to some degree of chronic kidney disease 
(CKD) or ESRD, and even a minority of patients who 
completely recover showed progression later on in 
life, with pregnancy being a particularly notable risk 
factor for this progression [29, 69]. These authors 
found that neither clinical nor histologic severity 
could predict with certainty an individual patient’s 
outcome. They hypothesize that patients who had 
early complete remission probably sustained sig-
nificant early nephron loss when younger, followed 
by chronic hyperfiltration injury with time and 
growth. Therefore, long-term monitoring for recur-
rence of proteinuria or hypertension seems prudent 
for such patients, particularly in women planning a 
pregnancy.

For the majority of patients, HSP is, as mentioned 
earlier, a self-limiting disease that waxes and wanes 
over a few weeks to months. GI complaints and joint 
pain respond well to brief courses of corticosteroid 
therapy. However, treatment of HSP nephritis remains 
controversial because some patients with very active 
disease spontaneously improve over many months to 
years. Therefore, each case demands an individualized 
approach weighing the benefits and risks of treatment. 
Studies of HSP nephritis  treatment fall into two cat-
egories: (1) those that treat with  corticosteroid ther-
apy at diagnosis of HSP with the goal of preventing 
nephritis; (2) those that treat after nephritis is diag-
nosed (generally treating those with the more severe 
 presentations). Previously, most studies  concluded 
that steroid treatment at onset of HSP had no impact 
on development of renal disease but was  beneficial 
for symptomatic relief of abdominal and joint pain. 
However, these studies generally used only short 
courses of therapy (1–2 weeks) and most were prob-
ably underpowered. A more recent placebo-control-
led study of 171 patients using one month of steroid 
therapy (starting at 1 mg/kda−1 day−1) showed no dif-
ference in risk of developing nephritis compared with 
placebo, but the severity was less and improved more 
quickly in the steroid-treated group [68]. The results 
were particularly striking for subjects over 6 years 
of age. The treated patients also showed significant 
improvement in nonrenal manifestations. The risks 
associated with this relatively modest dosing of ster-
oid therapy were no different than the placebo-treated 
group. These results suggest that higher risk patients 
(those over age 6 in this trial) might benefit from such 
an approach. The main caveat is that if treatment is 
initiated, it should be for longer duration then many 
typically use.

When renal disease manifests as nephritic/nephrotic 
syndromes, biopsy may assist with decisions about 
treatment, particularly if crescentic GN is present. 
The rationale to treat is derived historically from the 
earlier successes using immunosuppression for other 
vasculitic diseases and is colored by the experience in 
larger centers were several patients with more severe 
renal manifestations had progressed to terminal renal 
failure before dialysis was a viable option [49]. To date, 
there is only one controlled trial of 56 subjects com-
paring supportive therapy with treatment using a sin-
gle agent, oral cyclophosphamide for 42 days, done by 
the International Study of Kidney Diseases in Children 
(ISKDC) [79]. This trial showed no benefit of therapy. 
However, this study, in our view, suffers from small 
numbers of patients in the highest risk group for progres-
sion (≥50% crescents) and, of these most had exactly 
50% crescents. Other nonrandomized trials using other 
strategies suggest a benefit, but also suffer from small 
patient numbers and the use of historical controls. These 
include use of various combinations of oral cytotoxic 
agents with or without steroids [48], pulse-dose ster-
oids followed by oral steroids for several months [60], 
and pulse steroids followed by daily steroids and daily 
 cyclophosphamide [63]. However, it is hard to ignore 
these particular data because disease severity in these 
 studies is rather high compared with the ISKDC study, 
and results compare favorably to historical controls. 
Figure 17.1 aims to assist with the interpretation of 
these data, stratified by study, treatment status, and per-
centage of crescents. One point of clarification here is 
that the treated and untreated subjects from the ISKDC 
study are combined in this figure because there was no 
trend for improvement with treatment. Therefore, the 
results from this study may serve as historical control 
for the other studies. The outcomes include complete 
recovery, partial response (criteria vary by study), and 
ESRD, and are shown as raw numbers. The one clear 
message from these data is that patients with less than 
50% crescents showed no benefit from treatment regard-
less of approach. This is because most patients fully 
recover  spontaneously and the risk of ESRD is prob-
ably under 10%. Therefore, large numbers of patients 
would need to be treated to show any potential benefit 
of therapy in patients with less than 50% crescents. 
These data become more complex for subjects with 
≥50% crescents. Starting with the Levy study, most 
untreated patients died from terminal renal failure. That 
trend changed when treatment (mostly chlorambucil 
and/or steroids) was used, with approximately one-
half of the treated patients apparently recovering fully. 
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The parallel control (combined) group from the ISKDC 
study had no patient with greater than 50% crescents go 
on to full recovery, 1/3 of them progressing to ESRD, and 
most of the remaining having CKD, e.g., at least heavy 
proteinuria. Although the rate of ESRD was lower in 
the ISKDC study compared with the untreated patients 
from the Levy study, it should be recalled that the dis-
tribution of histologic severity in the ISCKD study was 
weighted toward 50% crescents, while the Levy study 
had more dispersion in this regard. Thus, this differ-
ence would portend a better prognosis in the ISKDC 
study group. Despite this skewing, the treated patients 
in this category of the Levy study still did better than 
the ISKDC controls. Habib’s 1997 study also shows 
a favorably outcome when using pulse dose steroids, fol-
lowed by daily oral steroids (a few patients with ≥80% 
crescents also received oral cyclophosphamide), with a 
significant fraction fully recovering. Onër’s 1995 study 
shows even more promise when using more aggres-

sive immunosuppression, including pulse steroids, 
daily steroids, and daily cyclophosphamide. This was a 
small study, but disease severity was very high (≥60% 
crescents), and nearly all patients fully recovered. Even 
two patients with persistent findings were early in their 
course and showed a trend toward improvement. The 
only patient who developed ESRD was lost to follow-up 
for a time. Finally, plasmapheresis may also be of ben-
efit for patients with severe HSP nephritis [34]. A high 
proportion (6/9) of patients in this study had complete 
or nearly complete recovery (normal renal function and 
normal urinalysis or microhematuria only) following 
treatment with therapeutic plasma exchange, despite 
all patients presenting with renal failure, nephrotic syn-
drome, and most with greater than 50% crescents – his-
torically a group expected to likely have CKD or ESRD. 
Thus, and while these data are not definitive, there 
remains a suggestion that treatment is beneficial and 
perhaps the intensity of immunosuppression or absence 
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Fig. 17.1 Compilation of outcome data from four studies using 
various therapies for severe HSP nephritis. The studies stratify 
patients by the indicated percentage of crescents at presenta-
tion. The study details are as follows: Levy et al. (1976) reports 
retrospective outcomes of treated patients compared with histori-
cal controls. Most patients were treated with chlorambucil with 
or without steroids; The ISKDC study is the only controlled trial 
comparing oral cyclophosphamide to no treatment (results are 
combined because no difference was found in outcomes between 
groups); Habib (1997) used pulse-dose steroids and oral  steroids 
and compared with historic controls; Onër used more aggressive 
therapy with pulse steroids (3 doses), daily  cyclophosphamide (for 

2 months) and daily maintainance steroids (for 3 months). *Criteria 
for persistent nephropathy vary between studies. Levy’s definition 
uses proteinuria 0.5 g day−1 +/- microsopic hematuria. The ISKDC 
definition was, more broadly, any urinary abnormalities and 
included subjects with CKD. Habib’s definition was proteinuria 
>20 mg; kg−1 day−1 with normal or mild GFR reduction (50–75 ml 
min−1 1.73 m−2). Onër’s definition was any proteinuria. † In the 
ISKDC study, persistent  nephropathy was further segregated: In 
the group with <50% crescents, most patients had minimal clinical 
renal findings, while most in the 50% group had heavy proteinuria 
or CKD. Therefore, these subjects are comparatively more severely 
affected than the comparable group in the Levy study
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of steroid therapy might explain the lack of treatment 
effect in the ISKDC study.

Despite the uncertainty of the data above, there 
is room for reason when approaching a patient with 
HSP nephritis. Certainly, a patient with significant 
 nephrosis but a non-crescentic lesion might benefit 
from some form of steroid therapy if for nothing else 
but to hasten recovery. The associated risk of several 
weeks of steroid use is minimal. Alternatively, one could 
resort to an angiotensin-converting enzyme inhibitor 
and diruetics for control of edema while observing 
clinical trends before intervening with immunosup-
pression. Those patients with  significant or worsening 
azotemia and ≥50%  nonsclerotic  crescentic lesions 
on biopsy are considered by many as candidates for 
more aggressive therapy with steroids and cytotoxic 
agents, and one wonders if mycophenolate mofetil 
could work as well as cyclophosphamide. The rare 
patient with more  immediately life-threatening disease 
(i.e., pulmonary hemorrhage or CNS involvement) 
may also benefit from therapeutic plasma exchange 
[10, 84].

17.3.2 Systemic Lupus Erythematosus

Systemic lupus erythematosus (SLE) is a relatively 
common disease affecting serosal surfaces, vessel 
walls, and bone marrow elements. Because these 
structures exist throughout the body, SLE can present 
with any number of signs and symptoms. Fortunately, 
many children (usually adolescent girls) with SLE will 
present with classic features beginning with the non-
healing sunburn of the face with butterfly distribution 
and eventual onset of malaise and arthritis. Patients 
with more advanced disease will develop GN with or 
without nephrotic syndrome. Occasionally, and espe-
cially in African-Americans and male patients, SLE 
may present more dramatically with seizures (either 
from hypertension or CNS vasculitis), pulmonary 
hemorrhage, or heart  failure from pericarditis. Males 
in particular may rarely even present only with nephri-
tis and thus not fit the classic diagnostic criteria for 
SLE, even though a biopsy demonstrates sine que 
non features of lupus nephritis (see below). Because 
of this heterogeneity, any sick patient presenting with 
hematuria or, more generally, as a diagnostic dilemma 
should have a complement C3 level and ANA titers 
performed as part of their work-up.

The histopathology of SLE nephritis is well docu-
mented elsewhere [1, 17, 49, 67]. Most children with 
evidence of nephritis have either diffuse proliferative 

GN (World Health Organization class IV) or focal 
proiferative GN (class III) with immune  complexes 
staining positive for IgG, IgA, C3, C1q, and fibrin 
(“full house”). Prognosis is poor if untreated and, his-
torically, was improved with liberal use of  steroids 
[13, 76, 78]. However, a significant fraction of 
patients were still likely to progress to ESRD with-
out the addition of a second immunosuppressant 
[4]. Induction therapy with pulse steroids followed 
by oral steroids and pulse Cyclophosphamide given 
as six monthly IV doses followed by quarterly infu-
sions for a total of 2 years became the standard of 
care in the late 1980s after the landmark studies from 
the NIH [3, 7]. To shorten exposure to cyclophospha-
mide therapy, some advocated abbreviated courses 
of pulse cyclophosphamide to be replaced by oral 
azothiaprine or mycophenolate mofetil. Indeed, treat-
ment of SLE nephritis has been revolutionized after 
more recent controlled trials comparing mycopheno-
late mofetil to intravenous cyclophosphamide for the 
 induction of remission and the prolongation of renal 
survival reported equal or superior outcomes with 
the former [27, 38, 64]. The incidence of side effects 
was also reduced with mycophenolate mofetil, whose 
dose may need to be increased to 3 g daily for opti-
mal effect in adults. Mycophenolate mofetil, like 
calcineurin inhibitors and anti-CD20 monoclonal 
antibodies, can also serve to salvage patients who fail 
to adequately respond to standard induction therapy 
[9, 14, 28, 57, 74, 82].

Most patients will show resolution of systemic 
symptoms over days or weeks following the start of 
induction therapy. The serologic markers of disease, 
including C3 or antidoublestranded DNA will then 
start to normalize followed by a gradual improvement 
in the signs of nephritis or nephrotic syndrome with 
less active urinary sediment, reduction in protein-
ruia, and increase in serum albumin if the patient was 
nephrotic. ACE inhibitors and antihypertensives are 
often required. During this window, the steroids will 
be tapered. If progress slows or reverses during the 
steroid taper, one can either increase the dose of the 
cytotoxic agent or add a salvage drug. The basal level 
of immunosuppression needed to prevent flares is 
often individualized, based on the patient’s response. 
Daily low dose prednisone historically was a staple 
and still may be suitable for patients who presented 
with less disease activity or who responded quickly to 
induction therapy. However, compliance is at times a 
challenge for these patients who are often adolescents, 
particularly  during the transition to independence. 
Furthermore, a significant proportion of children with 
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SLE nephritis will  experience flares. Vigilance is criti-
cal to pick up relapses early. If mild and the inciting 
cause is known and corrected, a short boost in steroid 
therapy (1–2 weeks) is generally  sufficient to reverse 
the flare. A common example is a stable patient on 
maintenance therapy from the Northern latitudes who 
experience arthralgias, rash, and mildly reduced C3 
after a spring break trip to Florida. If the GN flares 
spontaneously, pulse dose steroids (orally or intrave-
nous), followed by an increase in daily maintenance 
dosing, is helpful but indicates that the patient will 
require an increase in basal  immunosuppression to 
maintain remission. In this situation, the addition of 
one of a calcineurin inhibitor, azathioprine or myco-
phenolate mofetil should be considered. High risk 
patients, including African-Americans, males, or those 
who required salvage therapy, should remain on myco-
phenolate mofetil, azothioprine, or cyclosporine and 
may be tapered to alternate day low-dose corticoster-
oid therapy [11, 58, 62]. The role of therapeutic plasma 
exchange in SLE GN was addressed in one controlled 
trial that showed no improvement when pheresis was 
added to standard therapy with corticosteroids and 
pulse cyclophosphamide [50]. Other smaller studies 
have shown more rapid remission of  nephritis, but no 
difference in long-term outcome.

Patients with immediately life-threatening disease 
involving multiple organs including the CNS should 
be treated with pulse dose steroids and cyclophos-
phamide. There may be justification for therapeutic 
plasma exchange or IVIG to immediately lower the 
levels of circulating autoantibodies or block low affin-
ity Fc receptors, respectively. If pheresis is entertained, 
the timing in relation to cyclophosphamide dosing may 
be critical, based on small trials [15, 16]. Anti-CD20 
antibody to reduce numbers of circulating B cells may 
also be beneficial. One series reports rapid response 
to therapy in ten patients with CNS manifestations, 
a group with significant morbidity [81]. Anti-CD20 
antibody is currently being  investigated for the treat-
ment of SLE GN. Finally, bone marrow transplant has 
been used with  varying degrees of success in patients 
with severe and  unremitting disease [2].

17.3.3  Wegener Granulomatosis 
and Microscopic Polyangiitis

Wegener granulomatosis (WG) is a vasculitis affecting 
a broad range of vessels including small to medium-
sized arteries, venules, arterioles, and occasionally 

large arteries [36]. The classic defining feature is the 
presence of granuloma formation in the larger vessels. 
The disease tends to start in the respiratory tract (both 
upper and lower) where it can cause a variety of symp-
toms including sinusitis, chronic rhinitis (compli-
cated by saddle nose deformity), chronic otitis media, 
dyspnea, and most notably pulmonary hemorrhage. 
Constitutional symptoms are common. WG will then 
classically spread to the kidney and cause RPGN, but 
it can also affect a number of other organs, including 
the joints, skin, eyes, and brain. Microscopic polyangi-
itis (MPA) shares many common clinical features with 
WG but the pathology is confined to only smaller ves-
sels. MPA usually presents in the reverse order of WG 
by starting in the kidney and then spreading to the lung 
or other organs. Many patients present with limited 
disease to the kidney only (pauci-immune crescentic 
GN). Both WG and MPA are associated with a positive 
ANCA, which is typically negative in PAN or other 
forms of vasculitis. The distinguishing characteristics 
of MPA are its predilection for small vessels (arteri-
oles, capillaries, and venules), absence of granulomas, 
and a different pattern of ANCA staining. A positive 
cANCA test is found in up to 90% or more of adult 
WG patients [22], and a pANCA is found in most 
cases of MPA/pauci-immune crescentic GN [61]. In 
fact, a positive ANCA test is now included as one diag-
nostic criterion for WG in the pediatric schema shown 
in Table 17.6. Generally, however, patients with WG 
or MPA are frequently still lumped together in many 
clinical trials, cementing the relationship between the 
two diseases.

WG and MPA are extremely rare in children. 
Review of cases from one large children’s hospital 
showed that a majority of patients presented with 
constitutional symptoms and overt pulmonary-
renal syndrome (dyspnea and/or hemaptysis with 

Table 17.6 Classification criteria for Wegener’s granulomatosis

Three of the following six features should be present:

› Abnormal urinalysisa

› Granulomatous inflammation on biopsyb

› Nasal sinus inflammation

› Subglottic, tracheal, or endobronchial stenosis

› Abnormal chest X ray or CT

› PR3 ANCA or C-ANCA staining

a Haematuria and/or significant proteinuria
b  If a kidney biopsy is done it characteristically shows necrotizing 

pauciimmune glomerulonephritis
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RPGN) [41]. Younger patients are also more likely 
to develop subglottic stenosis [70]. Adults, in con-
trast, tend not to develop constitutional symptoms 
or glomerulonephritis until later in their course [17]. 
Therefore, it may be easier to diagnosis WG in a 
pediatric patient. The  histopathology shows micro-
vascular necrosis and granulomatous changes in the 
larger vessels of involved tissues of the respiratory 
tract. However, renal pathology usually does not 
show granulomatosis changes,  making kidney tis-
sue less useful for diagnostic purposes  compared 
with lung or upper airway biopsy. Renal histology 
 generally shows segmental or global  necrotizing 
lesions of the  glomerulus and/or cresentic lesions, 
similar to what one sees with MPA. Thus, if mul-
tiple organs are involved, it is advisable to biopsy 
nonrenal tissues to confirm the diagnosis of WG. 
Of course, if readily available, the pattern of ANCA 
staining can also resolve diagnostics uncertainties. 
Importantly, immunofluoresent staining will not 
reveal antibasement membrane Ig deposits in a lin-
ear pattern characteristic of Goodpasture syndrome 
or stain for granular deposits of IgG, IgA, C3, Clq, 
and fibrin characteristic of SLE GN.

Historically, WG was associated with nearly 100% 
mortality within a few months of diagnosis [17, 55]. 
That changed dramatically after uncontrolled studies 
showed remarkable improvement in survival with use 
of corticosteroid therapy [36]. Later uncontrolled trials 
showed even better outcomes with the combination of 
steroids and cyclophosphamide [18, 19, 36]. Both IV 
(500–1,000 mg/M2 monthly) and oral cyclophospha-
mide (2 mg kg−1 daily) have been used, and there was 
anecdotal evidence that oral therapy is more effective 
[30]. However, the European Vasculitis Study Group 
(EUVAS) recently completed a controlled trial com-
paring the two approaches and it appears that there 
was no difference in outcomes (personnel communi-
cation with Dr. Caroline Savage). Furthermore, the 
IV route probably has less toxicity associated with it 
[44, 52]. Azothiaprine or methotrexate may also be 
safely substituted for cyclophosphamide after achiev-
ing remission to reduce the risk of toxicity [42, 45]. 
Patients with severe renal dysfunction also appear to 
have better outcomes when several courses of thera-
peutic plasma exchange are used [42]. The typical 
patient will be treated with cyclophosphamide for 6 
months with the dose adjusted to prevent neutropenia 
(a particular problem in patients with renal failure). 
This is accompanied by pulse-dose steroids followed 
by a tapering oral dose. With life-threatening  disease, 

therapeutic plasma exchange has been reported to be 
beneficial. Another promising option is the use of 
mycophenolate mofetil, which was shown in a sin-
gle center study to have a significantly higher rate 
of remission compared with cyclophosphamide after 
6 months of therapy [37]. The maintenance phase 
of therapy will include a less toxic cytotoxic agent 
and low dose corticosteroid therapy. The duration of 
therapy will be on the order of years for more severe 
cases of ANCA positive disease. Adults with WG can 
be successfully weaned from therapy after five years 
of remission and relatively low ANCA levels [46]. 
Numerous options are available for salvage therapy 
or for the treatment of  relapsing disease, including 
IVIG, anti-thymocyte globulin, anti-CD20 antibody, 
 mycophenolate mofetil, high-dose azothioprine, and 
infliximab [5, 6, 8, 35, 43, 44, 54, 73, 80]. A thorough 
set of guidelines was recently published by experts in 
the field from Great Britain and is as a useful clinical 
tool as of this writing [46].

17.3.4 P olyarteritis Nodosa

PAN is a necrotizing vasculitis of small to medium-
sized muscular arteries and adjacent veins [17, 49, 
67]. Often insidious at onset, disease activity is seg-
mental and can occur at the bifurcation of vessels in 
any organ. Histopathology shows fibrinoid necrosis of 
the entire vessel wall, possibly resulting in aneurysms 
or vascular occlusion. Constitutional symptoms occur 
frequently on presentation, and muscle and bone aches 
as well as rashes are common features. Erythematous 
and painful nodules in the extremities are character-
istic, but livedo reticularis, purpura, and gangrene 
can also occur. Abdominal pain or an acute abdomen 
is also frequent. Renovascular hypertension may be 
the initial presentation, with minimal findings on UA 
because of only larger vessel involvement, and has his-
torically been a leading cause of death [17, 49, 55]. 
Mono or polyneuropathy are classic findings, particu-
larly in association with hypertension. CNS symptoms 
are also relatively common, and pulmonary hemor-
rhage is possible. Finally, myocardial  infarction may 
be recognized, usually after the patient succumbs. As 
with most idiopathic vasculitides, there is no diagnos-
tic test specific for PAN. Possible laboratory findings 
include elevated erythrocyte sedimentation rate, ele-
vated serum immunoglobulin concentrations, and, not 
infrequently, leukocytosis with eosinophilia. The latter 
can help distinguish PAN from other necrotizing vas-
culitides. The diagnosis is confirmed either by biopsy 
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or more easily with angiography showing the classic 
aneurysms in the involved organs. MRA angiography 
is now a  suitable substitute to standard angiography for 
making the diagnosis and is included in the new pedi-
atric classification of PAN (Table 17. 7). PAN can also 
be secondary to collagen vascular disease, hairy cell 
leukemia, and chronic hepatitis B infection. Therefore, 
evidence of these conditions should be sought.

The prognosis of untreated PAN is grim, with most 
patients dying from myocardial infarction, hyperten-
sive encephalopathy, or renal failure. Five-year survival 
untreated is only 13%, but treatment has improved this 
rate to 80% [24, 26]. Steroids are effective in about 
one half of patients, and addition of a cytoxic agent 
provides further therapeutic benefit [47]. Therefore, 
general recommendations are to use corticosteroid 
therapy initially only for patients with mild disease 
(constitutional symptoms +/− skin involvement). For 
children, we  recommend 2 mg kg−1 day−1 of steroids 
up to 60–80 mg for at least one month, followed by 
tapering determined by clinical and  inflammatory 
biomarker response for a total duration of at least 6 
months. Treatment of moderately severe disease with 
solid organ involvement should also include either 
oral or pulse  cyclophosphamide (the latter probably 
being less toxic but also less convenient), using stand-
ard immunosuppressant dosing (oral 2 mg−1 kg−1 day−1 
with a maximum of 100 mg daily or 500–1,000 mg 
m−2 intravenously every month) [25], titrating dosing 
to response and keeping absolute neutrophil counts 

above 1,500. These protocols are generally used for 
6 months. Those patients who require prolonged ther-
apy to retain remission may benefit from a switch to 
a less toxic agent, such as azothiaprine. Patients with 
immediately life-threatening disease with  neurologic 
complications should also receive pulse dose ster-
oids. Therapeutic plasma exchange has not shown to 
be effective when added to steroids alone or steroids 
plus cyclophosphamide in at least two controlled  trials 
[32, 33], although there was a trend for improved sur-
vival in both studies, and the sample size may have 
resulted in a type 2 error. Therefore, in a critically ill 
patient, we still would consider therapeutic plasma 
exchange at least in the acute phase of the illness. 
Finally, newer immunomodulatory agents have been 
used anecdotally. Several reports have shown a positive 
outcome of therapy with tumor necrosis factor-alpha 
blockade in patients with chronic disease that failed 
to remit with steroid and cytotoxic therapy, includ-
ing one pediatric patient [20]. Other options include 
interferon-alpha (particularly for hepatitis B-related 
PAN), intravenous immunoglobulin, and mycopheno-
late mofetil, although the efficacy of these agents is 
circumstantial at this writing.

17.3.5 T akayasu Arteritis

Takayasu arteritis (TA) is strictly a large vessel 
 arteritis that typically involves the major branches of 
the aorta, especially those coming off the aortic arch. 
However, it can also affect the aorta’s main branches 
at any level [39, 51], and it may be limited to only the 
descending thoracic or abdominal aorta in a  minority 
of patients. In the later stages, the pulmonary artery 
can also be affected. The afflicted region will show 
mononuclear infiltrates in all layers, with more 
involved sections containing granulomas with giant 
cells and central necrosis [67]. Resulting fibrosis will 
lead to narrowing of the branch orifices (accounting 
for the past name of pulseless disease). TA tends to 
afflict younger females and is more prevalent in East 
Asian populations and South America, but is less fre-
quent in North America. It usually begins with consti-
tutional symptoms and body aches for weeks to months 
before more significant symptoms occur. Frequently, 
these will include visual disturbance (Takayasu retin-
opathy), focal neurologic deficits, claudication, and 
intestinal angina. Hypertension is common. Of note, 
blood pressure readings are often lower in the upper 
extremities compared with the lower extremities 
(termed reverse coarctation) because of occlusion of 

Table 17.7  Classification criteria for childhood polyarteritis 
nodosa

A systemic illness characterized by the presence of either a 
biopsy showing small and mid-size artery necrotising vasculitis 
OR angiographic abnormalitiesa (aneurysms or occlusions) 
(mandatory criteria), plus at least two of  the following:

›  Skin involvement (livedo reticularis, tender subcutaneous 
nodules, other vasculitic lesions)

›  Myalgia or muscle tenderness

›   Systemic hypertension, relative to childhood normative data

›  Mononeuropathy or polyneuropathy

›    Abnormal urine analysis and/or impaired renal functionb

›  Testicular pain or tenderness

›  Signs or symptoms suggesting vasculitis of any other major 
organ system (gastrointestinal, cardiac, pulmonary, or central 
nervous system)

a   Should include conventional angiography if magnetic resonance 
angiography is negative

b  Glomerular filtration rate of less than 50% normal for age
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the subclavian arteries. Historically, many patients 
die from heart failure or sudden death from cerebral 
vascular accidents or rupture of the aorta. Patients 
who survive the first few years could only do so with 
neurologic deficits. Survival depends on the sever-
ity of complications at diagnosis, age at onset, and 
duration of elevated sedimentation rate [40]. In the 
current era, diagnosis can be made by CT or MR ang-
iography, which can show mural changes at the com-
mon aortic sites and, in the case of MRA, thickening 
of the vessel wall in early stages of the disease [59, 
85]. Treatment with immunosuppression, surgery, 
and stents has  dramatically influenced the outcome 
in affected individuals. There is no consensus for 
treatment of TA, but corticosteroids are a mainstay, 
with addition of cytotoxic agents in more severe cases 
[53]. Surgical intervention or stent  placement is nec-
essary in patients with  renovascular hypertension or 
ischemic symptoms.
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Core Messages

› Pediatric transplant recipients in the ICU require 
regular collaborative multidisciplinary care.

› Fluid and electrolyte management in children im-
mediately after receiving a kidney transplant can be 
very complex and may at times be the main reason 
for admission to the ICU postoperatively.

› A number of renal problems can occur both in recip-
ients recovering from a renal as well as a nonrenal 
transplant, including renal hypoperfusion, acute CNI 
toxicity, and immunosuppressant-associated throm-
botic microangiopathy.

› A number of renal problems can occur both in long-
term recipients of a renal as well as a nonrenal trans-
plant, including acute kidney injury in the setting of 
infections or malignancies and chronic kidney dys-
function associated with long-term exposure to CNIs.

› Adjustments and monitoring of immunosuppressant 
and other drug dosing is a centerpiece of transplant re-
cipients with renal dysfunction readmitted to the ICU.

› Using the maintenance fluid concept in the manage-
ment of patients in the ICU, especially those with 
renal dysfunction, may be inappropriate.

Case Vignette

An 8-year-old, 16-kg boy with multiple medical prob-
lems including obstructive uropathy and renal dyspla-
sia leading to end-stage renal disease received a kidney 
transplant from a living related donor. Two months 
posttransplant, graft dysfunction developed and was 
found to be caused by obstruction of the transplant ure-
ter at the level of the bladder anastomosis. A ureteral 
stent was placed, graft function stabilized (serum cre-
atinine 0.7 mg dL−1), and the patient was transferred 
to a center with major pediatric urological expertise 
for more long-term management. There, radiographic 
and cystoscopic evaluations confirmed a stented, 
well-draining transplant ureter, a very small bladder, 
and a solitary dysplastic native kidney with marked 
hydroureteronephrosis. To confirm the  indication for 

more definitive intervention, the  ureteral stent was 
removed during the cystoscopy, and the patient was 
monitored closely for recurrence of graft dysfunction, 
which occurred within 24 h, as did fever and tachy-
cardia. A percutaneous nephrostomy was placed into 
the now hydronephrotic transplant, and the patient was 
transferred to the PICU in uroseptic shock, requiring 
massive volume resuscitation and pressor as well as 
ventilator support. Oligoanuric acute kidney injury 
(AKI, peak creatinine 3 mg dL−1) requiring RRT also 
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Children who receive or have received organ  transplants 
require care in the PICU under a variety of circum-
stances. These circumstances can be categorized into 
pretransplant (e.g., multiorgan dysfunction in a patient 
with hepatic failure awaiting liver transplantation), 
immediately posttransplant (i.e., immediately postop-
eratively after solid organ transplantation), and later 
posttransplant (e.g., readmission to the PICU because 
of infectious, malignant, or other complications). Under 
all of these circumstances, renal dysfunction can occur, 
typically requiring complex management tailored to the 
specific needs of the individual patient. Generally, how-
ever, transplant recipients in the PICU are treated in a 
highly multidisciplinary fashion, usually codirected by 
a combination of intensivists, pediatric subspecialists, 
and transplant surgeons and their teams. While the spe-
cific logistics of such multidisciplinary care delivery 
may vary between centers, a highly collaborative and 
communicative approach appears invariably paramount 
under these circumstances, e.g., regular multispecialty 
rounds and consistent discussions, where possible with 
patients, and with their caregivers.

In this chapter, common problems and general 
principles in this highly complex and individualized 
management of pediatric transplant recipients in the 
ICU will be outlined and reviewed, following the 

general categorization according to transplant status 
 introduced above.

18.1  Pretransplant Care of Children 
Awaiting Transplantation

Some children, usually with acute or chronic failure 
of nonrenal organs such as liver or heart, also have or 
develop substantial renal dysfunction while awaiting 
nonrenal organ transplantation (Table 18.1). If this renal 
dysfunction is advanced and expected to be chronic, it 
may affect the patient’s transplant candidacy signifi-
cantly, either by presenting a potential contraindication 
to the desired nonrenal transplantation or by establishing 
an indication for possible  concomitant renal transplanta-
tion. Some patients with renal dysfunction prior to non-
renal organ transplantation may be expected to recover 
kidney function after nonrenal transplantation, likely 
after an initial worsening immediately posttransplant 
associated with perioperative instability and virtually 
unavoidable exposure to substantial amounts of nephro-
toxins such as calcineurin inhibitors (CNIs) early after 
nonrenal transplantation. In these patients, plans for 
 temporary renal replacement therapy (RRT) postopera-
tively should be implemented pretransplant, e.g., which 
type of RRT will be used and how access for such ther-
apy will be placed. In recipients of liver or multivisceral 
transplants, anatomical considerations essentially man-
date creation of central vascular access for  continuous 

Table 18.1 Examples for concomitant renal dysfunction in children awaiting nonrenal organ transplants

Acute kidney injury (AKI) associated with end-stage liver failure

 Multiorgan failure (MOF) in acute intoxications or acute infectious hepatitis with fulminant hepatic failure

 Hepatorenal syndrome (rare in children)

AKI associated with end-stage heart failure

 Acute critical decrease in renal perfusion associated with poor cardiac output

Chronic kidney disease (CKD) in systemic conditions also associated with end-stage liver failure or indication for liver 
transplantation as enzyme replacement therapy

 Alagille’s Syndrome

 Oxalosis

 Tyrosinemia

CKD associated with end-stage heart failure

 Alagille’s Syndrome

Chronically decreased cardiac output with renal hypoperfusion

 Chronic progressive heart and kidney damage from chemotherapeutic regimens for successfully treated malignancies

CKD associated with end-stage lung failure

 Nephrolithiasis or drug toxicity (e.g., aminoglycosides) in cystic fibrosis

 developed. With this support, the patient stabilized and 
eventually recovered, including his graft function, and 
underwent surgical revision of his transplant ureter.
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or intermittent hemodialysis and/or -filtration (see 
chapter 8 and below), while heart recipients may alter-
natively also benefit from placement of a peritoneal 
dialysis (PD) catheter. Similarly, plans for early mini-
mization of CNI exposure, complete conversion from 
CNI-based to non-CNI-containing, e.g., rapamycin-
based, immunosuppressive  regimens, or even complete 
avoidance of CNIs could be considered. Such decisions 
and plans are examples for the aforementioned complex 
multidisciplinary, individualized, and communicative 
management approach for these patients and require 
thorough consideration of medical prognosis, quality of 
life implications, and other, e.g., psychosocial, factors.

18.2  Immediate Posttransplant Care 
of Renal and Nonrenal Transplant 
Recipients

18.2.1 Renal Transplant Recipients

In addition to general perioperative care, which may 
require efforts at circulatory, respiratory, and  nutritional 
support, postoperative care of the transplant recipient 
includes often rather unique approaches to fluid and elec-
trolyte management, immunosuppression (IS), hyperten-
sion management, and prophylaxis against infection.

18.2.1.1 Fluid and Electrolyte Management

This area of immediate post-kidney transplant care 
can be challenging and typically consists of replacing 
insensible losses (calculated as 45 mL per 100 kcal of 
energy expended, 30) and measured urine output on 
a volume-for-volume basis. Of critical importance is 
the realization that the hourly urine output may actu-
ally approach the patient’s blood volume in some 
circumstances, particularly when an adult allograft 
is placed into an infant. This creates a tremendous 

opportunity for major fluid and electrolyte, especially 
sodium, disturbances, which must be anticipated and 
prevented. At least daily urine sodium measurements 
can be used to guide the composition of the urine 
replacement, as fluctuations in serum sodium concen-
trations can contribute to significant immediate post-
transplant morbidity, e.g., seizures [58]. In typically 
young recipients of a preemptive transplant from a 
living adult donor, this complication also appears to 
be driven by dramatic decreases in serum osmolality 
associated with rapid clearance of uremic toxins from 
the circulation when renal graft function is excellent 
right away [54].

Even in older and bigger recipients, the frequency 
and volume of urine output measurements and replace-
ment adjustments usually require a level of care that 
can only be delivered in an intensive care or very simi-
lar unit. Recovery of tubular abilities to concentrate 
the urine and reabsorb sodium usually takes several 
days, over which urine output replacement is gradu-
ally transitioned to a more streamlined “maintenance” 
(see Sect. 18.3.1.3 later) regimen, which may be quite 
minimal as most kidney recipients can eat and drink 
soon after transplantation.

Hypophosphatemia and hypomagnesemia can occur 
quickly posttransplant. The former is largely due to 
hungry bones in the presence of a well-functioning 
kidney and frequently requires phosphorus supple-
mentation for several months. The latter is associated 
with CNI, especially tacrolimus, therapy and may 
also require supplementation, especially if clinical 
 symptoms of hypomagnesemia are present.

18.2.1.2 Imm unosuppression (IS)

Table 18.2 outlines Cincinnati Children’s Hospital 
Medical Center’s present IS protocol. Generally, 
immunosuppressive therapy is in constant evolution 
to achieve the best possible antirejection  prophylaxis 

Table 18.2 Summary of current peritransplant immunosuppressive protocol used at our institution

Induction (first several weeks and months posttransplant) Maintenancea

Nondepleting (for patients at regular immunological riskb) or depleting (for all other patientsb) 
anti-T-cell antibody

High-dose steroids Tapered steroids

Calcineurin inhibitor (CI), e.g., tacrolimus Modest-dose CI

Antimetabolite, e.g., mycophenolate mofetil Mycophenolate mofetil

a  An inhibitor of the mammalian target of rapamycin such as sirolimus (rapamycin) or everolimus can be added or substituted for 
any one of the three maintenance agents based on center practice

b  Increased immunological risk is present in recipients of repeat transplants or with panel-reactive antibody titers > 80% and/or other 
evidence of sensitization (e.g., donor-specific antibodies), in the setting of delayed graft function as evidenced by need for dialysis 
posttransplant, in any human leukocyte antigen mismatch with a deceased donor, and in African-American recipients
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without unacceptably high incidences of over-IS or other 
drug-related toxicities [28]. In this context, it has become 
quite clear that immunosuppressive protocols cannot 
be administered in a one size fits all fashion: First-time 
Caucasian recipients of a living donor kidney who have 
no evidence of  presensitization appear to require less 
powerful antirejection prophylaxis than recipients of a 
repeat transplant, especially one from a deceased donor, 
recipients with evidence of  presensitization, or recipi-
ents who are African-American [20]. Additionally, the 
recent discovery of genetic polymorphisms and related 
phenomena affecting drug metabolism and exposure 
[7, 15] and immunological  responsiveness [2] further 
undermines the concept of a unified immunosuppres-
sive approach. It therefore likely behooves transplant 
programs to adapt flexible  protocols that can be tailored 
to each recipient’s perceived risk profile. Theoretically, 
the development of such protocols is augmented by suf-
ficiently  powered multicenter studies, but in view of the 
relatively small number of pediatric kidney transplants 
performed at any given time and given the increasing 
number of drugs and drug combinations available, 
such studies are quite difficult to set up and perform. 
Of note, the North American Pediatric Renal Trials and 
Collaborative Studies (NAPRTCS, https://web.emmes.
com/study/ped/annlrept/annlrept.html) group has put 
forth substantial efforts in this area over the past few 
decades. Nonetheless, additional guidance in the selec-
tion of pediatric immunosuppressive regimens is also 
derived from adult studies and from local practice and 
experience.

A typical protocol to be used initially in pediat-
ric kidney transplantation currently consists of triple 
therapy with a CNI, an antiproliferative agent, and ster-
oids, possibly paired with a course of induction with a 
 nondepleting anti-T-cell antibody (Table 18.2). The doses 
and target levels of these agents are geared toward the 
recipient’s estimated risk for acute  rejection,  balanced 
against side effects and other potential  disadvantages 
associated with the use of these agents. Of note, recent 
efforts by a variety of groups have further broadened the 
available choices for initial IS: they now include com-
plete steroid avoidance [45], induction with alternative 
antibody preparations [48], and introduction of a new 
class of maintenance immunosuppressants, the inhibi-
tors of the mammalian target of rapamycin (mTOR) 
[29, 32, 45]. This last approach largely aims to reduce 
or even completely eliminate the use of CNIs, which 
carries a substantial long-term risk of nephrotoxicity 
[23, 28]. Similar principles apply to nonrenal transplant 
 recipients [27, 31, 41, 51].

18.2.1.3 A ntihypertensive Therapy

Hypertension frequently occurs or worsens in the 
immediate posttransplant setting for several reasons, 
including liberal fluid management (see above) and 
treatment with high doses of corticosteroids. While 
mild blood pressure elevations above the recipi-
ent’s pretransplant range may be temporarily desir-
able to enhance perfusion of the new allograft, more 
pronounced hypertension, especially if it is causing 
symptoms, should be treated expeditiously. In this set-
ting, calcium channel antagonists are particularly safe 
and effective, although attention needs to be paid to 
the interference of some of these agents, particularly 
verapamil, diltiazem, amlodipine, and nicardipine 
with CNI metabolism [20]. Once transplant function 
has stabilized, the same group of agents may also be 
particularly beneficial [22, 38], although angiotensin-
converting enzyme inhibitors (ACEIs) or angiotensin 
receptor blockers (ARBs) should also be considered, 
especially if there is evidence of chronic allograft 
nephropathy (CAN; see later [8, 13]).

18.2.1.4 Prophylaxis Against Infection

Prophylaxis against bacterial, viral, and fungal patho-
gens is part of essentially all routine posttransplant 
medication regimens. Antibiotic coverage is typically 
provided perioperatively to prevent wound infections 
and then transitioned to a prophylactic regimen against 
urinary tract infections and pneumocystis carinii. 
Specific guidelines have been developed for antiviral 
prophylaxis in the posttransplant setting [5]. This anti-
viral prophylaxis is largely directed against cytomega-
lovirus (CMV) and usually prescribed based on each 
patient’s risk profile, as determined by his or her as 
well as the donor’s history of CMV exposure and by 
the strength of IS used. Unfortunately, no convincingly 
effective prophylactic regimens are currently available 
for the prevention of Ebstein–Barr virus (EBV) infec-
tion. Since many pediatric transplant recipients are 
EBV-naïve and many adult donors carry EBV, primary 
EBV infection of transplanted children via the graft 
is a considerable problem, especially because EBV 
can drive the development of posttransplant lympho-
proliferative disorder (PTLD) [24]. Lastly, antifungal 
prophylaxis is typically provided during the first sev-
eral months posttransplant, i.e., while the degree of 
IS prescribed is considerable. Accordingly, a number 
of centers also recycle the full spectrum of infection 
prophylaxis during and after episodes of acute rejection 
requiring enhanced  immunosuppressive therapy.
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18.2.1.5  Other Aspects of Routine ICU 
Care of Children Immediately After Kidney 
Transplantation

Gastrointestinal Prophylaxis
Gastrointestinal prophylaxis against steroid- associated 
gastritis and ulcer disease is typically given in the form 
of a histamine H2 receptor blocker. At our center, 
recipients are tried off these agents once they are 
 taking all their medicines by mouth and if they are free 
of gastrointestinal complaints.

Prophylaxis Against Thrombosis
Graft thrombosis is a significant cause of pediat-
ric transplant loss [49, 56]. Risk factors include 
 hypercoagulopathy (e.g., as seen in chronic  nephrotic 
states), antiphospholipid antibodies (seen in 30–50% 
of patients with systemic lupus erythematosus), prior 
thrombosis of a large vein postoperatively (e.g., a renal 
transplant vein), or thrombosis associated with  vascular 
access (e.g., for dialysis) [36]. Accordingly, hyper-
coagulability should be corrected before the actual 
transplant procedure whenever possible. Alternatively, 
consideration needs to be given to the prescription 
of anticoagulation during and after the transplant, 
although controversy exists regarding the routine use 
of heparin in the perioperative period to reduce the 
incidence of renal allograft thrombosis. A recent retro-
spective study showed that young recipient age, young 
donor age, and increased cold ischemia time were 
associated with a higher risk for graft thrombosis, but 
the administration of heparin did not decrease the inci-
dence of early renal  allograft thrombosis [39].

18.2.1.6 Early Renal Allograft Dysfunction

Initial Nonfunction
Graft dysfunction immediately posttransplant is sug-
gested by lack or decrease of urine output and by 
absence of the expected decrease in serum creatinine. 
Initial nonfunction, i.e., the complete absence of urine 
production, is very concerning as it could be caused 
by thrombotic obstruction of arterial blood flow to the 
graft. Accordingly, initial nonfunction requires imme-

diate diagnostic evaluation and subsequent correction 
if the transplant is to be salvaged. Many centers there-
fore perform a Doppler ultrasonographic evaluation or 
a nuclear scan of the transplant immediately after skin 
closure or upon arrival in the postoperative care unit, 
at least if there is no sufficient urine output attributable 
to the transplant. Along these lines, many  recipients 
still have their native, oftentimes urine- producing, kid-
neys at the time of transplantation, making the  precise 
determination of the source of urine output – i.e., 
new transplant vs. old native kidney(s) – immediately 
 posttransplant challenging at times.

If blood flow to the transplant is adequate, acute 
tubular necrosis should be suspected as  alternative 
cause of initial nonfunction, especially in transplants 
from deceased donors. In recipients who are not at 
particularly increased immunological risk,  hyperacute 
rejection is very unlikely. Lastly, the possibility of 
 complete urinary tract obstruction needs to be excluded 
by ultrasound in this scenario.

Delayed-Onset Graft Dysfunction
In grafts with initially acceptable urine production 
but a subsequent decrease in output, additional pos-
sibilities need to be considered. These include low 
intravascular volume, rejection, acute CNI toxicity, 
immunosuppressant-associated thrombotic microan-
giopathy (TM), and recurrent disease.

Low intravascular volume can be diagnosed if a fluid 
(crystalloid and/or colloid depending on clinical cir-
cumstances) challenge sufficient to raise central venous 
pressure results in restitution of adequate diuresis, and 
acute CNI toxicity is suggested by elevated trough 
levels, e.g., tacrolimus concentrations above 15–20 ng 
mL−1, in the context of acute renal  dysfunction. Both 
of these complications can obviously also occur after 
transplantation of nonrenal organs.

Early renal allograft rejection can be difficult to 
diagnose, as its recognition usually requires a kid-
ney biopsy, which may be risky in a fresh transplant. 
Moreover, different types of rejection may need to 
be distinguished as they require different therapeutic 
responses: Especially in presensitized recipients, acute 

Table 18.3 Signs and symptoms of immunosuppressant-associated thrombotic microangiopathy (TM)

Renal dysfunction (decreased urine output, stagnant or rising serum creatinine)

Hypertension

Thrombocytopenia

Hemolytic anemia (fragmented red blood cells, decreased serum haptoglobin, increased serum lactate dehydrogenase)
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rejection can not only be cellular but also antibody-
mediated, i.e., humoral, necessitating the  initiation 
of plasmapheresis and potentially other specific 
therapeutic measures instead of treatment for cellu-
lar rejection, which consists of steroid pulses or the 
application of depleting anti-T-cell antibody products. 
Moreover, cellular and humoral rejection can coex-
ist, and the recognition of humoral rejection requires 
special studies both on the biopsy material, i.e., stain-
ing for C4d, and in the blood, i.e., identification of 
anti-donor antibody [44].

Immunosuppressant-associated TM causing renal 
dysfunction can occur early after renal  transplantation 
as well as in recipients of nonrenal organs, especially 
bone marrow [16, 19, 37]. Characteristic signs and 
symptoms of this problem are summarized in Table 
18.3, but its clinical presentation can be subtle, and 
many of its signs and symptoms can also be caused 
by other processes early posttransplant, e.g., acute 
antibody-mediated rejection [43, 53]. Accordingly, 
a kidney biopsy may be required to establish the 
diagnosis and justify subsequent adjustments in IS. 
Since immunosuppressant-associated TM has his-
torically been associated with the use of CNIs and 
since most patients are receiving these agents imme-
diately posttransplant, therapeutic options include 
conversion to a different CNI, e.g., from tacrolimus 
to cyclosporine, or from CNI-based to mTOR inhibi-
tor-based IS. Recent data indicate, however, that 
mTOR inhibitors can also be associated with TM 
[18], although it appears highly unlikely that a given 
patient would develop this  complication both in the 
context of receiving a CNI and again after conversion 
to an mTOR inhibitor.

Early renal disease recurrence can be a tremendous 
diagnostic and therapeutic challenge, typically in recip-
ients with focal segmental  glomerulosclerosis (FSGS) 
who can develop recurrent massive proteinuria within 
hours or days of transplantation [17, 57]. Since the 
development of histologic changes proving recurrent 
FSGS requires several months, and since early therapeu-
tic intervention appears to be an important prognostic 
factor [17], rapid recognition of nephrotic-range pro-
teinuria (and exclusion of other possible causes of this 
proteinuria) is of paramount importance. Therapeutic 
interventions for recurrent FSGS are largely empiric and 
consist of adjustments in IS (transition to cyclosporine 
or cyclophosphamide), plasmapheresis, and possibly 
anti-B-cell antibody therapy [17].

Additional complications resulting in early impair-
ment of graft function are thrombosis of the renal vein or 
one of its major branches, obstruction of urine flow, e.g., 

by a blood clot, and urinary leakage, e.g., from an unsat-
isfactory ureteral anastomosis. Ultrasounds and nuclear 
scans are useful tools to identify these problems.

18.2.2 Nonrenal Transplant Recipients

Generally, the immediate posttransplant recovery of 
these patients is highly organ-specific and accordingly 
driven by very specialized protocols. However, several 
observations regarding their renal care can be made 
and applied rather broadly to most areas of nonrenal 
organ transplantation. As discussed at the beginning of 
this chapter and summarized in Table 18.1, preexisting 
acute or chronic renal dysfunction may be a problem 
accompanying children when they receive a nonrenal 
organ transplant. In these cases, individualized, and 
ideally proactive, arrangements should be made for 
the prevention and treatment of worsening renal dys-
function posttransplant, as  outlined earlier.

Additionally, the principles regarding IS and its 
 asso ciated complications summarized earlier in Sects. 
18.2.1.2 and 18.2.1.6. regarding renal transplant recip-
ients also tend to apply to recipients of nonrenal trans-
plants, as the immunosuppressive protocols used in 
the latter groups are very similar to those  prescribed 
to the former.

18.3  Readmission of Renal 
and Nonrenal Transplant 
Recipients to the ICU

At any given time, ICUs at pediatric transplant centers 
can be occupied by a substantial cohort of long-term 
graft recipients readmitted for a variety of issues, e.g., 
after urgent or elective operations, or because of infec-
tious or malignant complications. Such readmissions 
pose a number of unique challenges, which are dis-
cussed after the following overview.

Transplant recipients may require surgery for many 
various reasons at some point sooner or later after 
 having received an allograft. Some indications may 
be entirely unrelated to the patients’  posttransplant 
status, e.g., appendectomies, while others are in 
some form associated with it. Examples for this 
latter category range from transplant-related com-
plications, such as intestinal obstruction from adhe-
sions after intra-abdominal transplantation, to more 
planned operations, such as ileostomy takedowns or 
other surgical steps after multivisceral/small bowel 
 transplantation or additional parts of complex lower 
urinary tract revision and reconstruction in children 
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with kidney transplants and underlying complex uro-
logic disease.

Another unique example for such operations is 
renal transplantation after prior grafting of a non-
renal organ. This therapeutic modality is becoming 
increasingly common as the long-term patient and 
graft survival rates in nonrenal organ  transplantation 
have continued to improve, at least in part because of 
the chronic use of CNIs, which, in turn, is  associated 
with chronic nephrotoxicity [41, 51] (also see Sect. 
18.3.1.2 later).

Infectious complications are common reasons for 
admission of transplant patients to the ICU. Both 
because of their IS and possibly because of their overall 
medical fragility, these patients are not only at risk for 
opportunistic infections but also for more  morbidity 
and mortality than the general  population from other 
infections like bacteremia and influenza [25].

Similarly, transplant patients are at increased risk 
for malignant disease compared with age-matched 
healthy individuals, at least in part because of their 
chronic IS [14, 34]. In pediatric transplant recipi-
ents, by far the most common malignancy is PTLD, 
which is often driven by EBV infection and for which 
 therapeutic strategies are still evolving [14, 26] (also 
see Sect. 18.3.1.1 later).

18.3.1  Unique Challenges and Overriding Principles in the 
Management of Transplant Recipients Readmitted 
to the ICU

18.3.1.1 Medic ation Administration

Especially after surgery involving the gastrointestinal 
tract or possibly while receiving mechanical ventilation, 

medications usually given enterally may need to be used 
parenterally. This can often be achieved with support of 
dedicated pharmacists who help direct attention in this 
setting to several important aspects discussed in detail 
later and broadly categorized in Table 18.4.

Immunosuppression
Solid organ transplant recipients generally require 
ongoing IS to prevent allograft rejection. Intercurrent 
problems leading to admission to an ICU, however, 
often create circumstances in which the immunosup-
pressive strategy for a particular patient may need to 
be adjusted in several ways. First, the mere administra-
tion of the immunosuppressive agents may need to be 
adapted as outlined in Table 18.4.

Second, transplant recipients who are in the ICU for 
infectious or malignant problems may benefit from an 
overall reduction in the depth of their IS to allow their 
immune system to better deal with the acute problem 
at hand. Such a reduction is carefully considered and 
tailored individually based on the severity of infec-
tion or malignancy, the importance of protection of the 
graft from rejection, and possibly other factors. In kid-
ney transplant recipients, for example, graft rejection 
may be a more acceptable price to pay in the face of 
a life-threatening infectious or malignant complication 
as dialysis is usually available as an alternative. Long-
term liver transplant recipients can also lose their need 
for aggressive ongoing antirejection prophylaxis and 
may at times do well on minimal or even no IS [11], 
allowing for such reductions especially in the setting of 
acute illnesses from which recovery may thus be sup-
ported. The risk for rejection in heart and lung trans-
plant recipients, on the other hand, appears higher and 

Table 18.4 Conversion to parenteral therapy for transplant recipients readmitted to the ICU and unable to take medications enterally

ROUTINE HOME MEDICATIONS, e.g., immunosuppressants or antihypertensives

Antiproliferative agents and steroids can be easily converted to intermittent intravenous administration

CNIs can be converted to a continuous infusion (in consultation with pharmacy)

mTOR inhibitors can not be given parenterally, possibly requiring transition to a CNI

Antihypertensives may be less needed in transplant recipients ill enough to require readmission to the ICU

If needed, alternative antihypertensive regimens using intermittent or continuous parenteral dosing can usually be substituted, 
e.g., calcium channel blockers with no or little interaction with CNIs, labetalol, diuretics, or a clonidine patch, depending on 
clinical circumstances. Beta blockers, angiotensin converting enzyme inhibitors, and angiotensin receptor blockers may be less 
preferable because of their side-effect profile and their limited availability for intravenous administration

NEW MEDICATIONS

Antimicrobials should be chosen and dosed with special attention to possibly present acute and/or chronic renal dysfunction and 
with consideration of their potential interactions with CNIs (see text)

Similar recommendations should be followed for other medications, such as analgesics and sedatives
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leads to  significant challenges with regards to balanc-
ing ongoing IS with treatment for severe infections or 
malignancies.

Current guidelines for the management of PTLD illus-
trate this challenge: the recommended first line of ther-
apy is reduction or even withdrawal of IS, yet additional 
chemotherapeutic and other protocols are also required, 
especially for patients who are not  considered candidates 
for minimization of antirejection prophylaxis [26].

Moreover, certain potentially life-threatening oppor-
tunistic infections, e.g., CMV disease in  kidney trans-
plant recipients, can concomitantly trigger rejection. 
Accordingly, individualized risk assessments, guided 
by thorough diagnostic testing and monitoring, should 
be used to support decisions regarding adjustments 
in IS for transplant recipients sick enough to require 
intensive care [25].

While such adjustments typically revolve around 
reduction or discontinuation of antiproliferative agents 
(i.e., mycophenolate or azathioprine) or CNIs, the typ-
ically relatively modest amount of steroids prescribed 
chronically as part of antirejection prophylaxis poses a 
risk factor for adrenal insufficiency and may thus need 
to be increased to stress dosing (50 mg hydrocortisone 
per m2 per 24 h) in pediatric transplant recipients in 
catecholamine-resistant  septic shock [21].

mTOR inhibitors such as rapamycin pose several 
unique opportunities and challenges in transplant recipi-
ents who are acutely ill. As they can only be given enter-
ally, their administration may be difficult in patients too 
sick for this route of administration (see Table 18.4). On 
the other hand, rapamycin is the only commonly used 
immunosuppressant that also has beneficial effects 
against malignancies [6]. Therefore, conversion to this 
agent should be considered in patients on CNI-based IS 
who develop malignancies such as EBV-driven PTLD, 
especially as there is evidence to suggest that rapamycin 
also has direct antiviral effects [55]. Lastly, rapamycin 
is associated with significant wound-healing problems 
[9, 23]. Accordingly, transplant recipients who undergo 
planned major surgery may benefit from temporary 
conversion to CNI-based IS before their operation and 
until most healing has occurred.

Third, intercurrent illnesses requiring ICU admis-
sion obviously represent deviations from a transplant 
recipient’s metabolic steady state, attributable to a 
variety of disturbances such as changes in dietary 
intake, coadministration of new medications that can 
interfere with immunosuppressant metabolism, and 
acute dysfunction of organs that are involved in this 
metabolism. These deviations require close and  regular 

monitoring of those immunosuppressants that can be 
followed by drug level measurements, e.g., CNIs and 
mTOR inhibitors.

Other Medications
As already alluded to, the pharmacotherapy of trans-
plant recipients with renal dysfunction is challenging 
and requires ongoing diligence, essentially for two 
main reasons: First, the possibility for multiple new 
drug interactions exists [52]. Second, renal dysfunction 
in patients in the ICU can quickly get worse or improve, 
necessitating continuous attention to  adjustments in 
drug dosing based on estimated glomerular filtration 
rate (GFR). Such estimates can usually be performed 
reasonably well using the Schwartz formula (as out-
lined in Chap. 7). Generally, it should be noted that in 
patients whose renal (dys)function is a moving target, 
pharmacokinetic predictions to guide dosing strategies 
for potentially nephrotoxic agents or agents excreted 
renally can at best be made over a very short term and 
certainly not for 72 or more hours ahead. Instead, daily 
dose adjustments based on renal status are recom-
mended for these patients. When agents whose blood 
levels can be measured are used, such as vancomycin 
or aminoglycosides, trough-level-based dosing is an 
especially practical strategy, i.e., sequential monitoring 
of drug levels until they have decreased into the thera-
peutic trough range, followed by the next dose of the 
agent and another cycle of drug level measurements.

18.3.1.2 Renal Function and Renal Reserve

Not only to guide the selection, dosing, and  monitoring 
of medications needed during an ICU admission of 
transplant recipients, careful and repeated assessments 
of the renal function of these patients are of paramount 
importance. Even in patients who received a nonrenal 
transplant and who have no history of preexisting kid-
ney problems, at least a subtle degree of renal dysfunc-
tion may be present, especially in the context of chronic 
CNI exposure. This subtle disturbance, referred to as 
decreased renal reserve [1], may then become more 
apparent during acute illnesses or other stressors.

CNIs are associated with two basic types of renal 
toxicity [42, 51]. First, each dose of these agents 
can provide a vasoconstrictive stimulus, leading to a 
 transient reduction in blood flow to the kidneys and 
other organs. AKI in transplant recipients readmitted 
to the ICU may accordingly represent excessive acute 
ischemic injury from this vasoconstriction, even in the 
absence of substantial elevations of CNI trough  levels, 
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and augmented by additional disturbances related to 
the acute illness on hand and its management. At least 
equally importantly, patients requiring chronically 
high CNI target levels to prevent rejection of their 
transplant or patients with high pharmacogenetic 
susceptibility to CNI-associated vasoconstriction can 
develop chronic ischemic changes in their kidneys 
over time, leading to a characteristic histologic pat-
tern of striped fibrosis (Fig. 18.1). Of note, much of 
this damage can be compensated by relatively spared 
areas of the kidneys (renal reserve, see above), only to 
become manifest during acute changes in the patient’s 
overall status, e.g., intercurrent illnesses.

The second mechanism by which CNIs cause renal 
damage is the induction of transforming growth factor 
(TGF)-β. CNIs are amongst the most potent  inducers 
of this profibrotic cytokine, and they accordingly drive 
a process of chronic scarring, again presumably espe-
cially in the context of long-term exposure to substantial 
CNI doses or high pharmacogenetic susceptibility to 
this complication. In the kidneys, tubulointerstitial 
fibrosis is the histologic hallmark of this damage [35]. 
Again, this fibrosis can be substantial and clinically 
rather silent as long as a patient is doing clinically 
well, only to become apparent as  significant renal 
 dysfunction when this clinical wellness is disturbed.

Fig. 18.1 Chronic renal histological changes associated with 
CNI exposure in a 16-year-old recipient of a liver transplant 4 
years earlier. Because of fluctuations in liver function, a diag-
nostic transplant biopsy was performed, inadvertently yielding 
renal tissue on one pass. There was no clear history of renal 
issues and no evidence of renal dysfunction at the time of the 
biopsy (normal blood pressure, serum creatinine, and urinaly-
sis). Top left: Low-power overview of the renal biopsy core. Top 
right: Higher power view of normal area of the biopsy core, 

featuring a glomerulus with preserved architecture surrounded 
by healthy appearing tubules. Bottom left: High-power view 
of an area of striped fibrosis extending across the biopsy core 
and featuring loss of structural integrity of the tubulointersti-
tium. Bottom right: High-power view of another biopsy area, 
demonstrating several sclerotic glomeruli (asterisks). The areas 
featuring tubulointerstitial fibrosis and glomerulosclerosis also 
contain inflammatory infiltrates of mononuclear cell, which can 
be seen in chronic CNI toxicity
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The cumulative effects of chronic CNI exposure 
of renal and nonrenal transplant recipients are now 
well-recognized. In pediatric kidney recipients, CAN, 
which is increasingly driven by chronic CNI toxic-
ity over time [40], is recognized as the most common 
cause of graft loss [3]. Similarly, CNI exposure is a 
risk factor for the development of chronic kidney or 
end-stage renal disease (CKD, ESRD) in nonrenal 
transplant recipients, and the substantial incidence of 
these complications is readily apparent now that more 
of these patients survive long-term [41, 51].

Figure 18.1 illustrates the scenario described earlier by 
presenting incidentally detected histological changes of 
chronic CNI toxicity in a liver transplant recipient with 
no clear indicators of renal dysfunction in the absence 
of health status fluctuations but disproportionate distur-
bances in kidney function during such fluctuations.

18.3.1.3 F luid Management

The frequent absence of renal reserve described 
above, paired with the potential plethora of other 
changes associated with an ICU admission that can 
affect the renal status of a transplant recipient, require 
special caution when it comes to fluid  management. 
This potentially changed renal status in the ICU may 
manifest with changes in urine output, i.e., a decrease 
(oligo- or anuria) or an increase (polyuria) from 
baseline. Of note, these changes may occur before 
 elevations in serum creatinine are appreciated (see 
Chap. 7), especially in small children with generous 
nephron mass after having received a kidney from 
an adult donor. While many types of AKI seen in 
the ICU and elsewhere go along with oligo- or anu-
ria, some other types (Table 18.5), as well as recovery 
from initially oligoanuric AKI, can result in polyu-
ria. Oliguria and polyuria are commonly defined as 
24-h urine output per 1.73 m2 body surface area of less 
than 500 and more than 3,000 mL, respectively [10, 12]. 
Polyuria principally occurs when kidney damage pre-
dominantly affects the tubulointerstitium and the renal 
medulla or during recovery from AKI when glomeru-
lar filtration returns sooner than tubular concentrating 
ability and medullary  countercurrent  function [12].

Other changes in normal body fluid homeostasis in the 
ICU are related to fever and mechanical ventilation with 
humidified air (respectively, increasing and decreasing 
insensible losses) as well as  ongoing increased sensi-
ble losses (e.g., output from the gastrointestinal tract or 
bleeding) and sensible gains from the administration of 
multiple medications and blood products.

All of these factors essentially prohibit the use of 
the maintenance fluid concept in many patients in the 
ICU, especially those with renal dysfunction, because 
this concept was developed assuming a  normal home-
ostatic state, including normal kidney function [30]. 
Instead, the fluid status of patients in the ICU should 
be assessed at least daily based on physical exam 
(looking at perfusion and for edema), vital signs, 
recorded intake and output (“ins and outs”), weight, 
and – if available – central venous pressure and chest 
X-rays (following heart size and pulmonary vascu-
larity). Based on these parameters, and paired with 
the anticipated required volume administration ahead 
(infusions of medications and other therapeutics such 
as blood products,  nutrition), with other therapeutic 
aspects (e.g., ventialtory needs), and with an estima-
tion of current renal status (e.g., expected urine out-
put), decisions should then be made with regard to 
overall fluid management in the next 12–24 hours. 
From a renal standpoint, these decisions specifically 
involve the possible administration of diuretics (see 
Chap. 7) and indications for RRT (see Chap. 8 and 
below). Over the course of the day, this management 
plan then needs to be reviewed as needed as there are 
multiple  possibilities for unexpected developments 
in ICU patients, and such developments may require 
adjustments in the original plan. As mentioned 
earlier, it is obvious that the development and imple-
mentation of such a fluid management strategy is 
significantly facilitated by a highly collaborative and 
communicative approach across disciplines, e.g., reg-
ular multispecialty rounds.

Table 18.5 Possible causes of polyuric AKI

Drugs and toxins

 Lithium

 Amphotericin B

 Methoxyflurane

 Dephenylhydantoin

 Aminoglycosides

Preexisting polyuria-prone chronic conditions

 Sickle cell nephropathy

 Nephronophthisis

 Reflux nephropathy

 Obstructive uropathy

 Nephrogenic diabetes insipidus

 Fanconi Syndrome
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18.3.1.4 R adiological Studies

Patients in the ICU frequently require radiological 
studies or interventions, some of which involve the 
administration of contrast agents. In transplant recipi-
ents and other patients with renal dysfunction, caution 
is required when such administration is considered, as 
contrast agents invariably represent another potential 
nephrotoxin. Studies requiring the use of such agents 
should therefore be substituted with alternative diag-
nostic approaches whenever possible. If contrast agents 
need to be used,  judicious protective strategies, e.g., 
hydration, should be implemented if at all feasible. In 
either case, multispecialty communication to develop 
an optimal management plan may again be very use-
ful. A detailed review of radiocontrast- associated 
 nephropathy is presented in Chap. 7.

18.3.1.5 Renal Replacement Therapy

RRT in the PICU is reviewed in depth in Chap. 8. In 
transplant recipients, indications and strategies for 
RRT are no different than in other patients. Specific 
aspects of RRT in this patient group typically include 
access and drug dosing and removal. Regarding the 
former, transplant recipients tend to have had prior 
central vascular access and, by definition, prior – 
mostly abdominal – surgeries, which both can affect 
RRT access placement.

Prior central vascular access may have left stenoses 
or even thrombi that could impair successful RRT 
access placement or its use for the typically required 
rather high blood flow rates in intermittent hemodi-
alysis (IHD) or continuous RRT (CRRT). Planning 
such access placement in patients with a history of 
prior central vascular cannulation may therefore 
include scanning for patency of and flow in the great 
veins by Doppler ultrasound or magnetic resonance 
venography.

Prior abdominal surgery, e.g., an intra-abdominal 
organ transplant, may impair the ability to perform 
adequate peritoneal dialysis (PD). Unfortunately, there 
are no reliable diagnostic procedures to accurately pre-
dict the feasibility of PD in individual patients with 
such a surgical history. Generally, just having had a 
kidney transplant usually does not interfere with sub-
sequent PD, but a history of multiple complex abdom-
inal operations may well decrease the likelihood of 
successful PD. An individualized, detailed discussion 
with the surgeons knowledgeable of the particular 
patient’s prior surgeries and possible options for PD 
catheter placement and use may be the most helpful 

proactive strategy in this situation. Fortunately, this 
setting is uncommon in the ICU as acute PD is fraught 
with several problems, e.g., leakage around a newly 
placed catheter, which tend to make it a less  preferred 
RRT option than IHD or CRRT, which both require 
vascular access (see above).

Drug dosing and removal in transplant recipients 
requiring RRT is no different from other patients receiv-
ing RRT but complicated by the IS prescribed to these 
recipients. Generally, the degree of interference of RRT 
with immunosuppressant exposure is not very high as 
these agents are distributed throughout the body in 
manners that prevent their substantial removal across a 
dialysis membrane and as they are largely metabolized 
by the liver. Accordingly, and assuming that hepatic 
function is not also significantly impaired, dosing 
adjustments for these agents in the setting of RRT are 
therefore mostly minor. However, it  obviously appears 
prudent to reassess the need for continued exposure to 
nephrotoxic immunosuppressive agents in patients who 
have developed AKI requiring RRT. Specifics regard-
ing drug dosing and removal on RRT largely depend 
on the details of the RRT administered, e.g., PD vs. 
intermittent HD or CRRT and, in the case of the latter 
two, especially on whether or not high-flux filters are 
used [47]. Individualized assessments of the need for 
adjusted dosing strategies can therefore be made based 
on these aspects and typically together with other man-
agement team members, e.g., pharmacists.

18.4 C oncluding Remarks

The mere success of organ transplantation in chil-
dren and adults, especially the improvements in the 
long-term survival of nonrenal organ recipients, has 
created a growing spectrum of challenges, many of 
which are related to chronic renal dysfunction in this 
patient population. In the ICU setting, this chronic 
renal dysfunction, as well as other unique aspects 
such as the IS required for these patients, complicates 
their management, typically requiring  individualized, 
 multidisciplinary approaches.

This chapter outlines overriding  nephrological 
 principles in the ICU care of children with renal and 
nonrenal organ transplants. While many differences 
exist between such kidney recipients vs. other organ 
recipients, their renal care, as outlined  earlier, is 
remarkably similar. In fact, the renal status of recipients 
of non-kidney solid organs could to some degree be 
viewed as a human model of chronic CNI exposure.



258 J. Goebel

While many of the principles covered earlier also 
apply to recipients of a bone marrow transplant (BMT), 
this patient group differs significantly from solid organ 
recipients in several ways, including their pretransplant 
care, their typically only transient exposure to CNIs 
and even any IS, and the posttransplant dependence on 
engrafted donor immune system [50]. Especially this 
last aspect introduces a whole scope of largely BMT-
specific issues such as graft-vs-host disease (GVHD), 
which reach beyond the scope of this chapter. However, 
it should be noted that some donor immune cells 
are also introduced into the recipient in solid organ 
 transplantation, and that clinically relevant phenom-
ena such as chimerism, tolerance, and even GVHD 
are occasionally observed in these patients [4, 33, 46], 
again exceeding what can be covered in this chapter.
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Case Vignette

A 3,300 g male infant is delivered by normal, spon-
taneous vaginal delivery to a 28-year-old Gravida 
1, Para 0 female at 38 weeks gestation following a 
 relatively uneventful perinatal course. The pregnancy 
was complicated by the diagnosis of hypoplastic left 
heart syndrome at 23 weeks of gestation. The high risk 
pregnancy team recommended delivery at term, fol-
lowed by transfer to a tertiary care pediatric center for 
definitive management. Apgar scores were 8 and 9 at 1 
and 5 min, respectively. Umbilical arterial and venous 
catheters were placed shortly after delivery, and a con-
tinuous infusion of prostaglandin E

1
 was initiated at 

0.03 μg kg−1 min−1 prior to transfer.
A transthoracic echocardiographam performed on the 

first day of life confirmed the fetal diagnosis of hypo-
plastic left heart syndrome (mitral atresia and aortic 
atresia). The infant was managed on  prostaglandin 
E

1
, subambient oxygen (FIO

2
 0.18), and dopamine 
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› Cardiopulmonary bypass is a significant risk factor for 
acute kidney injury (AKI) in children with congenital 
heart disease.

› AKI is a significant and independent risk factor for in-

creased morbidity and mortality in critically ill patients.

› The traditional definitions of acute renal failure that rely on 
changes in serum creatinine alone are no longer valid, as 
even small increases in serum creatinine are associated with 
excess morbidity and mortality in critically ill patients.

› The concentrations of urinary NGAL, IL-18, and KIM-1, 
and serum NGAL and cystatin C are emerging as novel, 
early biomarkers of AKI in children following cardiopul-
monary bypass.

› The treatment of AKI is largely supportive, though early 
recognition is important. Timing of treatment (i.e., renal 
replacement therapy) may be crucial to assure the best 
possible outcome.

Core Messages

Acute Kidney Injury Following 
Cardiopulmonary Bypass

D.S. Wheeler, C.L. Dent, P. Devarajan, and N.W. Kooy
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5 μg kg−1 min−1 with baseline oxygen saturations 88%. 
The infant underwent a stage I Norwood palliation with 
a 3.5 mm modified Blalock-Taussig shunt (BTS) on 
day of life 3. The procedure was performed using deep 
hypothermia, regional low-flow cerebral perfusion, 
and cardiopulmonary bypass. The infant was subse-
quently transferred back to the cardiac intensive care 
unit on  epinephrine at 0.05 μg kg−1 min−1, dopamine 
at 5 μg kg−1 min−1, milrinone at 0.5 μg kg−1 min−1, cal-
cium chloride at 10 mg; kg−1 h−1, and sodium nitro-
prusside at 1.0 μg kg−1 min−1. Urine output remained 
marginal during the first 24 h following surgery with a 
 subsequent peak in serum creatinine on postoperative 
day 3–2.2 mg dL−1 (from a baseline of 0.4 mg dL−1).

S.G. Kiessling et al. (eds) Pediatric Nephrology in the ICU.
© Springer-Verlag Berlin Heidelberg 2009
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19.1 In troduction

Acute kidney injury (AKI), formerly known as acute 
renal failure, continues to represent a very common and 
potentially devastating problem in critically ill children 
and adults [27, 138, 115, 77, 143]. The reported inci-
dence of AKI in critically ill children and adults varies 
greatly due to the lack of a standard, consensus defini-
tion [106]. For example, Novis et al. [116] performed 
a systematic review of nearly 30 studies between 1965 
and 1989 involving AKI patients undergoing vascular, 
general, cardiac, or biliary tract surgery. No two stud-
ies used the same criteria for AKI. Similarly, a sur-
vey of 589 physicians and nurses attending a critical 
care nephrology meeting noted that nearly 200 differ-
ent definitions of AKI were used in everyday clinical 
practice [96]. It is, therefore, not surprising that the 
reported incidence of AKI varies greatly, affecting any-
where between 5 and 50% of critically ill children and 
adults [77, 155, 29, 43, 156, 15]. Unfortunately, the 
mortality and morbidity associated with AKI remain 
unacceptably high, with mortality rates approaching 
80% in critically ill children and adults with multiple 
organ dysfunction syndrome (MODS). Although this 
dismal prognosis is partly attributable to other comor-
bid conditions, recent studies have revealed that AKI 
may be an independent risk factor for mortality in both 
critically ill children [15, 126, 5] and adults [39, 108, 
14, 93]. In other words, critically ill patients are not 
just dying with AKI, but importantly, in many cases, 
critically ill patients are dying from AKI.

Currently, effective treatments to prevent AKI are 
lacking [82, 86], and management is largely directed 
toward reversing the underlying cause (e.g., renal 
ischemia secondary to hypotension) and providing sup-
portive care. The societal cost of this supportive care 
represents an enormous financial burden, with annual 
US medical expenses approaching $8 billion in criti-
cally ill adults alone [68, 76]. Supportive care in the 
pediatric intensive care unit (PICU) has  traditionally 
included optimizing fluid status,  avoiding potentially 
nephrotoxic medications, and maintaining cardiores-
piratory stability with vasoactive medications and 
mechanical ventilatory support. Renal replacement 
therapy (RRT) is currently the only available, proven 
therapy for critically ill children with AKI. The experi-
ence in critically ill children suggests that early initia-
tion of RRT significantly improves survival in children 
[61, 101, 62, 59].

The association between cardiopulmonary bypass 
(CPB) and AKI is well-recognized [2]. The pathophys-
iology of CPB-induced AKI is multifactorial, and is 

currently believed to be related to the systemic inflam-
matory response and renal hypoperfusion  secondary to 
extracorporeal circulation. Nonpulsatile flow during 
CPB is thought to be an important etiological factor as 
well, resulting in renal  vasoconstriction and ischemia/
reperfusion (I/R) injury. Infants and children undergo-
ing CPB for repair or palliation of cyanotic congenital 
heart disease (CHD) are at especially increased risk 
for AKI [156, 61, 48, 128, 26, 54, 18, 63, 125, 7, 84, 
132], with this risk further exacerbated by the potential 
development of low cardiac output syndrome during 
the postoperative period, as in the Case Vignette above. 
In this chapter, we will briefly review the definition, 
epidemiology, pathophysiology, early recognition and 
diagnosis, and  management of AKI in children with 
congenital heart disease following cardiac surgery.

19.2 Definition

In current clinical practice, AKI is typically diag-
nosed by measuring an acute rise in serum creatinine. 
However, it is well known that creatinine is an unre-
liable and insensitive indicator during early, acute 
changes in kidney function, as serum creatinine con-
centrations  typically do not change until approximately 
50% of kidney function has already been lost [114]. 
Furthermore, the serum creatinine does not accurately 
reflect kidney function until a steady-state has been 
reached, which may require several days following an 
acute insult [114]. Undoubtedly, the lack of an accu-
rate, reliable, sensitive, and specific marker of AKI has 
greatly contributed to the lack of a consensus definition 
of AKI, thereby making potential comparisons across 
studies and populations virtually impossible [106].

The Acute Dialysis Quality Initiative (ADQI) group 
recently proposed the RIFLE (Table 19.1) criteria for 
AKI [5, 20]. These criteria have been validated in sev-
eral different populations [107, 144, 87, 1, 97, 75, 74], 
including critically ill children [5]. However, recent 
data suggest that even smaller changes in serum cre-
atinine than those defined by the RIFLE criteria are 
associated with adverse outcome [107, 88, 127, 37, 65, 
64, 133, 94]. Consequently, the Acute Kidney Injury 
Network has proposed a new, revised classification 
that defines AKI as an abrupt (within 48 h) reduc-
tion in kidney function as measured by an absolute 
increase in serum creatinine ≥0.3 mg dL−1, a percent-
age increase in serum creatinine ≥50%, or documented 
oliguria (<0.5 mL kg−1 h−1) for more than 6 h [107]. 
The RIFLE criteria were, therefore, further modified 
so that patients meeting the new definition of AKI 
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could be staged (Table 19.2). This new classification 
system will require further validation in the critically 
ill pediatric population, specifically in children with 
cyanotic CHD following CPB.

19.3 Epidemiology

AKI following CPB is disturbingly common,  occurring 
in as many as 30–50% of adult patients. AKI requir-
ing dialysis occurs in up to 5% of these cases, with 
reported mortality rates as high as 80% in some series 
[88, 130, 36]. Similar to other critically ill patients, 
AKI following CPB in adults is an independent risk 
factor for mortality [36, 139]. AKI is further asso-
ciated with increased length of stay and hospital 
 expenditures in this population [102, 100, 99]. As dis-
cussed  previously, even changes in serum creatinine as 
small as 0.2–0.3 mg dL−1 from baseline are associated 
with an increase in mortality [88, 139, 157].

AKI also occurs following CPB in children. The 
association between long-standing cyanotic congenital 
heart disease and renal dysfunction is well- recognized 
[48, 47, 78]. Chronic hypoxia  associated with cyanotic 
congenital heart disease leads to glomerular damage by 

the second decade of life, though evidence of tubular 
dysfunction may become evident during the first dec-
ade of life [3, 10]. Chronic hypoxia may especially pre-
dispose these children to AKI following CPB [48]. The 
presence of congestive heart failure prior to surgery is 
an additional risk factor [64, 133].

Palliative or corrective surgery under CPB for con-
genital heart disease is the most common cause of AKI 
in the pediatric age group in most reported series [77, 
156, 15, 84, 132]. AKI affects between 2.7 and 28% of 
children following CPB [18, 125, 84, 132, 16, 79, 112]. 
Similar to adults, AKI following CPB is associated with 
a particularly poor prognosis [8, 32, 117]. Risk factors 
for mortality include increasing complexity of the con-
genital heart defect, duration of cardiopulmonary bypass, 
circulatory arrest, and low cardiac output syndrome in 
the postoperative period [48, 18, 125, 79, 117, 35].

19.4 P athophysiology

The pathophysiology of CPB-induced AKI is multifac-
torial and is currently believed to be related to the sys-
temic inflammatory response and renal  hypoperfusion 
secondary to extracorporeal circulation. CPB elicits a 

Table 19.1 The modified pediatric version of the RIFLE criteria (pRIFLE)

Stage Estimated creatinine clearance Urine output

R = Risk for renal dysfunction eCCl* decrease by 25% <0.5 mL kg−1 h−1 for 8 h

I = Injury to the kidney eCCl decrease by 50% <0.5 mL kg−1 h−1 for 16 h

F = Failure of kidney function eCCl decrease by 75% or eCCl <35 mL/
 min/1.73 m2 body surface area

<0.3 mL kg−1 h−1 for 24 h or anuria 
 for 12 h

L = Loss of kidney function Persistent failure >4 weeks

E = End-stage renal disease (ESRD) Persistent failure >3 months

Note: eCCl (estimated creatinine clearance) represents the body surface area-corrected glomerular filtration rate (GFR) calculated 
according to the Schwartz formula [131]:

eCC1 = GFR = (k×L) / Pcr

where L is length in cm, Pcr is plasma (serum) creatinine, and k is an age-dependent constant (0.33 for premature infants, 0.45 for 
full-term appropriate for gestational age children less than 1 year of age, 0.55 for older children and adolescent girls, and 0.7 for 
adolescent boys

Table 19.2 Recent acute kidney injury network definition and staging of AKI

Stage Serum creatinine criteria Urine output crite

1 Increase ≥0.3 mg dL−1 or increase to more than 
 150–200% from baseline

<0.5 mL kg−1 h−1 for more than 6 h

2 Increase to more than 200–300% from baseline <0.5 mL kg−1 h−1 for more than 12 h

3 Increase to more than 300% from baseline or 
 increase to ≥4.0 mg dL−1 with an acute increase 
 of at least 0.5 mg dL−1

<0.3 mL kg−1 h−1 for 24 h or anuria for 12 h
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complex host response  characterized by  activation of 
the contact system [40], the intrinsic coagulation cas-
cade, the extrinsic coagulation cascade [38], comple-
ment [113], the vascular endothelium, and leukocytes 
[119], resulting in the release of coagulation factors, 
pro and antiinflammatory mediators, vasoactive sub-
stances, proteases, and reactive oxygen and nitrogen 
species. Further augmenting, this exceedingly complex 
inflammatory milieu is the secondary release of endo-
toxin from the gastrointestinal tract [34, 83, 92]. This 
systemic inflammatory response certainly plays an 
important role in the organ dysfunction that occurs fol-
lowing cardiac surgery and has been linked with post-
CPB AKI [2]. To this end, the duration of CPB appears 
to be a significant risk factor for AKI in both adults 
[42, 56, 23] and children [48, 18, 125, 79, 117, 35].

The vascular supply to the renal medulla renders 
it highly susceptible to ischemia-reperfusion injury. 
Renal blood flow comprises approximately one- fourth 
of the total cardiac output, the highest  percentage of 
cardiac output in relation to both the organ weight and 

regional oxygen consumption in the body. This sur-
plus flow is necessary to establish and maintain opti-
mal glomerular filtration and  reabsorption of solute. 
However, most of the renal blood flow (approximately 
90–95%) is directed toward the renal cortex, and the 
renal medulla receives a relatively small percentage of 
this surplus blood flow. Within the medulla, the vas-
cular supply is via the vasa recta, which are oriented 
in a hairpin loop configuration to facilitate maximal 
concentration of the urine by countercurrent exchange. 
This anatomic arrangement further compromises 
 oxygen delivery in the medulla. The partial pressure 
of oxygen in the renal medulla is in fact in the range of 
10–20 mmHg, much lower than the partial  pressure of 
oxygen in the renal cortex (approximately 50 mmHg). 
The osmotic gradients that are necessary to concentrate 
the urine require the reabsorption of sodium against 
its concentration gradient, a process that requires ATP 
and oxygen. Therefore, any process that diminishes 
renal blood flow places the renal medulla at signifi-
cant risk for ischemia-reperfusion injury (Fig. 19.1) 

Fig. 19.1 Anatomical and physiologic features of the renal cor-
tex and medulla. The cortex, whose ample blood supply optimizes 
glomerular filtration, is generally well-oxygenated, except for the 
medullary-ray areas devoid of glomeruli, which are supplied by 
venous blood ascending from the medulla. The medulla, whose 
meager blood supply optimizes the concentration of the urine, is 

poorly oxygenated. Medullary hypoxia results both from coun-
tercurrent exchange of oxygen within the vasa recta and from the 
consumption of oxygen by the medullary thick ascending limbs. 
Renal medullary hypoxia is an obligatory part of the process of uri-
nary concentration. Copied with permission from [28]. Copyright 
© 1995 Massachusetts Medical Society. All rights reserved
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[28, 134].The precarious balance between oxygen 
supply and demand in the renal medulla undoubtedly 
plays a significant role in the pathophysiology of AKI 
following CPB. Notably, urinary PO

2
 following CPB 

is highly predictive of AKI in adult cardiac surgery 
patients [81]. Similarly, medullary PO

2
 levels have 

been shown to fall to nearly unmeasurable levels in a 
porcine model of CPB (Fig. 19.2) [134]. In this study, 
medullary PO

2
 gradually increased following cessa-

tion of CPB, but remained lower than pre-CPB levels 
for the duration of the study. Urinary PO

2
 correlated 

directly with medullary PO
2
 (Fig. 19.3). Although tis-

sue and urinary oxygen levels have not been measured 
in children with cyanotic congenital heart disease, it is 
tempting to speculate that medullary hypoxia could be 
compounded in this setting.

Renal hypoperfusion, especially when the aorta is 
cross-clamped during CPB or during periods of deep 
hypothermic circulatory arrest, is yet another pur-
ported mechanism of postoperative AKI [48, 49, 66, 
145]. The kidney, along with the brain and heart, has 
a great capacity for the autoregulation of blood flow. 
Autoregulation is the intrinsic ability of an organ to 
maintain a constant blood flow despite changes in 
perfusion pressure. For example, a decrease in organ 

Fig. 19.2 Renal medullary hypoxia is exacerbated during car-
diopulmonary bypass. (a) Following initiation of CPB, but not 
sham CPB, medullary PO

2
 declined to unmeasurable levels over 

approximately 15 min while CO
2
 and pH remained unchanged. 

(b) In one pig, a brief period of circulatory arrest during CPB 
resulted in rapid PCO

2
 rise and pH decline that corrected with 

reperfusion. (c) After separation from CPB, medullary PO
2
 

increased, but remained lower than pre-CPB levels, while PCO
2
 

and pH were unchanged. Copied with permission from [134]. 
Copyright (©Sage Publications, 2005) by permission of Sage 
Publications, Ltd

Fig. 19.3  Medullary PO
2
 levels correlate with urinary PO

2
 

 levels. Renal pelvis urine PO
2
, but not pH or PCO

2
, appeared to 

 correlate closely with renal medullary values at all times. The 
figure demonstrates parallel changes in medullary PO

2
 (a) and 

urine PO
2
 (b) related to a drop from 105 to 70 mmHg systo-

lic blood pressure during aortic cannulation. Copied with per-
mission from [134]. Copyright (©Sage Publications, 2005) by 
 permission of Sage Publications, Ltd
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blood flow resulting from a decrease in the perfusion 
pressure triggers a reflex autoregulatory vasodilation 
and reduction in vascular resistance, reconciling a 
return of arterial blood flow to steady state (Fig. 19.4). 
As the perfusion pressure continues to decrease, how-
ever, a point of maximal vasodilation is realized and 
any further decrease in perfusion  pressure results in 
an uncompensated decrease in organ blood flow. The 
autoregulatory range of perfusion pressures for the 
kidney is not known and may be different in infants 
and young children vs adults. In addition, the effects of 
CPB on autoregulation in local vascular beds such as 
the kidney have not been adequately studied.

Although renal hypoperfusion appears to be a plausi-
ble mechanism for AKI, several studies have presented 
contrary findings [146, 89, 9, 90, 91]. For example, 
Lema et al. [91] measured effective renal blood flow 
in nine children undergoing CPB. Effective renal 
blood flow was increased during CPB in this study, 
though none of these children had complex congenital 
heart disease. Several pharmacologic interventions to 
increase renal blood flow (e.g., “renal dose” dopamine, 
fenoldopam, nesiritide, etc.) have been used in adult 
patients undergoing cardiac surgery, though none of 
these interventions have been consistently shown to 
prevent or ameliorate AKI [66].

The systemic inflammatory response that occurs 
following CPB results in the generation of reactive 
oxygen species (ROS) and reactive nitrogen species 
(RNS), which may contribute to the  pathophysiology of 
AKI. Several therapeutic interventions aimed at reduc-

ing the generation of ROS have been tried, though none 
have been shown to provide adequate renal protection. 
For example, N-acetylcysteine (NAC) is a potent anti-
oxidant that reduces oxidative stress during CPB [57, 
140]. Several trials of NAC in adults undergoing CPB 
have been uniformly  unsuccessful in preventing AKI 
[33, 129, 67].

Animal models of AKI have contributed greatly to 
the mechanistic understanding of AKI and have led to 
several novel and promising therapeutic approaches for 
the management of AKI in critically ill patients. Overall, 
translational research efforts in humans have been 
greatly disappointing. A major reason for this failure 
is the lack of early markers for AKI, and hence a delay 
in initiating timely therapy [27, 138, 52, 135]. Animal 
models have taught us that while AKI can be effectively 
prevented and/or treated by several maneuvers, there 
is an extremely narrow “window of opportunity” to 
accomplish this, and treatment must be instituted very 
early after the initiating insult [135]. Unfortunately, the 
lack of early biomarkers of renal injury in humans has 
hitherto crippled our ability to launch these potentially 
effective therapies in a timely manner. Not surprisingly 
then, clinical studies to date examining a variety of 
promising interventions have been uniformly unsuc-
cessful, primarily because the treatments were initiated 
on the basis of elevation of serum creatinine, a late and 
unreliable measure of kidney function in AKI [27, 138, 
115, 52, 135, 51, 118]. The lack of early biomarkers of 
AKI, akin to troponins or creatine kinase in the acute 
coronary syndrome, has greatly limited our ability to 
initiate these potentially  lifesaving therapies in a timely 
manner. Recent  translational efforts have, therefore, 
focused on  identifying potential biomarkers of early 
AKI [70, 142].

19.5  Early Recognition 
and Diagnosis of AKI

Recent advances in clinical proteomics have allowed 
significant advances to be made in the identification 
of biomarkers for AKI. Using this kind of transla-
tional research approach, several potential biomark-
ers of early AKI have been identified (Table 19.3). 
Neutrophil gelatinase-associated lipocalin (NGAL) 
is a 25 kDa protein that is highly upregulated in the 
renal tubules following ischemic stress [137, 109, 46]. 
NGAL was easily detected in the urine relatively early 
in mouse and rat models of renal ischemia-reperfusion 
injury [109]. Subsequent clinical studies have shown 
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Fig. 19.4  The kidney has a great capacity for autoregula-
tion with consequent preservation of renal blood flow inde-
pendent of perfusion pressures ranging from approximately 
80–180 mmHg in mature kidneys
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that urine and serum NGAL is a highly sensitive, spe-
cific, and highly predictive early biomarker for AKI 
in a wide range of different disease processes [112, 
109, 150, 111, 141, 158]. For example, urine NGAL 
concentrations greater than 50 μg mL−1 reliably pre-
dicted AKI in children at 2 h following CPB, with 
100% sensitivity and 98% specificity [112]. Although 
serum NGAL concentrations were not as robust in 
this study, concentrations greater than 25 μg mL−1 had 
70% sensitivity, 94% specificity, 82% positive predic-
tive value, and 89% negative predictive value [112]. 
Of even greater importance to the present discussion, 
a  point-of-care test for NGAL has been developed 
and is currently undergoing phase II clinical trials 
(P. Devarajan, personal communication). Finally, 
 preclinical studies suggest that exogenously adminis-
tered NGAL ameliorates ischemia-reperfusion injury 
in the kidney [110] and may thus not only represent 
a novel biomarker but also an  innovative  therapeutic 
strategy for AKI.

Other biomarkers of AKI have been studied as 
well. Cystatin C and β

2
-microglobulin are low-

 molecular weight proteins that are freely filtered in the 
glomerulus. The concentration of these two proteins 
in the serum is largely determined by the glomerular 
 filtration rate (GFR). Serum β

2
-microglobulin and 

cystatin C have been used as markers of GFR in criti-
cally ill patients [73, 4, 11, 71, 72, 103, 104, 149, 153]. 
Urinary interleukin (IL)-18 [120–123] and Kidney 
Injury Molecule-1 (KIM-1) [69, 95] also appear to 
be promising biomarkers in critically ill patients with 
AKI. On the basis of these studies, there is growing 

optimism that these biomarkers may allow for early 
recognition and better prevention and treatment of 
AKI in critically ill patients [45].

19.6 Approach to Management

As effective, proven treatments to prevent AKI are 
lacking [82, 86, 148, 80], management of criti-
cally ill patients with AKI is largely directed toward 
reversing the underlying cause and providing sup-
portive care. RRT, including peritoneal dialysis, 
intermittent hemodialysis, and continuous veno-
venous hemofiltration (CVVH) is the only available, 
proven therapy for critically ill patients with AKI. 
An early, aggressive approach to RRT improves 
survival in these patients [124, 55, 85, 41, 60, 44, 
53, 98, 25, 22]. Although there has been only one 
prospective, randomized trial of early vs late initia-
tion of RRT in critically ill patients [24], the data 
suggesting that early treatment is superior to late 
treatment is encouraging, especially in patients who 
developed AKI following CPB [44, 53, 22, 17]. 
More importantly, there is evidence suggesting that 
early RRT affords critically ill patients with a thera-
peutic strategy that goes beyond organ support. In 
other words, RRT may a play a more direct, thera-
peutic role in ameliorating renal injury and improv-
ing the chances of “renal recovery.” Renal recovery 
is variably defined in the literature, though most 
definitions used include the criterion of freedom 
from chronic RRT [12, 13]. Similarly, fluid overload 

Table 19.3 Current status of new biomarkers for early detection of AKI in various clinical settingsa

Biomarker Source
Cardiopulmonary 
bypass (CPB)

Contrast 
nephropathy Sepsis or ICU

Kidney 
transplant

Commercial 
assay

NGAL Urine 2 h post CPB 4 h post 
 contrast

48 h before 
 AKI

12–24 h 
 posttransplant

ELISA, Abbottb

IL-18 Urine 4–6 h post CPB Not tested 48 h before 
 AKI

12–24 h 
 posttransplant

ELISA

KIM-1 Urine 12–24 h post CPB Not tested Not tested Not tested ELISA

NGAL Plasma 2 h post CPB 2 h post 
 contrast

48 h before 
 AKI

Not tested ELISA, Biositeb

Cystatin C Plasma 12 h post CPBc 8 h post 
 contrast

48 h before 
 AKI

Variable Nephelometry, 
 Dade-Behring

a  The times indicated are the earliest time points when the biomarker values become significantly elevated from baseline values. 
The ELISAs are research-based, although clinical platforms for NGAL measurement are nearing completion

b  In development
c  Unpublished data
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adversely affects cardiovascular  hemodynamics, and 
is an independent risk factor for prolonged length of 
stay in the hospital following CPB [147, 30, 154]. 
Early and aggressive management of fluid overload 
with RRT may, therefore, be especially important in 
this population [19].

Consistent with the adverse effects of fluid over-
load, a retrospective series of 21 critically ill  children 
receiving CRRT for AKI suggested that the degree 
of fluid overload at the initiation of CRRT was 
 significantly lower in survivors compared with 
nonsurvivors, independent of the severity of illness 
[61]. The authors of this study proposed that the ear-
lier initiation of CRRT, defined as 10% fluid over-
load vs 25% fluid overload, may prevent morbidity 
and mortality in critically ill children with AKI by 
allowing  earlier administration of nutritional support 
and necessary blood products. A larger retrospective 
series involving 113 children with multiple organ 
dysfunction syndrome (MODS) [59] confirmed these 
results – in this study, the median %fluid overload 
was significantly lower in survivors compared with 
nonsurvivors, independent of severity of illness. In 
fact, %fluid overload was independently associated 
with survival in patients with ≥3 failing organ sys-
tems by multivariate analysis. Finally, a multicenter 
study by the Prospective Pediatric Continuous Renal 
Replacement Therapy Registry Group involving 
116 critically ill children concluded that large fluid 
requirements from the time of admission to the PICU 
to the time of initiation of CRRT were independ-
ently associated with mortality. These investiga-
tors concluded that after initial resuscitation in the 
PICU, an increased emphasis should be placed upon 
the early initiation of CRRT, with preferential use of 
vasoactive medications vs additional  administration 
of  fluids [62]. Although these studies  generally 
involved critically ill children with multiple organ 
failure  secondary to septic shock, we believe that the 
 lessons learned may be applied to critically ill chil-
dren  following CPB as well.

Peritoneal dialysis is generally safe and effective in 
critically ill children with AKI following CPB [84, 35, 
152, 105]. Several investigators have suggested that 
“prophylactic” peritoneal dialysis is effective in chil-
dren who are at high risk of developing AKI following 
CPB [50, 6, 136]. Regardless, CRRT modes are gener-
ally considered to be superior for solute clearance and 
fluid removal in this population [79, 58], and surveys 
of pediatric nephrologists in the United States strongly 
suggest that CRRT is the preferred modality for treat-
ing AKI in the PICU [31, 151, 21].

19.7 C onclusion

The kidney, especially in newborns and infants where 
it has not reached functional maturity yet, is at risk 
for injury following cardiopulmonary bypass. The 
 etiology of AKI in this population is  multifactorial, 
though the systemic inflammatory response to bypass 
and ischemia-reperfusion injury both play a major 
role. Traditional markers of AKI, most notably serum 
creatinine, are not very sensitive for AKI in critically 
ill patients. Several early, sensitive, novel biomarkers 
of AKI have been validated in critically ill children, 
and it is likely that these biomarkers will have a signif-
icant impact on the management of AKI in the future. 
Supportive care, avoidance of nephrotoxic agents, and 
early initiation of RRT, which requires early recogni-
tion of AKI with the use of these novel biomarkers, are 
the mainstays of treatment.
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› Any child in the intensive care unit undergoing diagnos-
tic imaging using contrast material should be considered 
to be at risk to develop contrast-induced nephropathy 
(CIN).

› The risk for CIN is increased in children with preexisting 
renal dysfunction

› Direct communication with the pediatric radiologist to 
minimize the dose of contrast material as possible and 
optimize timing of the study might be valuable.

› Preventative strategies of CIN should be discussed and 
evaluated ahead of time by the ICU team and the neph-
rologist, especially in children at high risk.

Core Messages

Contrast-Induced Nephropathy

V.M. Kriss and S.G. Kiessling

20

Case Vignette

A term infant was admitted to the neonatal intensive 
care unit with respiratory distress and congestive 
heart failure due to a hemangioendothelioma. This 
highly vascular hepatic mass encompassed most of 
the infant’s right lobe of his liver. The baby contin-
ued to deteriorate, and the decision was made to pro-
ceed to angiography with the hope to at least partially 
embolize the lesion. Angiographic embolization of 
the hemangioendothelioma was successful. A total of 
20 mL of nonionic, low osmolar contrast material was 
utilized in the procedure, resulting in a patient dose of 
7 mL kg−1. Because of the heart failure, the infant was 
fluid restricted prior to and after the procedure.

Within 24 h after the procedure, the baby’s serum 
creatinine rose from 0.6 to 0.9 mg dL−1 indicating a 
significantly decreased glomerular filtration rate. He 
developed oligoanuria. Plain radiographs of the abdo-
men demonstrated bilateral, persistent nephrograms. 
By postprocedure day 4, however, the infant’s creati-
nine and urine output had normalized. The child expe-
rienced no further renal compromise.

S.G. Kiessling et al. (eds) Pediatric Nephrology in the ICU.
© Springer-Verlag Berlin Heidelberg 2009

20.1 In troduction

Iodinated contrast material is a common adjunct to 
radiographic procedures. It can be used in the gastroin-
testinal or genitourinary tract in children with virtually 
no adverse reactions. Intravascular use of iodinated 
contrast material can be seen with angiography, which 
requires intra-arterial injection of contrast material. Far 
more common is intravenous use of contrast material for 
computed tomography (CT). Iodinated contrast mate-
rial is a crucial component in computed tomography for 
 delineating anatomic structures and enhancing infection 
or tumor. However, the injection of intravascular iodi-
nated contrast can result in a number of complications 
ranging from anaphylaxis to renal failure. The latter is 
much more commonly seen in adults than in children. 
Hence, virtually all of the data on CIN are found in the 
adult realm and comprehensive reviews are available in 
the adult literature [39].

Nephrotoxicity of radio contrast material and acute 
kidney injury (AKI) were first described in the 1960s 
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with an increasing incidence due to more common use 
of radio contrast studies over the years.

A transient mild rise in serum creatinine following 
contrast administration is a common phenomenon [53]. 
The vast majority of these patients rapidly recover nor-
mal renal function with no long-term problems. Some 
patients, however, experience a significant decline in 
renal function following contrast administration, rais-
ing the question of a CIN once all other possible etio-
logic factors are ruled out.

A true CIN is broadly defined as acute renal failure 
with a 25% increase in serum creatinine over baseline 
(or a rise of 0.5 mg dL−1 from baseline) that occurs within 
48 h of contrast administration in the absence of any 
other known causes [42, 48]. Fortunately, most cases of 
CIN are mild and reversible and only rarely advance to 
oliguric or anuric acute renal failure. Following onset of 
CIN, serum creatinine usually peaks in 3–5 days with a 
return to normal renal function within an average time 
of 7–21 days [22, 31]. However, long-term morbidity 
remains a concern; up to 30% of adult patients with 
CIN will develop some permanent renal impairment, 
including 1% who will require dialysis [1, 11] Clearly, 
it is this latter group that contributes to the prolonged 
hospital stay and increased medical costs of CIN that 
are estimated at $32 million annually [38].

20.2 R isk Factors

In this era of ever-increasing medical procedures (par-
ticularly, CT examinations) CIN is said to be the third 
most common cause of hospital-acquired acute renal 
failure after surgery and hypotension [17]. How com-
mon is CIN? An incidence of 14% has been quoted in 
all patients; a number that drops to less than 2% in the 
general population without any known risk factors [4, 
37]. The incidence of CIN, however, dramatically rises 
with the presence of known risk factors. Preexisting 
renal dysfunction appears to be a primary risk  factor. In 
patients with serum creatinine levels in excess of 2 mg 
dL−1, the incidence of CIN rose up to 50% in patients 
who received intravascular contrast material [43, 50]. 
Diabetes mellitus with associated renal insufficiency 
is also included as a known risk factor for CIN, yet 
the presence of diabetes, alone, was not found to be a 
significant risk factor [33, 43].

A reduction in intravascular or effective circulating 
volume is another key risk factor for CIN. Dehydration, 
congestive heart failure, and prolonged hypotension 

all contribute to a prerenal reduction of renal per-
fusion, which can markedly enhance the toxicity of 
contrast material [5, 45, 59]. Generalized sepsis with 
an impairment of circulation and potential bacterial 
toxin damage of renal tubules can also accentuate CIN 
[10]. Similarly, diuretic usage (especially loop diuret-
ics such as furosemide) has also been implicated as 
a risk factor for CIN. Preexisting administration of 
nephrotoxic drugs such as cyclosporine A, cisplatin, 
aminoglycosides, and amphotericin B has been recog-
nized as a factor in the higher incidence of CIN, as 
these renal toxic agents may render the kidney more 
vulnerable to CIN. Even nonsteroidal anti-inflamma-
tory drugs (NSAIDs) have been implicated, possibly 
because of inhibition of local renal vasodilatory effects 
of prostaglandins [27, 41].

Another important factor to consider in CIN is the 
contrast material, itself. The route of administration is 
relevant. Angiography with an intra-arterial injection 
is more nephrotoxic, probably because a higher intra-
renal concentration is achieved as compared with an 
intravenous route as used for CT examinations [17]. 
Osmolarity of the contrast material is also a crucial con-
sideration, particularly in high-risk patients. The use of 
low-osmolarity contrast agents clearly reduces the inci-
dence of CIN in patients with preexisting renal insuf-
ficiency as compared with using high osmolar agents. 
Such an obvious reduction in CIN, however, was not 
demonstrated in patients with normal renal function 
when using the low-osmolarity agents [3, 51].

Most important is the actual dose (volume) of con-
trast received within a fixed period of time. Clearly, 
patients receiving angiographic/interventional pro-
cedures receive far more contrast material volume 
than those receiving contrast for diagnostic purposes 
only (such as CT examination). Aiming for the lowest 
contrast dose possible to achieve the desired result is 
always the goal. Definitive cut-off numbers have not 
been rigorously established, but the following num-
bers can be a practical guide. Diagnostic procedures 
(such as CT examination) can be done with a 2 mL 
kg−1 dose or less in children, which is considered a 
relatively safe dose [9]. Angiographic/interventional 
procedures can reach 4 mL kg−1 dose with 5 mL kg−1 
considered a level at which CIN becomes a clear con-
cern [9, 57]. Prudence also dictates a waiting period of 
at last 72 h if at all possible between different proce-
dures that require contrast material to allow the kidney 
to recover and help decrease the potential appearance 
of CIN [17].
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20.3 P athophysiology

The exact mechanism of CIN is still a mystery. It is likely 
that CIN is actually a combination of pathologic factors. 
Plausible theories such as direct renal tubular epithe-
lial cell toxicity (possibly by oxygen-free radicals) have 
been described as well as mechanisms related to altered 
renal hemodynamics that result in renal ischemic 
change [2, 60]. The latter is particularly convincing 
given that laboratory animals only acquired CIN when 
the systemic or renal circulation was compromised [6, 
13, 44]. Although contrast material does initially cause 
a vasodilatory effect for the first hour or two, it soon 
launches into a prolonged vasoconstrictive period with 
a subsequent decrease in renal blood flow. As a result, 
renal medullary ischemia can now occur, a stress that is 
difficult to tolerate for a kidney already compromised 
by factors such as diabetes or renal failure. Margulies et 
al. also discussed microshowers of atheroemboli to the 
kidneys as well as atheroemboli-induced renal vasocon-
striction as important pathophysiologic factors [36].

Classic radiographic features can be seen in the pres-
ence of CIN. Following contrast administration, the 
presence of a persistent nephrogram (outline of the kid-
neys easily seen on plain radiograph or CT scout image) 
is very worrisome for CIN. The nephrogram is a vis-
ible sign of contrast material that has entered the renal 
cortical glomerular apparatus following intravascular 
injection, but cannot be filtered out into the collecting 
system due to the acute renal failure that has ensued.

Asymptomatic (nonoliguric) transient rise in cre-
atinine mentioned earlier is a common early clinical 
presentation suggestive of a benign course. Once olig-
uria is present, however, morbidity rises significantly. 
Urinary findings such as epithelial cell casts, urate 
and calcium crystals have been described, but are non-
specific [55]. Similarly, low urinary sodium has been 
reported with CIN, but has not proven to be a convinc-
ing sign [14, 24].

20.4 P reventative Strategies

Extensive studies have been done investigating poten-
tial preventative strategies for CIN. Undoubtedly, there 
are several simple principles for the clinician to con-
sider and some obvious questions to ponder:

› Is the study that utilizes contrast material really 
needed for the child’s care?

› Are there other imaging studies that do not uti-
lize contrast material that might be used as a 
substitute?

› Is it the time to initiate potential nephroprotective 
therapies?

› Can the study be delayed until renal function is 
improved (in situations with reversible acute renal 
injury)?

Sonography and MRI are both superb imaging stud-
ies that render excellent images, often providing even 
superior information compared with the results a CT 
examination could offer, particularly in infants. There 
is also an even safer alternative to angiography, namely 
CO

2
 angiography that can be used in visceral, noncar-

diac imaging [28].
Once the decision is made to administer intravas-

cular contrast, however, several preventative measures 
can be considered. Hydration is a crucial preventative 
strategy that is also the most efficacious in the preven-
tion of CIN [12, 49]. Known high-risk patients, in par-
ticular, need to benefit from hydration, both pre and 
postcontrast administration. Although oral hydration 
is always an acceptable option, IV hydration clearly 
works best [54]. An appropriate protocol is 0.45% 
saline administered at 1–1.5 mL kg−1 h−1 beginning 
6–12 h before contrast bolus and continuing up to 12 h 
following contrast administration [11]. Interestingly, 
recent data discusses the superiority of sodium bicar-
bonate hydration in the prevention of CIN. These 
authors contend that the bicarbonate ion is inhibitory 
toward free radical formation due to its increasing pH 
effects, and their data showed a decrease in CIN with 
sodium bicarbonate hydration as opposed with sodium 
chloride hydration [40].

Many pharmacologic agents have been used in 
experimental attempts to reduce CIN. Avoidance of 
nephrotoxic drugs such as cyclosporine A, aminogly-
cosides, and even NSAIDs for at least 24 h prior to 
contrast administration, if possible, is always a prudent 
move. The antioxidant drug N-acetylcysteine (adult 
dose of 600 mg administered twice the day before and 
the day of contrast administration) has been shown to 
be efficacious in the reduction of CIN, presumably due 
to its ability to prevent direct oxidative tissue damage 
following contrast administration. These benefits have 
been particularly noted in high-risk patients with renal 
insufficiency [47, 52]. Nevertheless, the results of clini-
cal studies have shown significant variation as recently 
reviewed by Fishbane [16].
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Other pharmacologic agents have been suggested in 
the prevention of CIN, but their true efficacy is ques-
tionable. These drugs include fenoldopam (a dopamine 
agonist that produces vasodilation of peripheral, 
mesenteric, and renal arteries), theophylline/amino-
phylline (adenosine antagonist to counteract adenos-
ine’s known vasoconstrictive role in CIN), and calcium 
channel blockers (vasodilation of afferent arterioles in 
the nephron) [8, 21, 23, 32, 46, 56]. Because of the 
conflicting evidence (some experimental trials show-
ing efficacy while others show no statistical advan-
tage), none of the aforementioned agents can clearly 
be recommended.

Newer preventative therapies for CIN are still being 
suggested. Usage of angiotensin-converting enzyme 
(ACE) inhibitors and even prostaglandin E1 (to coun-
teract the vasoconstrictive properties seen in CIN) is 
enticing, and early pilot studies do show some promise 
[19, 26]. Without a doubt, more experimental data are 
required before these agents can be definitively added 
to the recommended preventative regiment for CIN.

Hemodialysis immediately postcontrast administra-
tion is an attractive idea: rapid removal of the offend-
ing contrast agent could limit renal exposure to its toxic 
effects. Unfortunately, studies have shown that hemo-
dialysis had no effect on incidence of CIN as compared 
with saline hydration alone [29]. Interestingly, those 
who did receive hemodialysis postcontrast administra-
tion actually had a deleterious outcome with increas-
ing decline of renal function [58]. Hemofiltration of 
administered contrast, however, was controversial. 
Encouraging results were published in 2003, yet  critical 
evaluations of this work are mixed and hemofiltration 
cannot be recommended at this time [30, 35].

Hence, a realistic preventative regimen for CIN 
(especially in high-risk patients) would involve the 
following steps [17]:

1.  Identify and discontinue any nephrotoxic drugs at 
least 48–72 h prior to contrast administration.

2.  Request that nonionic, iso- or low osmolar contrast 
material be used.

3.  Begin IV hydration with either 0.45%/0.9% sodium 
chloride or 150 meq sodium bicarbonate in 1 L of 
5% dextrose/water IV at 1 mL kg−1 h−1 for 6–12 h 
prior to the procedure and then continue for 12–
24 h after the procedure.

4.  Six-hundred milligram of N-acetylcysteine (adult 
dose) twice daily administered the day before and 
the day of the procedure.

Once contrast material has been administered, con-
sideration can be given to serum creatinine and urine 

output monitoring for at least 72 h postprocedure to 
ascertain the emergence of CIN.

In addition to prevention of CIN, early recognition 
has become a prominent focus in recent years. With a rise 
in serum creatinine, the most commonly used  indicator 
for CIN, generally occurring later in the course, efforts 
have been made to identify other markers allowing 
earlier recognition of CIN. The clinical impact of a 
reliable predictor of CIN could be significant. Patients 
at risk could be observed more closely and timely 
intervention be initiated, potentially ameliorating the 
disease course; also, avoidance of additional renal insults 
including administration of nephrotoxic medications 
and suboptimal fluid status could be minimized. Hirsch 
et al. [20] recently reported in a pilot study promising 
results of neutrophil gelatinase-associated lipocalin 
(NGAL) as a potential early marker of CIN.

20.5 T reatment

Once CIN has actually occurred, very little in the way 
of treatment regimen can be done. Certainly continued 
hydration and optimization of the extracellular volume 
is a prudent step. This requires close monitoring of the 
fluid balance as hydration needs to be decreased in the 
setting of oliguria to avoid iatrogenic volume overload. 
Diuretics to enhance urine flow are not recommended 
as they might increase contrast-induced diuresis and 
add to the renal toxicity [61]. Serum creatinine and 
serum electrolyte should be monitored in intervals (the 
latter to prevent hyperkalemia, hyponatremia, hyper-
phosphatemia, hypocalcemia, hypermagnesemia, and 
the metabolic acidosis associated with acute renal fail-
ure). In general, then, treatment for CIN is limited to 
general supportive therapy for the patient in nonspe-
cific acute renal failure [15]. Time is clearly a factor: 
the vast majority of CIN will spontaneously resolve in 
a few days regardless of treatment regimen, particu-
larly in the child without preexisting risk factors.

As for prevention, focus in therapy of CIN should also 
be placed on the avoidance of additional risk factors for 
nephrotoxicity, especially antibiotics and NSAIDs [61].

20.6  Gadolinium (MRI Contrast) 
Complications

MRI is often cited as an excellent alternative imaging 
modality to replace contrast CT. Contrast material is 
often not needed for MRI with its outstanding tissue 
differentiation and multiplanar ability. Occasionally, 
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MRI contrast material (gadolinium) is beneficial in 
imaging acuity, particularly with vascular, neoplastic, 
or infectious work-ups. For years, gadolinium was con-
sidered safe with virtually no recognizable or repro-
ducible complications with its usage. Anaphylactic 
reaction was virtually unheard of and more impor-
tantly, renal function (even in those patients with 
preexisting renal disease) was not compromised fol-
lowing gadolinium administration. Hence, MRI, even 
with contrast administration, was considered a safe, 
viable alternative to CT in patients with preexist-
ing renal disease. Recent research on adult patients, 
however, has introduced a new association with gado-
linium usage. In patients with preexisting ESRD (end-
stage renal disease), the administration of gadolinium 
has resulted in an increased incidence of nephrogenic 
systemic fibrosis (a rare, multisystemic fibrosing dis-
order, primarily involving the skin). A possible mech-
anism to explain the etiology is the dissociation of the 
organic chelate binding the gadolinium, resulting in 
the release of a toxic ion because of the inability of 
the kidneys to adequately clear the original gadolin-
ium contrast in a timely fashion. As a result, avoid-
ance of contrast MRI with gadolinium usage in the 
face of preexisting renal disease has been advocated 
[7, 18, 25, 34].
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as acute renal failure with a 25% increase in serum cre-
atinine levels over baseline that occurs within 48 h of 
iodinated contrast administration. The vast majority of 
children recover with no long-term renal sequelae.

› Risk factors for CIN include the following:
 - Dehydration
 - Preexisting renal disease
 - Nephrotoxic drugs
 -   High-dose of contrast material (exceeding 5 mL kg−1)
› Preventative strategies for CIN include the following:
 -   Discontinue any nephrotoxic drugs at least 48–72 h 

prior to contrast administration
 -   Request nonionic, iso, or low osmolar contrast material
 -   IV hydration 6–12 h prior to the procedure and then 

continue for 12–24 h after the procedure
 -   Administration of N-acetylcysteine twice a day admin-

istered the day before and the day of the procedure
› Especially in infants, alternative imaging studies avoiding 

the use of contrast should be considered and discussed.

Take-Home Pearls
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› Poisonings, intoxication, and medication overdoses are 
leading causes for admission to the pediatric intensive 
care unit.

› In the care of the intoxicated patient in which the sub-
stance is unknown, a reasonable starting point is trying to 
identify a specific toxidrome.

› Perhaps the greatest role for the nephrologist (and the kid-
ney) in the management of the poisoned pediatric patient 
is the preservation of renal function and enhancement of 
toxin elimination via the kidneys.

› Regardless of the ingestion, importance must be given to 
the relative risks of renal replacement therapy vs. a more 
conservative approach.
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Case Vignette

A 4-year-old female is seen in the emergency  department 
for an accidental overdose. She has taken her mother’s 
lithium pills. In the emergency room, lithium blood 
level returns at 5 mmol L−1. The emergency room phy-
sician reviews available written references and con-

sults with poison control. Recommendations are to 
begin hemodialysis for any patient with a blood level 
equal to or greater than 4 mmol L−1, regardless of the 
 symptomatology. After consultation with the pediatric 
intensivist and the pediatric nephrologist, the child is 
admitted to the pediatric intensive care unit. During the 
admission, the physicians weigh the evidence supporting 
extracorporeal elimination of lithium vs. a  conservative 
approach. They elect to monitor the child closely with 
neurologic monitoring and attention to any symptoms of 
toxicity. Normal saline was administered to preserve and 
enhance renal flow. The lithium blood level decreased 
with  conservative management and hemodialysis was 
never instituted. The patient was discharged after an 
uneventful stay of 48 h following admission.

21.1 In troduction

Poisonings, intoxications, and medication overdoses are 
the leading causes for admission of pediatric patients 
to the intensive care unit. However, the vast majority of 
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these admissions have no significant adverse sequelae. 
In fact, pediatric fatalities from ingestion remain con-
stant at approximately 20–30 deaths per annum in the 
USA [25]. In some circumstances, altering of the acid–
base status or augmentation of urine output may reduce 
the morbidity and mortality of a toxin. In even rarer cir-
cumstances, extracorporeal removal of the toxin may be 
helpful. One must constantly assess the risks vs. benefits 
of invasive therapy. To achieve excellent outcomes, close 
communication between the intensivist and nephrologist 
is vital, especially in circumstances when initiation of 
renal replacement therapies is considered. Close collab-
oration with a poison control center as well as vigilant 
monitoring are essential components to the management 
of any patient with a significant intoxication.

21.2 Identifying the Intoxication

In the care of the intoxicated patient in which the sub-
stance is unknown, a reasonable starting point is try-
ing to identify a specific toxidrome. This is defined 
as a constellation of signs and symptoms, a syndrome 
typical for a specific kind of poisoning. Key to the 
treatment of any pathology is the identification of the 
syndrome and the offending agent (Table 21.1).

It is important to differentiate the multitude of 
potential pharmacologic toxins, which can contrib-
ute to or be exclusively responsible for renal injury. 
Most of these agents lead to toxicity as part of the 
unintended result of treatment for an underlying con-
dition while receiving appropriate medical care. As the 
majority of those agents (including aminoglycosides, 
 nonsteroidal anti-inflammatory drugs, contrast  material 
[see  previous chapter]) are readily appreciated as a 
potential source of iatrogenic renal failure they will 
therefore not be included in this monograph.

The use of newer techniques such as thin-layer chro-
matography and gas chromatography-mass spectrometry 
has greatly simplified the definitive identification of 
unknown substances in the blood and urine. We recom-
mend close consultation with the laboratory to specify 
what substances are possible based on the history,  physical 
and laboratory analysis available at presentation.

21.3  The Role of the Kidney 
in Intoxications

Elimination of a toxin is primarily through the metabo-
lism of the substance through the liver and  elimination 
or clearance of the substance through the kidneys. 

The toxin can either be eliminated unchanged (as in 
ethanol poisonings) or through its active and inactive 
metabolites. It has been estimated that toxins contrib-
ute to renal failure in up to 20% of patients.

It is useful from the start to have an accurate picture 
of the toxin’s pharmacokinetics. Many toxins in high 
concentrations deviate from their published half-lives 
and therefore plotting out the concentration of the drug 
with serial levels can be useful. As for most pharmaco-
logic processes involving resorption, distribution, and 
elimination, most toxins also follow first-order kinet-
ics as outlined in Fig. 21.1.

The practical result of this time of elimination is 
rapid decreases in toxicity over time as the patient 
quickly returns to nontoxic concentrations. However, 
some drugs such as ethanol exhibit zero-order kinetics, 
and the pathways for its metabolism become saturated 
quickly. The velocity of those reactions is independent 
of the dose of the toxin and a linear decrease in the 
amount of toxin is seen when concentration is plotted 
against time (Fig. 21.2). These toxins take much longer 
to clear to nontoxic levels.

Chronic renal failure involves not only decreasing 
toxin clearance of renal-eliminated toxins but also 
decreased hepatic clearance. Major clearance systems, 

Table 21.1 The majority of intoxications can be clinically 
suspected or identified due to a specific toxidrome

Toxin Toxidrome

Alcohols Slurred speech,
desinhibition, ataxia, 
hypothermia, confusion, 
memory loss

Salicylates Nausea, vomiting, 
abdominal pain, increased 
respiratory effort, 
hyperthermia, coma

Lithium Vomiting, diarrhea, vertigo, 
confusion, hyperreflexia, 
coma

Anticholinergics Fever, tachycardia, dry skin, 
urinary retention, 
mydriasis, choreoathetosis, 
seizures, coma

Opioids Hypotension, 
 hypoventilation, pulmonary
 edema, miosis, bradycardia, 
 unresponsiveness, coma

Cyclic antidepressants Tachycardia, drowsiness, 
hypotension, insomnia, 
agitation, cardiac 
arrhythmia
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such as the hepatic cytochrome P450 system, are 
downregulated in renal failure [32].

The pediatric nephrologist and the intensivist share 
a common appreciation for acid–base disturbances. 
For the intensivist, the acid–base status is an important 
clue in the detective work that goes into identifying 
the toxin the child has been exposed to. In addition, 
acid–base disturbances markedly alter patient’s toxic-
ity, binding to serum proteins, and availability to the 
kidneys for clearance.

21.3.1 Kidneys as a Therapeutic Agent

Perhaps the greatest role for the nephrologist (and 
the kidney) in the management of the poisoned pedi-
atric patient is the preservation of renal function and 
enhancement of toxin elimination via the kidneys. 
This is especially important if there is evidence of 
acute renal injury related to an acute intoxication or 
in the presence of documented nephrotoxicity with-
out systemic involvement. Cases of increased pigment 
load (i.e., rhabdomyolysis, heme-pigment-induced 
acute tubular necrosis) are believed to be the result 
of decreased volume status and the formation of 
intratubular casts. Maintenance of intravascular vol-
ume status is essential to decrease precipitation of the 
pigments. Volume loading with 20 mL kg−1 of isotonic 
solution and maintenance fluids at 3,000 mL m−2 to 
maintain urine output greater than 2 mL kg−1 h−1 in 
children with normal renal function seems a widely 

used approach. Theoretically, urine alkalinization 
should decrease the toxic effects of a myoglobinuria. 
The proposed mechanisms are by decreasing the pre-
cipitation of hemoglobin [22]. However, recently this 
concept has come under scrutiny with a number of 
published reports [9, 19] questioning the necessity of 
alkalinization in the face of adequate volume expan-
sion. Alkalinization may be accomplished by giving 
1–2 meq kg−1 of sodium bicarbonate intravenously 
over 30 min. This alkalinization may be continued 
by preparing a solution of D5W with 80 meq L−1 of 
sodium bicarbonate running as maintenance fluids. 
Repeated urine pH’s should be performed to keep the 
pH > 7.5 [33]. Potential complications from alkali-
nization of the urine include local tissue infiltration 
with resulting tissue necrosis as well as hypokalemia. 
Given the relative minimal risks, the authors recom-
mend  alkalinization with severe crushing injuries.

Alkalinization may also be useful for the enhanced 
elimination of toxin. Alkalinization is likely to be 
most effective if a toxin is eliminated by the kidneys 
 essentially unchanged, has a small volume of distribu-
tion, is minimally bound to protein, and is a weak acid 
(pK

a
 > 5). Essentially, a toxin has increased elimina-

tion from the renal tubules if it crosses the renal tubular 
lumen and cannot readily diffuse across the renal epi-
thelium. Alkalinization may have a role in the treatment 
of poisonings such as phenobarbital, methotrexate, 
chlorpropamide, and fluoride. However, only salicylate 
poisoning has convincing evidence supporting the rou-
tine use of alkalinization to enhance  elimination [33].
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Fig. 21.1 First-order kinetics. The majority of drug metabolism 
takes place with first-order kinetics (the velocity of the elimina-
tion reaction is dependent on the concentration of the toxin)
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Fig. 21.2 Zero-order kinetics. The classic example of a zero-
order kinetic elimination is ethanol intoxication
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21.3.2 Monitoring the Patient in the ICU

Pediatric ICU admission should be considered in vir-
tually all children with an acute intoxication. Despite 
the availability of newer, safer antidepressants, tricy-
clic antidepressants (TCA) continue to be a frequent 
source of admission to the pediatric intensive care unit 
and monitoring will be discussed related to this spe-
cific intoxication. Those medications are nowadays 
frequently used in a variety of situations unrelated to 
the traditional indication of major depressive disorder, 
such as sleep aids, migraine prevention, and neuro-
pathic pain treatment.

Admission to the ICU allows for close observation 
of the patient and rapid initiation of renal replacement 
therapies in case necessary. Favorable patient/nursing 
ratio, cardiovascular as well as fluid monitoring, and 
documentation of changes in patient exam facilitate 
early intervention if necessary.

The most concerning effect of TCA overdoses is 
its cardiotoxicity. TCA poisons the fast-acting sodium 
channels on the myocyte, leading to QRS  prolongation, 
increasing the possibility of ventricular tachycardia [27]. 
The inhibition of these sodium channels can be blocked 
in an alkaline environment; however, some believe that 
the effects may be largely the result of the increasing 
sodium concentration that occurs with the large volume 
administration of sodium bicarbonate [31]. Regardless, 
in order to achieve reduction in toxicity of a TCA over-
dose, serum pH must be raised. This cannot be accom-
plished by dilute quantities of bicarbonate.

Patients admitted to the pediatric intensive care unit 
with TCA overdose require diligent telemetry to moni-
tor for signs of cardiotoxicity. To adequately achieve 
treatment in the setting of cardiotoxicity, sodium bicar-
bonate (1 meq mL−1) should be given through a large-
bore IV followed by an infusion of sodium bicarbonate. 
The authors use D

5
 ¼ NS with 80 meq L−1 of sodium 

bicarbonate running at maintenance rates. Caution 
should be undertaken when administered through a 
small-bore intravenous catheter, as extravasation can 
be associated with significant local tissue necrosis.

21.4  Role of Renal Replacement 
Therapy in Intoxications

The decision to start dialysis is a child with intoxica-
tion is based on a variety of factors. Regardless of the 
type of ingestion, importance must be given to the 
relative risks of renal replacement therapy vs. a more 
conservative approach. As mentioned before, death 

from a pediatric ingestion is a relatively uncommon 
occurrence [25]. The risks of hemodialysis are well 
described and include hypotension, dialysis disequi-
librium syndrome, and hemorrhage [36]. In addition, 
the pediatric population is particularly problematic 
with regard to vascular access. Even in the most ideal 
situation, under generalized anesthesia, success rates 
are guarded [3]. Complications are frequent, even in 
the most experienced hands [13]. The mortality from 
pediatric central line insertion is not inconsequen-
tial [4]. Continuous renal replacement therapy may 
require blood product transfusions, and complica-
tions including life-threatening bleeding and hypoc-
alcemia [8]. Therefore, the decision to start a patient 
on hemodialysis or other renal replacement therapy 
must be an overwhelming one.

21.5 Specific Intoxications

Entire texts are dedicated to the field of toxicology. 
Later, the most common indications for involvement 
of the Pediatric Nephrology Service in the intoxicated 
pediatric patient will be discussed in more detail.

21.5.1 Eth ylene Glycol

Ethylene glycol is an alcohol ideally suited for use 
in antifreeze solutions. Although most commonly 
found in a relatively pure form in antifreeze, it is a 
component of common household cleaners, break 
fluid, and deicing solutions [6]. Its combination of 
sweetness and odorless nature make it an ideal can-
didate for consumption by toddlers. A common pres-
entation is the accidental ingestion of ethylene glycol 
stored in a container that originally held potable con-
sumables, such as a milk carton.

Ethylene glycol consumption is characterized at first 
by inebriation and altered mental status. Like ethanol, 
ethylene glycol is metabolized in the liver by the enzyme, 
alcohol dehydrogenase. Its final metabolite, oxalic acid 
is converted to calcium oxalate crystals. The calculi can 
be the identifying factor in establishing the cause of the 
renal failure in an unidentified poisoning [20].

Traditionally, ethylene glycol is thought to have three 
phases. In the first phase, the patient experiences eupho-
ria, intoxication, and central nervous system (CNS) 
involvement. In the second phase, the ethylene glycol is 
metabolized down a cascade to glycoaldehyde, glycolic 
acid, glyoxylic acid, and oxalic acid. As the metabolism 
takes place, the patient develops a metabolic acidosis 
with ensuing hypertension and tachycardia. The third 
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phase occurring is renal failure, induced by calcium 
oxalate calculi.

Conventional treatment is as follows: by slowing 
the metabolism of ethylene glycol, the acidosis may be 
prevented and renal failure may be avoided. Ethanol, 
given either intravenously or via the enteral route, 
competes for the enzyme ethanol dehydrogenase. 
The toxic metabolites can then be eliminated without 
development of adverse events. During the period of 
ethanol infusion, extreme care must be taken to main-
tain a patent airway and prevent the patient from hurt-
ing himself while intoxicated. For the younger patient 
or combative patient, the practitioner may consider 
intubation and mechanical ventilation in order to pro-
vide adequate sedation.

With its introduction in 1986, fomepizole, a more 
effective and safer blocker of the ethanol dehydroge-
nase, care of the patient with known or suspected eth-
ylene glycol ingestion has eased greatly. Fomepizole 
has a significantly lower side-effect profile than etha-
nol [7]. The dosing of fomepizole is straightforward 
and does not require frequent readjustment [10]: 15 mg 
kg−1 loading dose intravenous over 30 min, followed by 
10 mg kg−1 every 12 h for four doses, then 15 mg kg−1 
every 12 h.

In addition, fomepizole has no effect on the CNS; 
therefore, patients will not experience the intoxica-
tion that accompanies therapeutic administration of 
 ethanol. Also, hypoglycemia is not associated with 
fomepizole administration. These advantages are 
specifically valuable in children, where the risk of 
hypoglycemia may be more influential on the develop-
ing brain. Adverse effects from inadequately sedated 
children can be devastating.

Regardless of antidote used, hemodialysis has 
been essential in the presence of a metabolic acido-
sis or in the presence of elevated levels of ethylene 
glycol. Hemodialysis can achieve clearance of ethyl-
ene glycol and its metabolites approximately seven 
times greater than native kidney function. However, 
recent results have called the traditional indications 
for hemodialysis into question [29]. In a study of 
the efficacy of fomepizole, Borron et al. treated 11 
patients with ethylene glycol poisoning. No patient 
experienced renal insufficiency in the seven patients 
that presented with normal renal function. One patient 
died; however, this patient presented with multiple 
organ system failure. Prospective randomized trials 
are needed to conclusively answer the question of 
who needs hemodialysis with the new availability of 
fomepizole. In the author’s opinion, such randomized 
trials are unlikely to occur. We continue to recommend 

hemodialysis for any patient with a  significant meta-
bolic acidosis.

21.5.2 Methanol

Methanol is also a member of the alcohol  family. 
Traditionally known as wood alcohol, today methanol 
is found in a variety of solvents. Frequent intoxica-
tions occurred in the course of drinking “moonshine” 
during the prohibition era. However, methanol inges-
tions still occur today [1]. Methanol is a by-product 
of distillation in the production of ethanol; however, 
it has a lower boiling point than ethanol. This fraction 
of methanol could be eliminated by throwing out the 
head or first fraction to be collected. The moonshin-
ers would maximize their profit and neglect this step. 
Unfortunately, methanol looks and smells of ethanol, 
thereby making it difficult to distinguish the two. In 
the United States, denatured alcohol is sold without 
taxation for consumption. In this process, ethanol is 
made undrinkable, i.e., toxic, by the process of adding 
methanol or another toxic agent.

Unfortunately, the toxicity associated with methanol 
is profound as it is completely and rapidly absorbed 
after oral ingestion. Toxicity is associated with blind-
ness, severe metabolic acidosis, and death. Methanol 
is converted to formaldehyde by alcohol dehydroge-
nase and then further converted to formic acid or for-
mate. Formate has a direct toxic effect on the CNS, 
specifically the optic nerve. Clinically, a latent period 
is frequently observed as the toxicity occurs secondary 
to formate accumulation. The inebriation may have 
passed, and the metabolic acidosis and visual changes 
are yet to come.

Physical exam findings are unspecific and new 
onset of visual disturbance after a relatively asympto-
matic interval is quite helpful in making the diagnosis. 
Metabolic acidosis, a positive serum osmolar gap (in 
the early stages before methanol is metabolized), and 
an increased anion gap are useful diagnostic tests.

Treatment is much as described earlier for ethylene 
glycol. Fortunately, methanol ingestion is frequently 
coingested with ethanol, which competes for the 
enzyme ethanol dehydrogenase. However, as discussed 
earlier, dosing with fomepizole is a much simpler proc-
ess. Fomepizole has a much greater affinity for etha-
nol dehydrogenase and its dosing is predictable [30]. 
Other therapies include the administration of intrave-
nous bicarbonate and gastric drainage especially if the 
ingestion was recent.

Hemodialysis should be promptly considered in 
the presence of therapy refractory metabolic acidosis, 
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visual impairment, or evidence of end-organ failure. 
Ingestion of greater than 50 mL of pure methanol, and 
serum levels greater than 50 mg dL−1 are also indica-
tions for the initiation of renal replacement therapy [5]. 
This recommendation is made despite questions over 
whether hemodialysis alters the half-life of the active 
metabolite, formate. Clearly, hemodialysis does remove 
formate. In addition, the correction of acid–base distur-
bances (i.e., promoting an alkaline environment) may 
lead to enhanced elimination of formate, both through 
decreased reuptake of formate in the proximal tubules 
as well as increasing active transport formate/chlo-
ride ion channels [23]. In addition, fomepizole dosing 
should be increased during hemodialysis as fomepizole 
is dialyzable.

21.5.3 Ethanol

Alcohol intoxications are frequently encountered in 
children and young adults and can lead to organ dys-
function including hypotension, cardiac arrhythmias, 
respiratory depression, and asphyxia with possible 
death as the worst outcome. Recently, this topic has 
received increased attention in Europe due to the rising 
number of adolescents showing binge-drinking behav-
ior [35]. Fortunately, most children can be treated sup-
portively. This includes management with intravenous 
fluids and close attention to serum electrolytes includ-
ing glucose. Use of extracorporeal therapies including 
hemodialysis and hemo(dia)filtration should only be 
considered in severely intoxicated children.

21.5.4 Theoph ylline

Theophylline is a methylxanthine; the mechanism 
of action is inhibition of the cyclic nucleotide phos-
phodiesterase, thereby increasing intracellular cyclic 
AMP and producing smooth muscle relaxation. 
Theophylline has an exceedingly narrow therapeutic 
index, with toxic side effects commonly seen in serum 
concentrations greater than 25 mg L−1 [21]. Seizures, 
tachyarrhythmias, as well as the more common gas-
trointestinal effects are noted. Rhabdomyolysis and 
acute renal failure can also occur. Although theophyl-
line use has declined remarkably [16], it is still in use 
for selected patients.

Theophylline is approximately 60% protein bound. 
The traditional indications for hemoperfusion are int-
ractable seizures, cardiac arrhythmias, or emesis. Oral 
charcoal is equally as effective as hemoperfusion and 

therefore the authors suggest levels not to be used 
as an absolute indicator of need for hemoperfusion. 
The goal of treatment should be to achieve levels less 
than 60 mg L−1 in acute cases vs. 40 mg L−1 in chronic 
overdoses or until symptoms abate. Charcoal hemop-
erfusion is preferred to traditional dialysis. While drug 
clearance rates (185.1 mL kg−1 h−1 – hemodialysis vs. 
294.8 mL kg−1 h−1 – hemoperfusion) are much greater 
with hemoperfusion [38], hemoperfusion is not readily 
available in many institutions.

21.5.5 Carbamaz epine

Carbamazepine is one of the most frequently used 
antiepileptic medications for children, inhibiting volt-
age-dependent sodium channels. Zhang et al. have 
shown in preliminary studies in mice that some of 
the toxicity may be induced via the GABA

A
 pathway 

[41]. Despite its frequent use, fatalities due to over-
dose are rare. Intentional overdose in more common 
in teenagers, whereas accidental ingestion occurs pre-
dominantly in young children. Carbamazepine has a 
number of side effects, which contribute to its toxicity. 
CNS depression including seizures, coma, anticholin-
ergic effects exerted through blockade of muscarinic 
and nicotinic receptors, and cardiovascular effects 
including ventricular arrhythmias have been reported 
in overdose [18].

Traditional treatment of carbamazepine toxicity is 
oriented toward management of the CNS effects and 
cardiorespiratory compromise. Benzodiazepines are 
effective therapy for seizure activity as a result of 
carbamazepine toxicity. In rare cases, midazolam or 
barbiturate infusions may be indicated for the manage-
ment of refractory status epilepticus [39]. Catastrophic 
cardiovascular compromise has been reported in large 
overdoses [26], but the majority of ingestions have 
mild cardiovascular effects [2].

Carbamazepine is bound by approximately 80% to 
protein. Because of the large binding to protein, acti-
vated charcoal via the enteral route is the treatment 
of choice. In addition, carbamazepine has a rela-
tively large volume of distribution and the concept of 
a rebound phenomenon is possible [28]. Therefore, 
multiple dosing of activated charcoal has been studied 
with a reduction in the carbamazepine half-life from 
27.88 ± 7.36 to 12.56 ± 3.5.

No published guidelines exist that specifically state 
when extracorporeal removal of toxin is appropriate. 
Mortality resulting from acute carbamazepine toxicity 
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is rare [25]. Clearly in the minority of cases, the CNS 
effects with or without cardiovascular involvement are 
significant enough to consider extracorporeal removal 
of toxin. This dilemma may be compounded by car-
bamazepine’s intrinsic gastrointestinal hypomotility 
[14]. Based on the large volume of distribution as 
well as the high percentage of protein-bound drug, 
hemoperfusion as the first line treatment continues to 
be the recommendation of choice if the practitioner 
feels that extracorporeal removal of carbamazepine 
and its metabolites is necessary. Absolute indications 
in this author’s opinion for hemoperfusion include 
refractory status epilepticus, refractory hypotension 
requiring vasopressor support, and unstable cardiac 
arrhythmias.

Theoretically, routine hemodialysis is unlikely to 
be of value given the drug’s high protein binding, 
large volume of distribution, and insolubility in 
water. However, published reports exist of up to 50% 
decreases in carbamazepine levels within 2 h of hemo-
dialysis initiation and positive outcome in children [12, 
40]. In the absence of readily available hemoperfusion, 
conventional hemodialysis should be considered as an 
option based on literature case observations.

21.5.6 Lithium

Lithium, available in various salt forms, is one of the 
oldest commonly used medications available. Its pri-
mary use is in the treatment of bipolar disorder. Serum 
levels between 0.7 and 1.2 meq L−1 are considered 
therapeutic. Lithium has a very narrow therapeutic 
range and drug level monitoring is essential. As a cat-
ion, lithium is distributed throughout the intracellular 
space. Acutely, children experience gastrointestinal 
symptoms but with higher doses may express neuro-
logic involvement including lethargy and hypertonia. 
Severe poisonings may progress to seizures and coma. 
In addition, chronic administration of lithium can 
cause renal impairment including diabetes insipidus.

While lithium does not bind to protein, it is distributed 
throughout the intracellular and extracellular space. It 
is quickly removed via the kidneys essentially intact. 
As the excretion depends on the glomerular filtration 
rate, dose reduction is necessary in patients with abnor-
mal renal function; unfortunately, the half-life is ~24 h 
due to its large amount stored in the tissues. However, 
lithium will be reabsorbed similarly to sodium if the 
patient is volume-contracted. Hemodialysis should be 
considered in patients with chronic toxicity and serum 

levels greater than 4 meq L−1 as well as unstable patients 
with levels greater than 2.5 meq L−1.

Hemodialysis readily decreases serum lithium lev-
els; however, following dialysis levels may rebound 
secondary to redistribution into the intravascular 
space. On this basis, some authors have proposed use 
of continuous hemodiafiltration. Numerous authors 
have proposed hemodialysis criteria on the basis of 
experience with limited number of patients.

Clearly, enhanced elimination is warranted in the 
setting of renal insufficiency or chronic toxicity, where 
the incidence of sustained morbidity is higher.

21.5.7 S alicylate

Salicylates have been used in healthcare extensively 
since the introduction of aspirin in 1900. Originally used 
as an analgesic, its usage in pediatrics today is largely 
due to its anti-inflammatory and anticlotting properties. 
While fairly well tolerated at large doses (80–100 mg 
kg−1 day−1), doses of 500 mg kg−1 can be fatal.

Symptomatology includes gastrointestinal upset, 
tinnitus, and hyperventilation with respiratory alkalo-
sis. As the toxidrome progresses, metabolic acidosis 
ensues, with convulsions and coma leading to death. 
Hypotension and renal failure are also present as the 
condition worsens. Pulmonary edema is also seen, 
more commonly in children than in adults.

Plasma levels may be beneficial. Levels less than 
20 mg dL are unlikely to have significant morbid-
ity. Oral activated charcoal may be effective early. 
However, if the patient is showing signs of severe 
toxicity (plasma levels > 45 mg dL−1), urinary alka-
linization is warranted (see earlier discussion). With 
severe intoxication (levels > 70 mg dL−1), hemodial-
ysis is effective. Salicylates are rapidly cleared with 
correction of acid–base abnormalities. An excellent 
algorithm for salicylate poisoning is presented by 
Chapman et al. [11].

21.5.8 H yperammonemia

Even though hyperammonemia is not an exogenous 
intoxication, it is included in this chapter as pediatric 
nephrologists and intensivists are universally involved 
in the care of those children with hyperammonemia. 
Some of the most difficult patients in the pediatric 
intensive care unit carry the range of diagnoses in 
the realm of inborn errors of metabolism. This broad 
spectrum of diseases is challenging both in terms of 



288 P. Bernard

diagnosis as well as management. The differential 
diagnosis of hyperammonemia includes valproate 
ingestion, liver dysfunction, urea cycle defects, organic 
acidemias, as well as transient  hyperammonemia of 
the newborn. Care should be undertaken in a multi-
disciplinary environment using pediatric intensivists, 
nephrologists, and metabolic specialists. For a com-
prehensive review, the reader is referred to references 
that discuss the diagnosis and management of condi-
tions leading to hyperammonemia [15, 37].

The provision of renal replacement therapy can rap-
idly reverse extreme metabolic acidosis and hyperam-
monemia. Concurrent therapy must be undertaken to 
treat the underlying cause of the metabolic  derangement. 
Current therapy options include  peritoneal dialysis, 
traditional hemodialysis, as well as CVVHD. The 
majority of newborns and infants with a serious inborn 
error of metabolism will need renal replacement 
therapy. In our institution, hemodialysis is the initial 
method of choice. A suggested approach to hemodi-
alysis in children with hyperammonemia was recently 
published by Kiessling et al. [24].

21.6  Novel Modes of Extracorporeal 
Removal of Toxin

The improvement in vascular access, technique, 
and safety measures incorporated into today’s renal 
replacement devices allows new approaches to intoxi-
cation as well as other forms of renal involvement in 
the pediatric intensive care unit. A recent review by 
Goodman and Goldfarb provides an excellent discus-
sion of published articles incorporating CRRT and 
intoxication [17]. The authors outline little use for 
CRRT in this patient population. However, as noted 
earlier in the detailed indications for hemodialysis, the 
major indication for extracorporeal removal of toxin 
is hemodynamic instability. In cases such as these, 
the practitioner may choose to use continuous extrac-
tion of toxin rather than risking further hemodynamic 
compromise.

While the use of extracorporeal elimination for 
fulminant hepatic failure is beyond the scope of this 
chapter, the concepts for elimination of protein-bound 
toxins apply. There are both theoretical as well as 
case reports of the use of albumin-enhanced dialysis 
to facilitate the elimination of protein-bound toxins 
[34]. Sauer et al. compared the use of the molecular 
adsorbent recirculation system (MARS) to single-pass 

albumin-enhanced dialysis (SPAD) to continuous 
veno-venous hemodiafiltration (CVVHDF). Both the 
MARS and SPAD systems add albumin to the dia-
lysate. In addition, the MARS recirculates the albumin 
by running it against a charcoal filter and anion filter 
after dialyzing the albumin against standard CVVHDF. 
The investigators found that CVVHD  continued to have 
the greatest elimination of water- soluble substances 
such as  ammonia and urea. However, they were able to 
show significant removal of protein-bound toxin using 
bilirubin as a  prototypical solution in both the molecu-
lar adsorbent recirculation system.

› Intoxications and ingestions are a common admitting 
diagnosis to the pediatric intensive care unit.

› Pediatric ingestions rarely cause long-term morbidity or 
mortality.

› Most intoxications should at least initially be managed 
conservatively.

› Pediatric nephrologists and intensivists need to weigh the 
risks and benefits of extracorporeal therapy in the removal 
of toxins.

Take-Home Pearls
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