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For Cathy, Ryan, Katie, Maggie, and Molly

“You don’t choose your family. They are God’s gift to you...”
Desmond Tutu






The practitioner of Pediatric Critical Care Medicine should be facile with a broad scope of
knowledge from human developmental biology, to pathophysiologic dysfunction of virtually
every organ system, and to complex organizational management. The practitioner should
select, synthesize and apply the information in a discriminative manner. And finally and most
importantly, the practitioner should constantly “listen” to the patient and the responses to
interventions in order to understand the basis for the disturbances that create life-threatening
or severely debilitating conditions.

Whether learning the specialty as a trainee or growing as a practitioner, the pediatric inten-
sivist must adopt the mantle of a perpetual student. Every professional colleague, specialist
and generalist alike, provides new knowledge or fresh insight on familiar subjects. Every
patient presents a new combination of challenges and a new volley of important questions to
the receptive and inquiring mind.

A textbook of pediatric critical care fills special niches for the discipline and the student of
the discipline. As an historical document, this compilation records the progress of the spe-
cialty. Future versions will undoubtedly show advances in the basic biology that are most
important to bedside care. However, the prevalence and manifestation of disease invariably
will shift, driven by epidemiologic forces, and genetic factors, improvements in care and,
hopefully, by successful prevention of disease. Whether the specialty will remain as broadly
comprehensive as is currently practiced is not clear, or whether sub-specialties such as cardiac-
and neurointensive care will warrant separate study and practice remains to be determined.

As a repository of and reference for current knowledge, textbooks face increasing and
imposing limitations compared with the dynamic and virtually limitless information gateway
available through the internet. Nonetheless, a central standard serves as a defining anchor from
which students and their teachers can begin with a common understanding and vocabulary and
thereby support their mutual professional advancement. Moreover, it permits perspective,
punctuation and guidance to be superimposed by a thoughtful expert who is familiar with the
expanding mass of medical information.

Pediatric intensivists owe Drs. Wheeler, Wong, and Shanley a great debt for their work in
authoring and editing this volume. Their effort was enormously ambitious, but matched to the
discipline itself in depth, breadth, and vigor. The scientific basis of critical care is integrally
woven with the details of bedside management throughout the work, providing both a satisfy-
ing rationale for current practice, as well as a clearer picture of where we can improve. The
coverage of specialized areas such as intensive care of trauma victims and patients following
congenital heart surgery make this a uniquely comprehensive text. The editors have assembled
an outstanding collection of expert authors for this work. The large number of international
contributors is striking, but speaks to the rapid growth of this specialty throughout the world.

We hope that this volume will achieve a wide readership, thereby enhancing the exchange
of current scientific and managerial knowledge for the care of critically ill children, and stimu-
lating the student to seek answers to fill our obvious gaps in understanding.

Chicago, IL, USA Thomas P. Green
New Haven, CT, USA George Lister
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The specialty of pediatric critical care medicine continues to grow and evolve! The modern
PICU of today is vastly different, even compared to as recently as 5 years ago. Technological
innovations in the way we approach the diagnosis and treatment of critically ill children have
seemingly changed overnight in some cases. Efforts at prevention and improvements in care of
patients prior to coming to the PICU have led to better outcomes from critical illness. The
outcomes of conditions that were, even less than a decade ago, almost uniformly fatal have
greatly improved. Advances in molecular biology have led to the era of personalized medi-
cine — we can now individualize our treatment approach to the unique and specific needs of a
patient. We now routinely rely on a vast array of condition-specific biomarkers to initiate and
titrate therapy. Some of these advances in molecular biology have uncovered new diseases and
conditions altogether! At the same time, pediatric critical care medicine has become more
global. We are sharing our knowledge with the world community. Through our collective
efforts, we are advancing the care of our patients. Pediatric critical care medicine will continue
to grow and evolve — more technological advancements and scientific achievements will surely
come in the future. We will become even more global in scope. However, the human element
of what pediatric critical care providers do will never change [1]. I remain humbled by the gifts
that I have received in my life. And I still remember the promise I made to myself so many
years ago — the promise that I would dedicate the rest of my professional career to advancing
the field of pediatric critical care medicine as payment for these gifts. It is my sincere hope that
the second edition of this textbook will educate a whole new generation of critical care
professionals, and in so-doing help me continue my promise.

References

1. Wheeler DS. Care of the critically ill pediatric patient. Pediatr Clin North Am 2013;60:xv—xvi. (wWith
permission by Elsevier, Inc)

Cincinnati, OH, USA Derek S. Wheeler, MD, MMM






Preface to the First Edition

Promises to Keep

The field of critical care medicine is growing at a tremendous pace, and tremendous advances
in the understanding of critical illness have been realized in the last decade. My family has
directly benefited from some of the technological and scientific advances made in the care of
critically ill children. My son Ryan was born during my third year of medical school. By some
peculiar happenstance, [ was nearing completion of a 4-week rotation in the Newborn Intensive
Care Unit. The head of the Pediatrics clerkship was kind enough to let me have a few days off
around the time of the delivery — my wife Cathy was 2 weeks past her due date and had been
scheduled for elective induction. Ryan was delivered through thick meconium-stained amni-
otic fluid and developed breathing difficulty shortly after delivery. His breathing worsened
over the next few hours, so he was placed on the ventilator. I will never forget the feelings of
utter helplessness my wife and I felt as the NICU Transport Team wheeled Ryan away in the
transport isolette. The transport physician, one of my supervising third year pediatrics resi-
dents during my rotation the past month, told me that Ryan was more than likely going to
require ECMO. I knew enough about ECMO at that time to know that I should be scared! The
next 4 days were some of the most difficult moments I have ever experienced as a parent,
watching the blood being pumped out of my tiny son’s body through the membrane oxygen-
ator and roller pump, slowly back into his body (Figs. 1 and 2). I remember the fear of each

Fig.1
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Fig.2

day when we would be told of the results of his daily head ultrasound, looking for evidence of
intracranial hemorrhage, and then the relief when we were told that there was no bleeding. I
remember the hope and excitement on the day Ryan came off ECMO, as well as the concern
when he had to be sent home on supplemental oxygen. Today, Ryan is happy, healthy, and
strong. We are thankful to all the doctors, nurses, respiratory therapists, and ECMO specialists
who cared for Ryan and made him well. We still keep in touch with many of them. Without the
technological advances and medical breakthroughs made in the fields of neonatal intensive
care and pediatric critical care medicine, things very well could have been much different. I
made a promise to myself long ago that I would dedicate the rest of my professional career to
advancing the field of pediatric critical care medicine as payment for the gifts that we, my wife
and I, have been truly blessed. It is my sincere hope that this textbook, which has truly been a
labor of joy, will educate a whole new generation of critical care professionals, and in so-doing
help make that first step towards keeping my promise.

Cincinnati, OH, USA Derek S. Wheeler, MD, MMM

Preface to the First Edition



With any such undertaking, there are people along the way who, save for their dedication,
inspiration, and assistance, a project such as this would never be completed. I am personally
indebted to Michael D. Sova, our Developmental Editor, who has been a true blessing. He has
kept this project going the entire way and has been an incredible help to me personally through-
out the completion of this textbook. There were days when I thought that we would never fin-
ish — and he was always there to lift my spirits and keep me focused on the task at hand. I will
be forever grateful to him. I am also grateful for the continued assistance of Grant Weston at
Springer. Grant has been with me since the very beginning of the first edition of this textbook.
He has been a tremendous advocate for our specialty, as well as a great mentor and friend. I
would be remiss if I did not thank Brenda Robb for her clerical and administrative assistance
during the completion of this project. Juggling my schedule and keeping me on time during
this whole process was not easy! I have been extremely fortunate throughout my career to have
had incredible mentors, including Jim Lemons, Brad Poss, Hector Wong, and Tom Shanley.
All four are gifted and dedicated clinicians and remain passionate advocates for critically ill
children, the specialties of neonatology and pediatric critical care medicine, and me! I want to
personally thank both Hector and Tom for serving again as Associate Editors for the second
edition of this textbook. Their guidance and advice has been immeasurable. I have been truly
fortunate to work with an outstanding group of contributors. All of them are my colleagues and
many have been my friends for several years. It goes without saying that writing textbook
chapters is a difficult and arduous task that often comes without a lot of benefits. Their exper-
tise and dedication to our specialty and to the care of critically ill children have made this
project possible. The textbook you now hold in your hands is truly their gift to the future of our
specialty. I would also like to acknowledge the spouses and families of our contributors — par-
ticipating in a project such as this takes a lot of time and energy (most of which occurs outside
of the hospital!). Last, but certainly not least, I would like to especially thank my family — my
wife Cathy, who has been my best friend and companion, number one advocate, and sounding
board for the last 22 years, as well as my four children — Ryan, Katie, Maggie, and Molly, to
whom I dedicate this textbook and all that I do.
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Brent Whittaker, Priya Prabhakaran, and Ujjal Poddar

Abstract

Gastrointestinal hemorrhage requiring admission to the intensive care unit is uncommon.
An understanding of the etiologies of upper and lower gastrointestinal bleeding, many of
which have a specific predilection to occur at certain ages, is crucial in using diagnostic
techniques efficiently. The management of gastrointestinal hemorrhage should begin with a
rapid but thorough assessment of the child’s hemodynamic stability and amount of blood
loss. Restoration of hemodynamic stability with volume expansion and appropriate use of
blood products is the initial goal of therapy followed by measures to specifically localize
and manage the bleeding. A multidisciplinary team approach including gastroenterologists
and surgeons is essential in the treatment of these children. Endoscopy of both the upper and
lower gastrointestinal tract are useful diagnostic and potentially therapeutic tools that should
be performed in select cases after hemodynamic stability has been achieved. Critically ill
children often have risk factors that make them prone to developing stress ulcers which can
cause significant bleeding, and high-risk groups will benefit from acid-suppressive therapy

with histamine receptor antagonists and/or proton pump inhibitors.

Keywords

Gastrointestinal bleeding * Endoscopy ¢ Stress ulcer

Introduction

Gastrointestinal (GI) bleeding can run the spectrum from a
positive test for occult blood to life threatening hemorrhage.
As such, GI bleeding can be challenging to manage. The
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incidence of GI bleeding in a recent population-based survey
of the frequency of upper gastrointestinal bleeding (UGIB)
in children from 2 months to 16 years of age was 1-2 per
10,000 children annually. In another study of over 40,000
visits to the pediatric emergency department (ED), 0.3 % of
all children presented with rectal bleeding [1]. Although the
incidence of clinically significant GI bleeding is low, it
requires urgent evaluation and management.

GI bleeding is more often present than appreciated in
critically ill patients admitted to the pediatric intensive care
unit (PICU). A study of patients transferred to the PICU
demonstrated the prevalence of GI bleeding to be 17 %
(194/1,114). Half of these cases of GI bleeding were acquired
in the PICU. Most importantly, of the patients who acquired
bleeding while in the PICU, 16 % had clinically significant
bleeding [2].

Given the large volume of the GI tract, significant internal
bleeding can occur prior to clinical presentation. This makes
it imperative to keep a high index of suspicion for ongoing
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bleeding and a close watch on vital signs with serial exami-
nations. Fortunately, the majority of these hemorrhages are
not severe and do not require admission to the intensive care
unit [3]. The incidence of GI bleeding has not been found to
have any relationship to age, sex, or race [4]. Shock, pro-
longed surgery, and trauma have been identified as risk fac-
tors for clinically significant GI bleeding [5]. Coagulopathy,
acute respiratory failure, and Pediatric Risk of Mortality
Score (PRISM) greater than ten have also been found to be
risk factors for severe UGIB. Children with clinically signifi-
cant UGIB have an increased risk of mortality and prolonged
PICU stay with attendant higher cost [5].

Definitions

Several definitions of GI bleeding are used in the medical
literature. Upper GI bleeding (UGIB) is typically defined
as bleeding arising proximal to the ligament of Treitz, near
the end of the duodenum, while lower GI bleeding (LGIB)
is typically defined as bleeding from a site distal to the
ligament of Treitz, which includes the remainder of the
small intestine, colon, and rectum [6]. Hematemesis is
defined as the presence of bright red or coffee ground
material in emesis. Melena is defined as the presence of
dark, tarry black stools formed from the breakdown of
blood in the GI tract. Hematochezia is defined as bright red
or maroon colored blood per rectum. Hematemesis and
melena are usually associated with UGIB, while hemato-
chezia is typically a manifestation of LGIB. Hematochezia
could represent brisk UGIB in up to 12 % of cases [7].
However, as a general dictum, the higher in the gastroin-
testinal tract the origin of the bleed is, the darker the stool.

Etiology

The diagnostic approach to the evaluation of GI bleeding in
children should be targeted to the most likely causes in each
age group. It is also useful to classify these children based
upon presentation into typically well appearing or ill appear-
ing (Tables 1.1 and 1.2).

Specific Causes of UGIB

Hemorrhagic Disease of the Newborn

Neonates have low stores of vitamin K. Breast milk is low in
vitamin K, and the contribution of gut flora to vitamin K pro-
duction is not present at birth. Therefore the levels of the vita-
min K dependent clotting factors can be low, and patients can
present with bleeding, including severe GI bleeding. In the
United States, vitamin K supplementation is routine in
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Table 1.1 Hematemesis: well appearing or ill appearing patient

Critically ill

Age Well appearing appearing
Neonate/ Swallowed maternal blood, Stress ulcer,
infant hemorrhagic disease of the sepsis, DIC
newborn, immune mediated
thrombocytopenia, milk protein
allergy, clotting factor deficiency
Children- Epistaxis, Mallory-Weiss, Sepsis, DIC,
adolescents  gastritis, peptic ulcer, variceal variceal bleeding
bleeding due to Extra Hepatic from liver
Portal Venous disease, stress
Obstruction(EHPVO), caustic ulcers

ingestion

Table 1.2 Melena or hematochezia: well appearing or ill appearing
patient

Age Well appearing 111 appearing
Neonate/ Anal fissure, Necrotizing
infant swallowed maternal Enterocolitis(NEC), Sepsis,
blood, vascular Disseminated Intravascular
malformation Coagulation(DIC), ischemic
bowel, malrotation with
volvulus, Hirschsprungs
enterocolitis
Toddler Meckel’s Intussusception, volvulus,
diverticulum, small bowel obstruction,
polyps, vascular infectious diarrhea
malformation,
fissures intestinal
duplications
Children- Polyps, vascular Henoch Schonlein Purpura

malformations,
meckel’s
diverticulum,
hemorrhoids

adolescents (HSP), Hemolytic Uremic

Syndrome (HUS), Sepsis,
DIC

newborns, but parental refusal or delivery at home could result
in no supplementation. Classic hemorrhagic disease of the
newborn occurs between day 1 and 14, while the late variety
presents between 2 and 12 weeks of life. Other causes of
Vitamin K deficiency include maternal medication use (pheno-
barbital, phenytoin, or warfarin) [8], prolonged diarrhea, mal-
absorption, and antibiotic therapy. A prolongation of the
Prothrombin Time (PT) which corrects with the administration
of vitamin K is diagnostic. Lack of response to Vitamin K
should prompt work-up for inherited disorders of coagulation.

Coagulation Disorders

Coagulation defects, inherited or acquired, are significant
risk factors for GI bleeding. Patients with severe hemophilia
type A or B have a lifetime risk of GI bleeding between 10
and 25 %, usually associated with gastric disease [9]. Patients
with less severe hemophilia (mild, moderate or carrier) do
not seem to share this risk. Disseminated intravascular coag-
ulation (DIC) and liver failure are common acquired causes
of coagulopathy in critically ill children.
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Peptic or Esophageal Ulcerations

Ulcerations are not an uncommon cause of UGIB. One study
identified gastric lesions in 83 % of full term infants under-
going Esophago Gastro Duodenoscopy (EGD) for evaluation
of upper GI bleeding [10]. One of the major risk factors for
GI bleeding due to peptic or esophageal ulcerations among
children is exposure to non-steroidal anti-inflammatory
drugs (NSAIDs) [11]. NSAIDs inhibit cyclooxygenase,
which is vital in the synthesis of gastroprotective prostaglan-
dins. Viral infections, such as herpes simplex virus (HSV),
cytomegalovirus (CMV), and adenovirus can cause severe
esophagitis with ulceration in immune-suppressed children.
Candida esophagitis is also an important cause of UGI bleed-
ing in immunocompromised hosts, and may also be an
adverse effect of acid suppressive therapy [12, 13].
Identification of candida esophagitis beyond infancy should
prompt an immune work up. Helicobacter pylori is fre-
quently associated with peptic ulcers [11] and may have
some influence in critical illness. It is now standard of care to
treat H. pylori infections with triple therapy including
Amoxicillin, Clarithromycin and a proton-pump inhibitor
(PPI) for 1-2 weeks.

Mallory-Weiss Tears

Mallory-Weiss tears are shallow, horizontal tears in the
esophagus, usually near the gastroesophageal junction and
are caused by forceful and/or or recurrent emesis. Presenting
symptoms include vomiting, hematemesis, and abdominal
pain or painful swallowing. While not commonly seen in
children, Mallory-Weiss tears can be seen in up to 13 % of
pediatric patients being evaluated for upper GI bleeding [14].

Variceal Bleeding

Increased resistance to blood flow through the hepatic portal
system increases blood flow through alternative vessels.
These vessels include those in the esophagus, stomach and
ano-rectal areas, leading to varices, which are exposed to
higher flow and higher pressures than is normal. Resistance
to flow can be caused by intrinsic liver disease leading to cir-
rhosis, or obstruction such as portal vein thrombosis [15].
Due to the higher pressure and thin walls, these vessels can
bleed profusely. In addition, varices are at a high risk of
rebleeding, even after sclerotherapy. Patients can have up to
9 % rebleeding rate at 3 years and 31 % rebleeding rate at
9 years [16, 17].

Specific Causes of LGIB

Blood in the stool in the context of diarrhea is concerning for
an infectious or inflammatory etiology. An acute onset of
diarrhea is suspicious for an infectious etiology (Table 1.3).
Chronic diarrhea associated with weight loss or failure to

Table 1.3 Infectious causes of GI bleeding

Viruses (rotavirus)
Shigella

E. Coli
Salmonella
Yersinia

Giardia

C Difficile

thrive should raise the suspicion for Inflammatory Bowel
Disease (IBD), such as Crohn’s or Ulcerative Colitis, or may
indicate an allergic colitis. Workup of suspected infectious
diarrhea should include stool cultures, and evaluation for ova
and parasites.

Juvenile Polyps

Juvenile polyps are a common cause of LGIB in children.
The prevalence of these hamartomatous lesions is at least 1
in 15 patients undergoing colonoscopy for a variety of indi-
cations [18]. In addition to juvenile polyps, children can also
have polyps secondary to inherited polyposis syndromes
such as Gardner syndrome and Peutz-Jeghers syndrome.

Henoch Schonlein Purpura (HSP)

HSP is a vasculitic disorder that usually presents with pal-
pable purpura, usually of the lower extremities.
Gastrointestinal vasculitis can present with severe abdominal
pain, intussusception, and LGIB. In a study of 208 in patients
with HSP only five children had LGIB that required a trans-
fusion, while stool tested positive for occult blood in a sig-
nificantly greater number of children [19].

Meckels Diverticulum

Meckel’s diverticulum is a remnant of the omphalomesen-
teric duct during the development of the gastrointestinal sys-
tem, which may contain heterotopic gastric mucosa. Meckel’s
diverticulum can be found in 2 % of the general population
and is often asymptomatic. Most patients with symptomatic
meckel’s diverticulum tend to be males under the age of
2 years. Although it is more common in the pediatric
population than in the adult population, it is still an infre-
quent cause of LGIB in the pediatric population (4 %) [20].
The LGIB that occurs in children with Meckels diverticulum
can be profuse and is typically painless. Identification of a
Meckels diverticulum is radiologically confirmed [20].

Intussusception

Intussusception is the most common cause of bowel obstruc-
tion in children, with a rate of 56 per 100,000 per year in the
US. It has a peak incidence between ages 5 and 10 months, but
is rarely seen in adults. The classic symptoms include severe,
episodic abdominal pain, vomiting and bloody (currant jelly)



stools [21, 22]. Many of the symptoms are non-specific which
can lead to an incorrect initial diagnosis [22].

Stress ulcers and their prevention

The gastric milieu is acidic to facilitate the action of proteo-
lytic enzymes, which begin the digestion of food. The pro-
teolytic activity of pepsin is greatest in an acidic environment,
and activity is negligible at a neutral pH [23]. Even in a
healthy population, the barrier between the gastric mucosa
and the environment sometimes fails, resulting in peptic
ulcers, gastritis, pain, and bleeding. In the critically ill
patient, the gastric mucosa is exposed to ischemic challenges
as well. The resultant breach of the protective barrier causes
the digestive enzymes and acid to directly injure the gastric
tissue. This is the postulated pathway for the development of
stress ulcers. The most common risk factors that have been
found to be consistently associated with the development of
stress ulcers in the ICU are mechanical ventilation, antico-
agulation, multi-organ failure, and head injury. Histamine-
receptor blockers (H2 Blockers) and Proton Pump Inhibitors
(PPT’s) are frequently used for stress ulcers prophylaxis.

The acidic nature of the stomach plays a vital role in the
defense of the body against pathogens and so there is some
concern about the risks of modifying gastric pH in the criti-
cally ill patient. Raising the gastric pH may increase the risk
of pneumonia in the mechanically ventilated patient
(ventilator-associated pneumonia, or VAP). There is some
literature that suggests that this may also increase the risk of
acquiring infections due to Clostridium difficile [24]. Hence,
while H2 blockers and PPIs are safe, well tolerated, and
decrease the incidence of stress ulcers in the critically ill
population, their use is not entirely without risk.

Additionally, early introduction of enteral feeds [25] has
been found to be protective against stress ulcer development.
While continuous enteral feeding does increase the gastric
pH, it may also increase the risk of infection in critically ill
patients [26]. For example, a recent meta-analysis showed
higher hospital mortality for critically ill adults who were fed
enterally and received an H2 blocker [27].

Proton pump inhibitors are more effective in raising gas-
tric pH than histamine — receptor blockers alone. In addition
there may be some tachyphylaxis to parenteral histamine-
receptor blockers, lowering their efficacy after the first few
days. In mechanically ventilated patients, the highest risk of
stress ulcers is in those children who require mechanical
ventilation for longer than 48 h. There is literature that sug-
gests that 60 % of mechanically ventilated patients who
develop GI bleeding do so on the first day of mechanical
ventilation [28], therefore, if stress ulcer prophylaxis is war-
ranted, it should be started with the onset of mechanical
ventilation.
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Management of Gl Bleeding
Initial Management and Evaluation

The following questions should be answered in the child
with possible GI bleeding after rapid assessment and stabili-
zation of the patient. First, is it blood? Ingestion of dyes,
berries, beets, licorice, iron, bismuth, charcoal or other foods
can discolor the stool and mimic bleeding. Second, is it from
the GI tract? Hematemesis, melena or hematochezia in the
first 48—72 h of life may represent swallowed maternal blood.
In breastfeeding patients, lesions in the breast or around the
nipple also can be a source of maternal blood. The Apt test,
which is used to confirm maternal origin of blood, is based
on the ability of fetal hemoglobin to resist alkali denaturation
[29]. Epistaxis and bleeding from the oral cavity can also
masquerade as GI bleeding.

After identifying that the patient does indeed have a GI
bleed, the next step is to evaluate the magnitude of the blood
loss. Determination of volume of blood loss is based on his-
tory, physical exam and laboratory evidence. A focused his-
tory and physical exam can give valuable clues concerning
the etiology of the bleed and the severity of the bleed. The
physical exam should be rapid with special concern for the
vital signs and a rectal examination should be performed in
all cases of suspected lower GI bleeds (Tables 1.4 and 1.5).
Some general caveats can be helpful:
¢ Blood streaking the outside of the stool may indicate min-

imal blood loss.

» Frank melena is associated with blood loss of at least 2 %

of the total blood volume [9]

Table 1.4 History in GI bleeding

History Conditions
Pain Severe, intermittent pain: intussusception or
bowel obstruction
Painless: meckels, polyp, vascular malformation
Dysphagia/ Esophagitis-pill, peptic or infectious
odynophagia
Emesis Mallory-Weiss tears
Epistaxis Source of bleeding, or coagulopathy
Medications or ~ NSAIDs, steroids (peptic ulcers)
ingestions Aspirin or warfarin
Foreign bodies, ingestions of caustic substances
Breastfeeding Ingested maternal blood
Diarrhea/sick Infectious diarrhea
contacts IBD

Stooling pattern

Acholic stool-biliary atresia with cirrhosis
Lack of stools-Hirschsprung’s disease

Dietary Milk protein allergy

Umbilical vein Extra hepatic portal vein obstruction (EHPVO)
catheter

Weight Chronic weight loss in adolescent-IBD
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Table 1.5 Physical exam

Area Findings Concerns for
Vitals HR, BP Hypovolemia
General Growth parameters Chronic GI bleeding
Edema
Eyes Icterus Liver disease
Pallor Bleeding/anemia
Nose Epistaxis Coagulopathy, may be
source of blood
Mouth Perioral pigmentation/  Peutz-Jeghers syndrome
freckling
Thrush Esophagitis
Trauma/recent tonsillar  May be oral bleeding
surgery
Abdomen  Liver size or tenderness- Liver disease
liver disease
Splenomegaly, caput Portal hypertension
medusae
Lower Quadrant Intussusception
masses/tenderness
Ascites
Hyperactive bowel Liver disease
sounds Upper GI bleed
GU Skin tags May be the source for
bleeding
Fissures Constipation
Fistulas Crohn’s disease
Neuro Mental status Encephalopathy
Skin Petechiae ITP, TTP
Purpura HSP, DIC
Jaundice Liver disease
Telangiectasia/spider Liver disease
angiomas

Abnormal bruising Coagulopathy or

anticoagulant use

* Depending on the acuity of the loss, loss of up to 10-15 %
of the blood volume may not be associated with any
hemodynamic changes.

« Fifteen to thirty percent blood loss causes tachycardia and
increased systemic vascular resistance.

e Acute losses of greater 30-40 % of total blood volume
will cause hypotension [30]. In patients with chronic
blood loss, compensation can maintain blood pressures
with small fractions of normal hemoglobin levels.
Prompt assessment and support of the airway and breath-

ing should be followed by circulatory support if needed.

Evaluation of heart rate, capillary refill, peripheral pulses,

and temperature of the extremities, blood pressure, and men-

tal status may help to identify compensated or uncompen-
sated shock. It is prudent to remember that hypotension is

a late sign of shock and hypovolemia in children because

of their robust ability to compensate for acute volume loss.

In the setting of an acute hemorrhage, several compensa-

tory mechanisms are activated. Systemic vascular resistance

(SVR) increases due to vasoconstriction caused by a surge in
circulating catecholamines, extravascular fluid is mobilized
to the intravascular space to maintain preload and blood vol-
ume, heart rate increases which improves cardiac output and
fluid is retained due to the secretion of anti-diuretic hormone.
Initial resuscitation with isotonic fluids should be followed
with blood products as needed. Due to the marked decrease
in oxygen carrying capacity due to anemia, administration
of supplemental oxygen is beneficial. In emergencies, blood
volume should be rapidly restored with O negative uncross-
matched blood. Caution must be exercised to avoid the temp-
tation to over resuscitate, because it can increase the severity
of bleeding, particularly if it variceal in origin by increas-
ing pressure in the splanchnic circulation Coagulopathy or
thrombocytopenia, these should be corrected promptly.

Placement of a Nasogastric (NG) Tube

Analysis of the nasogastric aspirate is the traditionally
accepted way of distinguishing between upper and lower
gastrointestinal sources of bleeding, with frank blood or cof-
fee ground aspirate being suggestive of UGIB. However, the
lack of blood in an NG aspirate is neither sensitive nor spe-
cific. A negative NG aspirate does not preclude the necessity
of upper endoscopy [31]. The presence of blood in the NG
aspirate, or lack of clearing of the aspirate is predictive of
high risk lesions (active bleeding or visible vessel) which
may require endoscopic therapy, and improves endoscopic
visualization [32].

NG insertion is generally a safe procedure, but is not with-
outrisk. Studies on adult patients have demonstrated a 0.3-2 %
complication rate with pneumothorax being most common.
Other complications are related to malpositioned tubes.
Physical examination to confirm correct NG placement can be
misleading and should be confirmed by additional techniques
[33]. Although some practitioners feel that esophageal varices
are a relative contraindication to the placement of an NG tube,
there is data to support that it can be safely performed [34].

Laboratory Evaluation

Initial laboratory evaluation of the patient with a significant
GI bleed should include hemoglobin/hematocrit, platelet
count, MCV, BUN/Creatinine measurement and coagulation
studies. Other pertinent studies such as liver function tests
should be obtained based on the clinical context.

Laboratory tests may also give a few clues of the etiology
of the bleeding, the severity of the bleeding, and the chronic-
ity of the bleeding. Several studies have looked at the ratio of
BUN/Creatinine in differentiating between an upper and
lower GI bleeds in the pediatric population [35]. An elevated
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BUN/creatine ratio (greater than 30) is usually reflective of
partial digestion of blood in the GI tract and is somewhat
predictive of UGIB, although it can rarely be seen with LGIB.

Testing for Occult Blood

These tests are based on the oxidation of alpha-guaiaconic
acid to blue quinine by hydrogen peroxide. Hemoglobin has
pseudo-peroxidase activity. The developer for the test con-
tains hydrogen peroxide which, in the presence of hemoglo-
bin, oxidizes the guaiac [36]. Several foods have peroxidase
activity (horseradish, cauliflower, broccoli, and poorly
cooked meat) and render the test falsely positive for occult
blood. Alternatively, high doses of the anti-oxidant vitamin
ascorbic acid can cause a false negative test by interfering
with this reaction. Occult blood testing is also pH-dependent;
pH <2 tends to give a false negative result, and pH of between
2 and 4 can cause the test to be falsely positive [37]. This
renders gastric specimens unsuitable for evaluation by this
method. Gastroccult ®(registered trademark) is a commer-
cially available product for testing gastric aspirates for blood.

Radiologic Investigation

X-ray

The traditional flat plate or KUB has limited utility in the
evaluation of an acute GI bleed. They are, however, quick
and readily available, and can show free air, pneumatosis, air
fluid levels, or in some cases intussusception. Helpful if posi-
tive, plain x-rays are not a sensitive test for most causes of GI
bleeding.

Ultrasound

Ultrasound is non-invasive and does not involve radiation
exposure, therefore it is the imaging modality of choice for
diagnosis of intussusception. Unfortunately, it does not allow
for therapeutic intervention (see below).

Air Contrast Enema

Air contrast enema is diagnostic and potentially therapeutic
for intussusception. This has largely replaced barium enemas
due to the risk of barium leaking in to the peritoneum in the
event of perforation. The rate of reduction also may be higher
in the air contrast reduction. Air contrast may be used with
fluoroscopy or it is increasingly being used in conjunction
with ultrasound [38].

CT Scan

The CT scan allows better visualization than a plain x-ray of
the abdomen, but entails higher radiation exposure and pos-
sible exposure to intravenous contrast. The CT scan may be
able to identify masses, obstructions, colitis or other compli-
cations from IBD.
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Tagged Red Blood Cell Scan

A tagged red blood cell scan involves obtaining a specimen
of blood from the patient, radiolabelling it, and re-injecting it
back to the patient. With serial imaging over 60-90 min, the
scans can localize slow bleeds (as little as 0.1 cc/min) The
utility of this test is limited in hemodynamically unstable
children due to the length of the study. This scan localizes
the bleeding to an area rather than a specific vessel [39].

Meckel Scan

The Meckel scan uses technetium 99 which is taken up by
heterotopic gastric mucosa. This appears on the nuclear scan
as gastric tissue that is geographically separate from the
stomach. To enhance the sensitivity of the Meckels scan his-
tamine—receptor blocker such as ranitidine is injected prior
to the technetium to allows uptake of the technetium, but
decrease the secretion by the gastric mucosa [40].

Angiography

Angiography is useful to evaluate active bleeding at a rate of
at least 0.5—1 cc/min. Bleeding can be treated during angiog-
raphy with embolization of an arterial source of bleeding by
coiling, glue or other modalities [41]. Risks of angiography
include radiation exposure and contrast induced nephropathy.

Diagnostic Interventions (and Management)

Upper Endoscopy

The position statement for the North American Society for
Pediatric Gastroenterology and Nutrition states that “After
acute volume resuscitation has been initiated for gastrointes-
tinal bleeding, endoscopy may be considered for active, per-
sistent, or recurrent bleeding, for hemodynamically
significant hemorrhage, or to distinguish between variceal
and nonvariceal bleeding” [42]. Indications for urgent endos-
copy include a sick, but hemodynamically stable patient and
patients with ongoing bleeding. The presence of a perfora-
tion in the gastrointestinal tract is a contraindication for
endoscopy. Due to the fact that a significant portion of
patients with an upper GI bleed may present with melena and
will have a negative NG aspirate [31], the EGD is often the
initial modality in the evaluation of any GI bleeding.
Endoscopy allows for definitive treatment of GI bleeding.
Endoscopic band ligation of varices, application of clips to
bleeding vessels, thermocauterization, and local injection of
epinephrine or vasopressin, and foreign body or polyp
extraction are therapeutic interventions during endoscopy to
achieve hemostasis.

Colonoscopy
For most causes of lower GI bleeding, colonoscopy is the
modality of choice. In addition to visualization, biopsy,
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cauterization, clipping and polypectomy are all potential
interventions.

In children with suspected colitis, colonoscopy is usually
performed after the infection and inflammation have
resolved.

Double Balloon Endoscopy

The double balloon endoscope adds an outer tube and bal-
loon onto an endoscope also equipped with a balloon. After
insertion into the small intestine, the outer balloon is inflated,
and the scope is advanced as far as possible before inflat-
ing the balloon on the scope. At that point, the outer tube
is advanced, the balloon is inflated and the outer tube is
pulled back slightly, folding the small intestine like pleated
fabric. This continues along the length of the small intes-
tine. Between this approach from the upper, and a simi-
lar approach with the colonoscope which can be similarly
advanced, the endoscopist is often able to view the whole
small bowel. Advantages of this approach include the ability
to intervene if lesions are noted, and the possibility of view-
ing the complete GI tract [43].

Capsule Endoscopy

One option that has gained increasing popularity recently is
capsule endoscopy. A self contained camera is swallowed. It
transmits images to a receiver, and makes it possible to
evaluate the complete length of the intestines. Capsule
endoscopy is frequently able to identify lesions [44].

In the best case, they are a minimally invasive, low risk
option to identify lesions. In some cases they can replace the
need for an EGD, but do not have any therapeutic interventions.
In some smaller children, usually between the ages of 3 and 6,
the children are unable or unwilling to swallow the capsule
which necessitates an EGD for placement either in the stomach
or the duodenum. The major risk of the procedure is retained
capsule, which could necessitate surgical intervention.

Medical Therapy

The majority of all GI bleeding will stop spontaneously
without intervention. However, medical management of GI
bleeding may be required.

Proton Pump Inhibitors (PPI)

The use of acid suppressive medications is justified by the
preponderance of peptic causes of UGIB. Omeprazole is fre-
quently administered for this purpose. The metabolism of
omeprazole is age-dependent, with low rates in infants less
than 10 days of age, and increased metabolism between 1
and 6 years of age [45]. The dosing varies from 1 mg/kg IV
once daily to 40 mg/1.73 m? daily to maintain gastric pH >4
[46]. Adult studies have shown that the combination of bolus
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and continuous drip of proton pump inhibitors keeps the pH
higher than intermittent bolus dosing [47]. This has not been
extensively studied in the pediatric population, but may be a
consideration.

H-2 Blockers

Ranitidine is administered intravenously to raise the gastric
pH to >4. The dose of ranitidine is also age dependent:
1.5 mg/kg IV every 8 h in term babies to 1.5 mg/kg IV every
6 h in older children [48].

Vasoactive Drugs

Early administration of vasoactive therapy prior to endoscopy
is recommended for variceal bleeding in children. The
Somatostatin analogue Octreotide is used in the treatment of
UGI bleeding from varices in children with portal hyperten-
sion. It inhibits gastric acid secretion and diminishes splanch-
nic and azygous blood flow. Infused at 1-2 mcg/kg/h, it
stopped UGI bleeding in 71 % of children with portal hyper-
tension in one study; rebleeding after the infusion was discon-
tinued occurred in 50 % of children with portal hypertension
[49]. Cramps, nausea, and hyperglycemia are some of the side
effects of octreotide. Vasopressin and somatostatin have also
been used in the medical management of UGI bleeding.

Sucralfate

Although the mechanism of action is not totally understood,
sucralfate is thought to form a protective barrier when
exposed to an acidic environment which is protective for the
gastric mucosa. Although there is no data on the addition of
sucralfate to a PPI, the combination may be less effective than
either medication alone because sucralfate requires an acidic
pH to form the protective gel, although this is unproven [50].

Recombinant Activated Factor 7

FDA approved for use in hemophilia, recombinant Factor
Vlla is being used for treatment of severe bleeding in other
contexts. Factor VII is part of the extrinsic pathway in coagu-
lation. After binding with tissue factor, it can directly acti-
vate factor 10, bypassing the intrinsic pathway. It has also
been effective in patients with liver disease and GI bleeding.
A dose of 90 mcg/kg every 2 h has been used [51]. In addi-
tion to the expense of this medication, and the extremely
short half-life of only 2—4 h, side effects include thrombosis
[52]. The administration of rFVIla decreases the PT, but
there are no established laboratory parameters to guide treat-
ment, and treatment needs to be monitored clinically. As it is
off-label use, treatment of GI bleeding with rFVIIa should be
after failure of standard therapy [53].

Antibiotic Therapy
Antibiotic treatment of infectious diarrhea should be care-
fully considered. The treatment of E. Coli O157 H7 can
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increase the risk of Hemolytic Uremic Syndrome (HUS) [54]
and indiscriminate use of antibiotics may increase the risk
of C. difficile colitis and prolonged shedding for salmonella.
Absolute indications for the treatment of infectious diarrhea
include children with immune compromise, a known etiol-
ogy that requires treatment (Shigella or C.difficile), or criti-
cal illness.

Surgical Therapy

In severe cases of GI bleeding, a surgical consult should be
obtained. Massive ongoing blood loss, bleeding Meckels
diverticulum, volvulus, malrotation with obstruction, or
bowel perforation may be some indications for surgery.

Management of Variceal Bleeding

The initial management of variceal bleeding is similar to the
therapy of non-variceal UGI bleeding. Vasoactive medica-
tions should be started before endoscopy. Endoscopy can be
performed safely in children by experienced operators [55].
Endoscopy is mandatory in cases of severe bleeding requiring
transfusion or unexplained, recurrent bleeding [56]. While
there are no randomized controlled trials addressing the tim-
ing of endoscopy in pediatric variceal bleeding, endoscopy
should be performed as early as possible after the child has
been stabilized. Prophylaxis against intestinal flora with a
third-generation cephalosporin is recommended before
endoscopy based on adult literature [57]. Endoscopic treat-
ment of variceal bleeding includes endoscopic band ligation
(EBL) or sclerothrerapy. A randomized controlled trial on 49
children with variceal bleeding showed that EBL achieved
control of bleeding faster, with fewer complications and less
rebleeding than sclerotherapy [58]. As an alternative, tissue
adhesives like cyanoacrylate can also be injected endoscopi-
cally to control bleeding [59]. Sclerotherapy has been shown
to be effective in eliminating varices and preventing subse-
quent bleeding in a RCT and some uncontrolled trials [60].
No survival benefit was detected and serious complications
included bleeding prior to obliteration, esophageal perfora-
tion, and stricture formation [16, 17].

Balloon tamponade with a Sengstaken- Blakmore tube or
a Foley catheter in infants may be used in the PICU setting
for uncontrolled bleeding. In a retrospective study of 100
adult patients with variceal bleeding, the SB tube had an
overall efficacy of 61 %. Tamponade was more likely to be
successful without an increase in the risk of esophageal per-
foration if it had been preceded by sclerotherapy. Aspiration
was the main complication [61]. Overall, inadequate pediat-
ric evidence in the management of variceal bleeding leads to
significant variability in the way physicians treat them [62].
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Beta-blockers may be considered for prophylaxis against
rebleeding in children with a prior variceal bleed. The bene-
fits of this therapy should be weighed against the risks of beta
blockade in the event of bleeding, The inability to mount
appropriate tachycardia may lead to poor and delayed recog-
nition of hemodynamic compromise and may interfere with
the child’s ability to compensate for hypovolemia in general.

Transjugular Intrahepatic
Porto Systemic Shunt

For children with end stage liver disease and cirrhosis, one
other option is the Transjugular intra-hepatic porto systemic
shunt (TIPS) created between the portal vein and the hepatic
vein. This can be used as a temporizing therapy prior to
transplantation, or as a treatment in itself. The major benefit
of the TIPS procedure is that it may replace a surgical shunt
with its accompanying risks. The risks of the TIPS procedure
include bleeding, and the shunting can cause encephalopathy
if all blood bypasses the filtering effect of the liver [63, 64].

Summary and Recommendations

1. Clinically significant GI bleeding is rare in the pediatric
population.

2. Initial treatment should focus on stabilization of the
patient.

3. Focused physical examination and laboratory work up are
essential after resuscitation.

4. Localization of the bleeding, with focused work-up while
not always successful, is always beneficial.

5. Parenteral proton-pump inhibitors, H-2 blockers, and
endoscopy are the mainstays of therapy of UGIB.

6. Supportive care and colonoscopy are important in manag-
ing LGIB.

7. Most bleeding,
spontaneously.

and lower, will resolve

upper
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Abstract

Liver dysfunction is common in children requiring intensive care and is a common source
of morbidity and mortality. Both primary disorders of the liver and complications of other
underlying disorders may result in hepatic failure and life-threatening multisystem dysfunc-
tion. Slowly progressive liver disease may result from numerous disorders of infancy and
childhood. The rate of progression and specific complications vary with the specific disor-
der, but most ultimately progress to cirrhosis and obstruction to portal venous blood flow,
with variceal bleeding, intractable ascites, failed synthetic function, growth failure, severe
coagulopathy, encephalopathy, and multiple organ dysfunction. Biliary atresia is the most
common, but intrahepatic cholestasis, a variety of familial disorders, chronic viral infection,

and parenteral nutrition induced cirrhosis are also relatively frequent.
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Introduction

Liver dysfunction is common in children requiring inten-
sive care and is a common source of morbidity and mortal-
ity. Both primary disorders of the liver and complications of
other underlying disorders may result in hepatic failure and
life-threatening multisystem dysfunction. Slowly progressive
liver disease may result from numerous disorders of infancy
and childhood (Table 2.1). The rate of progression and spe-
cific complications vary with the specific disorder, but most
ultimately progress to cirrhosis and obstruction to portal
venous blood flow, with variceal bleeding, intractable ascites,
failed synthetic function, growth failure, severe coagulopathy,
encephalopathy, and multiple organ dysfunction. Biliary atre-
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sia is the most common, but intrahepatic cholestasis, a variety
of familial disorders, chronic viral infection, and parenteral
nutrition induced cirrhosis are also relatively frequent.

Acute liver failure (ALF), also called Fulminant hepatic
failure (FHF), is classically defined as massive liver necrosis
with encephalopathy, developing within 8 weeks of the onset
of illness. More recently it has been redefined as encepha-
lopathy beginning less than 2 weeks after the onset of dis-
ease in patients without chronic liver disease. In children,
FHF is a rare multiorgan system disorder, characterized by
severe hepatic dysfunction with hepatocellular necrosis,
which occurs in patients without underlying chronic liver
disease, with or without encephalopathy [1]. Mortality is
high, reported as 60—-80 % in most series.

Etiology
Causes of fulminant hepatic failure are varied and numer-
ous, and include infectious, metabolic, toxic, vascular, infil-

trative, and autoimmune, as well as unknown processes
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Table 2.1 Etiology of chronic liver failure in infants and children

Cholestatic liver disease

Biliary atresia

Intrahepatic cholestasis, including Alagille’s syndrome
Familial intrahepatic cholestasis (Byler disease)
Sclerosing cholangitis

Primary biliary cirrhosis

Parenteral nutrition-induced cirrhosis
Metabolic diseases (liver-based)
al-Anti-trypsin deficiency

Wilson’s disease

Tyrosinemia

Chronic active hepatitis/cirrhosis

Hepatitis B, C

Autoimmune

Neonatal hepatitis

Cryptogenic cirrhosis

Cystic fibrosis

Other/miscellaneous

(Table 2.2). In infants and children under the age of 2 years,
metabolic disorders and infectious causes are most com-
mon, especially herpes viruses, adenovirus, and echovirus.
Hepatitis A, B, and rarely C are more common, but many
other infectious agents can cause fulminant disease. In older
children infectious causes predominate, but metabolic and
toxic causes remain important. Numerous drugs and envi-
ronmental agents may be associated with toxic liver injury,
either direct or indirect (e.g., hypersensitivity related).

In older children, especially adolescents, acetaminophen
poisoning is a common cause of FHF. In adolescents it is
most commonly the result of suicidal intent, though in
younger children it results from accidental ingestion or inad-
vertent overdose. Of interest, several recent studies have sug-
gested that many cases of FHF previously classified as
“idiopathic” may in fact be due to unrecognized acetamino-
phen poisoning. For example, acetaminophen-containing
protein adducts released by dying hepatocytes have been
found in 20 % of children and adults with idiopathic FHF [2,
3]. Metabolism of acetaminophen is normally by three dif-
ferent pathways — conjugation with sulfate or glucuronide
accounts for approximately 90 % of the metabolism, about
5 % is excreted unchanged in the urine, and 5-10 % is
metabolized by cytochrome P450 mixed-function oxidase.
The last of these is the primary mechanism of the hepatic
toxicity. Acetaminophen is metabolized to N-acetyl-p-
benzoquinoneimine (NAPQI) by the cytochrome P450 oxi-
dase, which forms covalent bonds within the hepatocyte.
Under normal circumstances, NAPQI is detoxified by addi-
tion of sulthydryl groups, usually through conjugation by
glutathione, but stores of glutathione may be exhausted by
massive doses, and irreversible injury can occur. Treatment
of acetaminophen poisoning is with the specific antidote,
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N-acetylcysteine. The initial dose is 140 mg/kg, followed by
70 mg/kg given po or pg every 4 h for 17 doses. Intravenous
treatment may be more easily tolerated. Current recommen-
dations are for a bolus dose of 150 mg/kg over 15-60 min,
followed by a continuous infusion of 50 mg/kg/dose over
4 h, followed by 100 mg/kg/dose over 16 h. The manage-
ment of acetaminophen poisoning is discussed further in the
chapter on toxic ingestions.

Severe liver failure is associated with a microcirculatory
disturbance causing tissue hypoxemia. N-acetylcysteine has
been noted to have beneficial systemic hemodynamic effects
in a variety of critical illnesses, serving as a means of reduc-
ing oxidative stress associated with inflammation and over-
whelmed antioxidant mechanisms. This has suggested
potential benefit in acute hepatic failure from a variety of
other causes. A number of small studies have demonstrated
improved oxygen consumption and indocyanine green clear-
ancein patients with liver failure treated with N-acetylcysteine
[4, 5]. In addition, as previously mentioned above, several
studies have shown that many cases of idiopathic liver failure
are actually due to acetaminophen poisoning. Given this
information, N-acetylcysteine has been proposed as a poten-
tial treatment for all patients presenting with FHFE. However,
a multi-institutional study in children, conducted by the
Pediatric Acute Liver Failure Group, unfortunately was
unable to shown any improvement in survival at 1 year in
non-acetaminophen acute liver failure. Moreover, liver
transplant-free survival was significantly lower in the group
that was treated with N-acetylcysteine [6]. Therefore,
N-acetylcysteine is not currently recommended for treatment
of non-acetaminophen acute liver failure in children.

Liver Failure and its Effects on Organ
Function

Hepatic failure, whether acute or chronic, is associated with
dysfunction of multiple organ systems. It is this constellation
of system failures that characterizes most patients admitted
to intensive care units and which are the most common
causes of death [7, 8].

Hepatic Encephalopathy

Clinical Manifestations

Central nervous system dysfunction occurs in the majority of
patients with both acute and chronic liver failure. Its etiology
is multifactorial and not fully understood, and appears to dif-
fer somewhat between the two [9, 10]. For example, neuro-
logic dysfunction develops rapidly in patients with acute
liver failure, often progressing to coma, cerebral edema, and
death from elevated intracranial pressure and herniation
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Table 2.2 Causes of acute or fulminant hepatic failure

Infectious

Hepatitis A, B, Band D, C, E
Cryptogenic

Herpes simplex

Adenovirus

Echovirus

Epstein-Barr
Cytomegalovirus

Varicella

Parvovirus B19

Toxic (direct or indirect)
Acetaminophen
Halothane

Valproate
Carbamazepine
Phenytoin

Phenobarbital

Tricyclic antidepressants
Metabolic
Galactosemia
Fructosemia

Tyrosemia
Niemann-Pick II (C)
Infiltrative

Leukemia

Hemophagocytic
lymphohistiocytosis
Hemangioendothelioma
Lymphangioendothelioma
Ischemic/vascular (rare)
Budd-Chiari syndrome
Acute circulatory failure
Septicemia with shock
Heat stroke

Measles

Yellow fever

Lassa

Ebola

Marburg

Dengue

Togaviruses
Bacterial septicemia
Leptospirosis
Malaria

Isoniazid

Cytotoxic agents
Irradiation

Copper

Amanita phalloides
Carbon tetrachloride

Neonatal hemochromatosis
Alpha-1 antitrypsin deficiency
Wilson’s disease

Autoimmune

Liver-kidney microsomal type I
AD (+) hepatitis

Smooth muscle Ab (+) hepatitis

Giant cell hepatitis with
hemolytic anemia

Undefined

within days or even hours. Seizure activity and muscle
twitching are commonly observed prior to the onset of coma.
Cerebral edema occurs far more commonly in patients with
acute or fulminant hepatic failure than in those with chronic
hepatic insufficiency. It occurs in approximately 80 % of
patients with acute disease and is a common cause of death
[11]. Histological findings are consistent with cytotoxic
edema — primarily severe swelling of astrocytes and astro-
cyte end feet. It is generally a reversible process, i.e. patients
who recover spontaneously or undergo transplantation have
resolution of the neurologic dysfunction if secondary dam-
age has not occurred. However, secondary damage does
occur frequently, and moderate to severe neurologic deficits
are common. In contrast, in patients with cirrhosis and
chronic liver failure, encephalopathy is much more insidious
in both its onset and progression and may wax and wane.
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Episodes of gastrointestinal hemorrhage, sepsis, and seda-
tive administration (among other events) may precipitate
deteriorating mental status. Personality changes, motor dys-
coordination, and asterixis usually precede the onset of stu-
por and coma. Histologic findings also reveal astrocytic
rather than neuronal abnormalities, specifically Alzheimer
type II astrocytosis, with swollen astrocytes, large pale
nuclei, prominent nucleoli, and margination of chromatin.

Pathophysiology

The pathophysiology of hepatic encephalopathy needs to be
further elucidated. Several hypotheses have been proposed
to date, including the reduced synthesis (by the liver) of an
essential substance for brain function, synthesis by the dis-
eased liver of an encephalopathogenic substance, and/or
reduced extraction and metabolism by the liver of encepha-
lopathogenic substances or precursors. As investigation pro-
ceeds there is increasing evidence for activation of
inflammatory mediators, alteration of gene expression in
brain, and the effects of oxidative/nitrosative stress. In addi-
tion, multiple neurotoxins and false neurotransmitters,
excessive levels of octopamine and serotonin, and deficient
norepinephrine and dopamine are hypothesized to play
important roles.

Accumulation of ammonia plays a major and presumed
central role in the pathophysiology of both hepatic encepha-
lopathy and cerebral edema, but is not the exclusive factor.
The association between ammonia and hepatic encephalopa-
thy has been recognized for over a century, and recent inves-
tigation continues to support its role. Positron emission
tomography (PET) reveals increased blood-brain barrier per-
meability to ammonia as well as increased brain uptake and
metabolism of the compound [12]. Excess CNS ammonia
has multiple effects on brain function, not fully understood,
which affect both excitatory and inhibitory function and con-
tribute to edema formation. Elevated ammonia levels block
chloride ion extrusion from post-synaptic neurons and ren-
der the inhibitory neurotransmitter ineffective [10]. However,
ammonia also inhibits excitatory neurotransmission.

The glutamine theory proposes that glutamine, produced
in the brain by deamination of ammonia, converting gluta-
mate to glutamine, accumulates in astrocytes, where its
osmotic effect is to promote edema formation (Fig. 2.1). It
also causes acute egress of potassium, organic osmolytes,
and methylamines through a volume activated channel.
Magnetic resonance spectroscopy has provided support for
the importance of the glutamine hypothesis [13]. Treatment
with methionine sulfoximine, which inhibits glutamine syn-
thesis, blocks accumulation of glutamine and water in exper-
imental animals. In cell culture, free radicals form in
astrocytes exposed to NHj, leading to mitochondrial dys-
function which can be prevented by inhibition of glutamine
synthetase. Inhibition of glutamine synthetase also prevents
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Fig. 2.1 Potential mechanisms for development of cerebral edema in
acute hepatic failure. Ammonia (NVH3) is taken up in abnormal quanti-
ties across an abnormally permeable blood brain barrier into the astro-
cyte. It promotes production of glutamine (GLN) from glutamate (GLU)
by the action of glutamine synthase (GS) in the astrocyte. Elevated lev-
els of glutamine lead to excess uptake of water into the astrocyte.
Glutamine is pumped out of the astrocyte and taken up by the presyn-
aptic neuron, where it is converted to glutamate. Nerve stimulation

edema formation and death in rats with hepatic failure [14,
15]. However, the effect on water content is not proportion-
ate to the effect on glutamine accumulation, suggesting that
other mechanisms are likely to be involved in development
of cerebral edema.

Oxidative and nitrosative stress may be additional fac-
tors contributing to edema formation. Increased gene expres-
sion of brain heme oxygenase-1 and reduced expression of
Cu/Zn superoxide dismutase are noted in rats in after porto-
caval shunts, and neuronal NOS is increased. Another theory
of edema formation attributes edema formation to gradual
vasodilatation, in which failed autoregulation occurs with
uncoupling of CMRO, and CBF, loss of arteriolar tone, and
vasogenic edema [16—19]. These two prevailing theories
may, in fact, be interrelated. Once glutamine is produced in
the astrocyte, it diffuses to presynaptic neurons where it is
deaminated to glutamate, a critical excitatory neurotransmit-
ter. The increased levels of glutamate may activate NMDA
receptors, stimulating production of nNOS and nitric oxide,
promoting vasodilatation and vasogenic edema [9, 14]. In
addition to glutamate’s potential effect on vascular tone,
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Astrocyte

GLN

GS
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causes release of glutamate into the synaptic cleft where is acts as an
excitatory neurotransmitter. Astrocytes rapidly take up glutamate via
the glutamate transporter (GLT-/). Ammonia also blocks export of glu-
tamine from the astrocyte which further increases astrocyte glutamine
concentration and edema. Stimulation of NMDA receptors by gluta-
mate may also stimulate nitric oxide synthase (NOS) and promote nitric
oxide (NO) production with subsequent cerebral vasodilatation

endotoxin and other vasoactive peptides from the gut or
necrotic liver may contribute to vasodilation.

Measurement of cerebral blood flow (CBF) in patients
indicates significant variability. Most appear to have
decreased CBF, probably consistent with decreased energy
consumption, but some are noted to have elevated flow which
is associated with edema and higher mortality. Autoregulation
may be impaired in late disease, especially in those with low
systemic blood pressure [20], but is restored rapidly after
transplantation, or during hypothermia. Limited experimen-
tal evidence indicates that both mild hypothermia and indo-
methacin can reduce CBF and prevent cerebral edema [21].

Brain energy metabolism is decreased in hepatic encepha-
lopathy. The cerebral metabolic rate for glucose and CMRO,
are proportionately decreased, apparently secondary to
decreased energy demand [10, 22]. Neurologic dysfunction
precedes depletion of high-energy phosphates in models of
both acute and chronic encephalopathy, as well as in patients
with mild encephalopathy associated with cirrhosis. Elevated
CNS ammonia may contribute to cerebral energy failure,
although this appears to be a late phenomenon. Its inhibition
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of mitochondrial o-ketoglutarate dehydrogenase prevents
pyruvate from entering the Kreb’s cycle and results in excess
lactate formation and decreased ATP production. Following
the onset of intracranial hypertension, there may be evidence
of cerebral hypoxia, probably secondary to the pressure-
related decrease in cerebral blood flow.

Decreased energy consumption may be secondary to
defects of neurotransmission which are associated with
hepatic encephalopathy. Glutamate is the major excitatory
neurotransmitter. It is released by the presynaptic neuron and
stimulates receptors on postsynaptic cells. It is taken up by
astrocytes and metabolized to glutamine by action of gluta-
mine synthetase using ammonia from the circulation.
Normally glutamine is actively extruded from the astrocyte
and taken up again by the presynaptic neuron for conversion
back to glutamate. In the setting of hyperammonemia,
numerous alterations in this pathway occur [23]. Expression
of multiple enzymes, including glutamine synthetase, is
decreased. Nonetheless, elevated ammonia promotes pro-
duction of glutamine, but impairs its release from astrocytes.
The action of the glutamate transporter GLT-1, which is
required for inactivation of glutamate in the synapse, is
diminished [24]. Elevated levels of CNS glutamate have
been noted in fulminant hepatic failure proportional to the
degree of neurologic impairment. However, while seizures
and hyperexcitability are seen in early acute hepatic enceph-
alopathy and some congenital metabolic disorders, they are
not common in patients with encephalopathy associated with
chronic liver failure, as would be expected in the setting of
excess excitatory neurotransmitters, casting doubt on the
glutamate hypothesis as complete. The potential for ammo-
nia to also decrease excitatory transmission, apparently by a
post-synaptic mechanism, may partially explain these obser-
vations [25]. Glutamate receptors of all types are decreased
on post-synaptic neurons, perhaps partially explaining the
absence of neurological hyperactivity. The specific receptor
most affected seems dependent on whether hepatic failure is
acute or chronic.

GABA, y-aminobutyric acid, is an inhibitory neu-
rotransmitter found throughout the CNS. An alternative
hypothesis to explain hepatic encephalopathy attributes neu-
rologic dysfunction to excess GABA or heightened sensitiv-
ity to it [26, 27]. Increased blood-brain permeability allows
increased amounts of GABA, derived from the gut, to enter
the brain and bind to its receptor, producing neuronal inhibi-
tion and, presumably, hepatic encephalopathy. The GABA
receptor is closed linked to the central benzodiazepine recep-
tor (GABA,). Drug-binding as well as binding by related
compounds to these receptors enhances neuroinhibition.
Furthermore, ammonia facilitates GABA-gated chloride cur-
rents and increases agonist ligand binding to the GABA,/
benzodiazepine receptor complex. This hypothesis predicts
that patients with hepatic encephalopathy will be exquisitely
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sensitive to the benzodiazepines and endogenous
benzodiazepine-like substances (which appears to be the
case) and that benzodiazepine-antagonists such as flumaze-
nil will improve the encephalopathy. Flumazenil does appear
to decrease neurologic manifestations of chronic liver fail-
ure, but its effect is partial and transient, and there is no cor-
relation with benzodiazepine receptor ligands in blood.

In addition to the GABA receptors coupled to central ben-
zodiazepine receptors, peripheral-type benzodiazepine
receptors (PTBR) on the outer mitochondrial membrane are
noted to be increased in patients dying in hepatic coma, as
well as in a variety of animal models of hepatic encephalopa-
thy. Increased ammonia levels appear to upregulate astroglial
PTBRs with increased production of neurosteroids. These
neurosteroids have potent positive modulatory effects on the
neuronal GABA, receptor which, combined with an
ammonia-induced astroglial defect in GABA uptake may
result in enhanced GABAergic tone [28, 29] and dysregula-
tion of brain function through differential effects on neu-
rotransmitter receptors [30]. In addition these substances
may induce the morphological changes (Alzheimer type II)
characteristic of hepatic encephalopathy [31].

Accumulation of manganese, particularly in the globus
pallidus, has been shown to occur in patients with chronic
liver failure and correlates with extrapyramidal symptoms in
these patients, although not with the grade of encephalopa-
thy [32-35]. MRI reveals signal hyperintensity in the globus
pallidus on T1-weighted images, hypothesized to be related
to deposition of paramagnetic Mn?*, and autopsy demon-
strates elevated tissue levels of manganese in patients dying
in hepatic coma. Manganese appears to decrease glutamate
uptake by astrocytes and increase glyceraldehydes-3-
phosphate dehydrogenase, which suggests a role in the glu-
tamatergic system as well as energy metabolism. In addition,
its accumulation in astrocytes in non-human primates is
associated with development of Alzheimer type II astrocyto-
sis. Reversal of both symptoms and radiologic findings
occurs after liver transplantation.

Management

Current treatment is very limited. Careful attention to
details of general supportive care is essential (Table 2.3).
Decreasing serum ammonia levels by administration of
lactulose is considered the mainstay of therapy. Determining
levels by arterial sampling is important, because arteriove-
nous difference of ammonia levels can be significant in
hepatic failure. By-products of lactulose fermentation by
gut flora decrease the pH in the intestinal lumen and trap
ammonium in the colon for excretion. The osmotic load
promotes rapid evacuation, but risks hypovolemia and
hypernatremia. Even this routine approach to management,
however, is of questionable value. For example, a recent
meta-analysis questioned the beneficial effects of
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non-absorbable disaccharides [36]. Antibiotics, e.g., neo-
mycin or metranidazole, administered enterally alter gut
flora and reduce bacterial production of ammonia and may
be superior to lactulose [36].

Patients should be cared for with the head of the bed ele-
vated to 30°. Controlled ventilation is indicated for those
with absent protective airway reflexes and/or ineffective
respiratory effort. Mannitol and loop diuretics are appropri-
ate for patients with intracranial hypertension. Efforts to
decrease external stimuli and control patient restlessness are
difficult in the PICU setting, but important, and patients
should be monitored for seizure activity. Sedation may be
desirable in agitated patients, though the risk of exacerbat-
ing the encephalopathy must be considered (certainly the
benzodiazepines should be avoided in these patients).
Hyponatremia may worsen osmolar disequilibrium in the
brain and should be corrected. Very limited experience sup-
ports use of hypertonic saline and maintenance of serum
sodium level of 145-155 mEq/L [37]. Hyperglycemia may
also increase intracranial pressure in hepatic failure [38].
Maintenance of normal serum glucose levels is
recommended.

Intracranial pressure monitoring in these patients is con-
troversial because of patients’ coagulopathy and associated
risk of intracranial hemorrhage. However, the correlation
between clinical neurologic dysfunction and intracranial
hypertension is poor, and numerous centers have reported
experience with extradural monitoring devices. While the
risk of CNS bleeding is real, the information gained has
proved valuable in supporting these patients. It has also been
used to help assess a patient’s potential to survive and benefit
from transplantation and to provide appropriate intraopera-
tive intervention at the time of transplantation. Accumulated
experience indicates that epidural monitoring, while some-
what less reliable, is significantly less risky than other
approaches. With epidural monitoring, complications occur
in approximately 4 % of patients with fatal hemorrhage in
1 %, as compared with 20 and 4 % with other types of moni-
tors [39]. With the availability of Factor VIla, it may be pos-
sible to further reduce the risk of bleeding in monitored
patients [40].

Temperature control should help avoid increased cerebral
blood flow and metabolism. In addition, induced hypother-
mia may be of some value. Several preliminary, small stud-
ies suggest that maintaining hypothermia (32-33 °C) may
improve cerebral autoregulation and response to CO,, and
decrease cerebral edema and intracranial pressure [41-45].
Larger, better controlled studies are necessary, but hypother-
mia may be helpful in providing additional time to trans-
plantation. The diagnosis, staging, pathophysiology, and
management of hepatic encephalopathy is discussed further
in the chapter on toxic/metabolic encephalopathy in this
textbook.
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Table 2.3 Hepatic encephalopathy: supportive care

Maintain normal serum electrolyte levels
Avoid hyponatremia
Maintain normoglycemia
Maintain hemodynamic homeostasis
Normovolemia
Normotension
Reduce serum ammonia levels
Lactulose
Non-absorbable antibiotics (e.g. neomycin)
Elevate head of bed 15-30°
Mechanical ventilation
Provide airway protection
Maintain mild hyperventilation
Consider mild-moderate sedation
Consider induction of mild hypernatremia
Consider epidural ICP monitor when coma > stage II
Maintain INR <1.5; platelets >50,000
Mannitol (0.25-0.5 g/kg IV) for elevated ICP, or
Loop diuretic
Consider therapeutic coma (with ICP monitoring)
Avoid hyperthermia
Consider hypothermia

Acute Kidney Injury

Pathogenesis of Hepatorenal Syndrome

Acute kidney injury occurs frequently in patients with both
acute and chronic liver failure [46, 47]. Hepatorenal syn-
drome (HRS) is the most common cause of acute kidney
injury in this population, but other causes include prerenal
azotemia, acute tubular necrosis following episodes of
hemorrhagic or septic shock, and direct renal toxicity (e.g.
acetaminophen, radiocontrast-induced, hepatitis B or C).
Forty to eighty percent of patients with fulminant hepatic
failure develop HRS, and it occurs in up to 40 % of patients
with cirrhosis and ascites. Two clinical presentations have
been described. Type 1 is rapid in onset and progression, with
a doubling of creatinine in less than 2 weeks (to >2.5 mg/dl
in adults) and frequently follows an episode of hypovolemia
or hypotension. Type II is more indolent with a less dramatic
increase in serum creatinine. The primary manifestation is
often diuretic-resistant ascites. In both types, onset often
appears to be the consequence of an acute change in intravas-
cular volume leading to an unstable renal circulation with
cortical vasoconstriction and corticomedullary redistribution
of blood flow. Renal histology is normal. Common precipi-
tating events include gastrointestinal losses, hemorrhage,
excessive diuresis, paracentesis without albumin replace-
ment, or sepsis, especially spontaneous bacterial peritonitis.
Some patients develop HRS in association with progressive
hepatic deterioration in the absence of an obvious precipitat-
ing event. However, mild systemic hypotension is reliably
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present. Multiple circulating vasoactive substances have
been implicated in its pathogenesis including renin and
angiotensin II, norepinephrine, arginine vasopressin, sub-
stance P, endotoxin, octopamine, and prostaglandins E, and
I,, among others.

In severe hepatic insufficiency the renal circulation is sub-
ject to complex hemodynamic effects of multiple vasoactive
mediators [48, 49]. Hepatic failure itself and portal hyperten-
sion lead to extreme splanchnic vasodilatation secondary to
increased local production (and decreased clearance) of
vasodilating substances, especially nitric oxide, but includ-
ing endotoxin and numerous cytokines. Ultimately systemic
vasodilatation also occurs. Vasodilatation results in decreased
effective intravascular volume and increased activation of
vasoconstrictor ~mechanisms, especially the
angiotensin-aldosterone axis and sympathetic nervous sys-
tem. Exposure to these endogenous vasoconstricting
substances shifts the renal autoregulatory curve to the right.
Although patients with severe hepatic insufficiency respond
to the decrease in splanchnic and systemic vascular resis-
tance with a compensatory increase in cardiac output,
increased output is inadequate to normalize blood pressure.
The resulting mean arterial pressure is on the pressure-
dependent portion of the renal autoregulatory curve.
Decreased renal blood flow leads to a further intense com-
pensatory increase in renal vasoconstrictor and antinatri-
uretic mediator release, including renin, angiotensin,
aldosterone, norepinephrine, and arginine vasopression, with
resulting preglomerular vasoconstriction. Increased produc-
tion of endothelin-1 in the renal vascular bed likely contrib-
utes to renal vasoconstriction [50]. Renal synthesis of nitric
oxide and vasodilating prostaglandins is decreased.

The observation that renal blood flow is lower in some
patients without HRS than in some with the syndrome sug-
gests that mechanisms other than decreased RBF are impor-
tant. Contraction of glomerular mesangial cells with
reduction of the surface area available for glomerular filtra-
tion may be another important response to many of these
agonists, particularly the endothelins, and an additional fac-
tor decreasing renal function [51]. This disturbance in vascu-
lar tone leads to hypofiltration, with sodium and water
retention, while tubular function is preserved. High levels of
circulating antidiuretic hormone further impair excretion of
water by promoting reabsorption in the distal nephron. Of
great interest is the fact that these derangements are func-
tional: they are reversible after hepatic transplantation.
Moreover, the kidneys function if they are transplanted into a
recipient without liver dysfunction.

There are no specific clinical findings in the hepatorenal
syndrome. Diagnosis follows exclusion of other causes of
renal failure and absent diuretic response to volume loading
(Table 2.4). It is supported by the presence of oliguria, ele-
vated blood urea nitrogen (BUN) and serum creatinine, low
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Table 2.4 Diagnosis of hepatorenal syndrome, based on International
Ascites Club consensus, adapted for children

Major criteria

Chronic or acute liver disease with advanced hepatic failure and/or
portal hypertension

Low glomerular filtration rate, as indicated by serum creatinine >2x
baseline (normal for age)

Absence of shock, ongoing bacterial infection, or current or recent
treatment with nephrotoxic agents. Absence of gastrointestinal fluid
losses

No sustained improvement in renal function following diuretic
withdrawal and volume expansion with 20 ml/kg isotonic fluid

Proteinuria <500 mg/dl and no ultrasonographic evidence of
obstructive uropathy or parenchymal renal disease

Minor criteria

Urine volume <0.5 ml/kg/hx24 h

Urine sodium <10 mEq/1

Urine osmolality greater than plasma osmolality
Urine RBC <50/hpf

Serum sodium concentration <130 mEq/I

Adapted from Arroyo et al. [52]. With permission from John Wiley &
Sons, Inc.

Table 2.5 Differentiating causes of oliguria

Prerenal HRS ARF
U [Na'] <10 <10 >30
U/P Cr >30:1 >30:1 <20:1
U/P osm >1 >1 1
FeNa <1 % <1 % >2 %
Sediment + + Casts, cells,
etc.
PCWP <10 >12
Vol expansion  Diuresis No diuresis No diuresis

HRS hepatorenal syndrome, ARF acute renal failure

urinary sodium (<10 mEq/L) and a ratio of urinary to plasma
osmolality greater than 1 in the setting of adequate intravas-
cular volume. Hyponatremia (<130 mEq/L) is virtually uni-
versal. Patients with hepatorenal syndrome have usually had
sodium retention prior to development of renal insufficiency.
Activation of antinatriuretic systems and impaired renal
capacity to excrete solute-free water leads to disproportion-
ate water retention and dilutional hyponatremia. In the face
of severe hepatic insufficiency, however, BUN and serum
creatinine, as well as apparent creatinine clearance, may be
misleadingly low. Table 2.5 provides criteria for differentiat-
ing forms of renal insufficiency in patients with liver failure.

Management of Hepatorenal Syndrome

Treatment of hepatorenal syndrome is non-specific, but
includes volume administration, titrated to central venous
or pulmonary artery wedge pressure, and maintenance of
adequate systemic arterial pressure. The age appropriate
renal perfusion pressure necessary to maintain renal blood
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flow is inadequately defined, but in adults is approximately
70-75 mmHg. Treatment with low dose (renal dose) dopa-
mine is no longer recommended [53] — data supporting
its use are absent, and the growing recognition of adverse
effects of its use on pituitary function and lymphocyte num-
bers make its use less benign.

A combination of volume expansion and systemic vaso-
constrictor administration appears beneficial. Presumably,
overcoming splanchnic vasodilatation and increasing renal
perfusion pressure lead to decreased production of local
renal vasoconstrictors with improved renal perfusion and fil-
tration. Effective agents include alpha-adrenergic agents
(norepinephrine) and vasopressin and its analogues (terlip-
ressin). Terlipressin, which acts on V1 vasopressin receptors,
is best studied, although not in children. It is associated with
a significant improvement in glomerular filtration rate with a
much lower incidence of the ischemic complications seen
with a similar, now abandoned agent, ornipressin [54-56].
At present terlipressin is not available in the U.S. Alpha-
adrenergic agents, such as norepinephrine, are attractive
because they are widely available, inexpensive, and appar-
ently equally effective. However studies of efficacy and side
effects are very limited. Octreotide, a somatostatin analogue,
does not appear to be effective. The potential benefit of endo-
thelin receptor antagonists and N-acetylcysteine is currently
under investigation.

Once volume loading is adequate, diuretic therapy, par-
ticularly by steady infusion to avoid large fluid shifts, may be
helpful. Unfortunately, achieving the desired solute-free
water loss in these patients with available diuretics is diffi-
cult, and the natriuresis that occurs complicates the hypona-
tremia commonly already present. Two new experimental
aquaretic agents offer a novel therapeutic approach to man-
agement of patients with cirrhosis with ascites and/or
hepatorenal syndrome [57, 58]. Both selectively increase
urine flow and solute-free water excretion. One group, the
non-peptide AVP V2 receptor antagonists, selectively inhibit
the water-retaining effect of AVP on renal tubules. Selective
kappa opioid agonists comprise the second group. These
agents both inhibit AVP release from the pituitary and have a
direct effect on renal V2 receptors. Early clinical trials have
been promising [59-62]. In addition to these new agents, dis-
covery of aquaporins in the tubule has led to development of
specific water channel blockers, which may also have a
future role in management of HRS.

Nephrotoxic agents should be avoided, including NSAIDs
and aminoglycosides, to the extent possible. Paracentesis
may improve renal hemodynamics by improving perfusion
pressure, but must be done extremely cautiously, with admin-
istration of intravenous albumin and careful attention to
blood pressure. Renal replacement therapy is indicated for
fluid overload, absence of adequate response to diuretics,
acidosis, hyperkalemia, or severe hyponatremia. Continuous
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venovenous hemofiltration minimizes the risk of further
destabilizing fluid shifts. Liver replacement is the only defin-
itive treatment.

Coagulopathy and Bleeding Disorders

Coagulopathy is a hallmark of severe liver dysfunction and
results from multiple derangements of hemostasis, including
decreased production and clearance of coagulation factors,
abnormal platelet production and function, increased
fibrinolysis and dysfibrinogenemia, endothelial cell activa-
tion, and possible disseminated intravascular coagulation
[63]. The liver is the primary site for synthesis of all coagula-
tion factors and related inhibitory proteins except von
Willebrand factor. Impaired hepatic synthetic function thus
leads to decreased production of multiple factors in the coag-
ulation pathway. Decreased factors II, V, VII, IX, and X
result in prolongation of the prothrombin time (PT) and
increased INR. Factors V and VII have the shortest half-lives
and are, theoretically, the most sensitive indicators of hepatic
dysfunction. However, they provide little advantage over the
PT in practical terms and determination is far more expen-
sive. Partial thromboplastin time (PTT) reflects abnormali-
ties in all of the coagulation factors except VII and XIII.
Prolongation occurs later in liver disease progression, but is
common in severe dysfunction.

Unlike other components of the coagulation cascade,
Factors VIII and von Willebrand factor are increased in these
patients. This elevation of Factor VIII levels may help dif-
ferentiate the coagulopathy of liver disease from DIC.
Although the liver is the primary site of Factor VIII produc-
tion, it is also synthesized in a variety of other tissues, includ-
ing kidney, spleen, lymph nodes, and lung. While these
alternate sites for synthesis may explain maintenance of
Factor VIII levels, they do not provide an explanation for
elevated levels. Factor VIII is stabilized under normal cir-
cumstances by complexing with von Willebrand factor. In
liver disease von Willebrand factor is elevated, and partially
explains increased levels of circulating Factor VIII. However,
the elevation of Factor VIII exceeds that of von Willebrand
factor, and other mechanisms are likely involved.

Nutritional deficiencies in some children with hepatic
failure may result in decreased production of multiple vita-
min K-dependent coagulation factors, including II, VII, IX,
and X, as well as Proteins C and S, particularly in children
with chronic hepatic insufficiency. Poor oral intake and cho-
lestasis contribute to vitamin K; (phyllaquinone) deficiency,
and use of broad-spectrum antibiotics that alter gut flora
decreases synthesis of Vitamin K, (menaquinone), the pri-
mary source of liver vitamin K stores. A trial of intravenous
vitamin K is warranted, but if there is no increased synthesis
of the K-dependent factors, persistent coagulopathy is more
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likely attributable to decreased hepatocyte function and
increased consumption, rather than to vitamin K deficiency.

Low plasma fibrinogen, from decreased liver production
and increased fibrinogenolysis, also contributes to coagu-
lopathy in these patients. Tissue plasminogen activator and
plasminogen activator inhibitor are increased. Plasminogen
and o2-antiplasmin may be decreased. Disseminated intra-
vascular consumption may develop in patients with FHF as a
consequence of thromboplastic materials released from
necrotic hepatocytes, expression of tissue factor on activa-
tion endothelial cells and subendothelium, failed clearance
of endotoxins, and cytokine stimulation. In addition, some
patients demonstrate dysfibrinogenemia, characterized by a
defective form of fibrinogen with impaired fibrin polymer-
ization, poor fibrin formation, and friable clots. The diagno-
sis is made by demonstrating normal fibrinogen levels,
elevated fibrin degradation products, and prolonged throm-
bin time, uncorrectable with FFP.

Protein C and S production is also commonly decreased
in patients with severe liver dysfunction. Hepatic production
of ATIII is also decreased, and its consumption by thrombin
is increased. The resulting deficiency has a major effect on
heparin kinetics: the effect of an initial dose is increased, but
the half-life of the anticoagulant in decreased. Decreased
levels of these components of the coagulation cascade may
explain the paradoxical phenomenon of frequent tubing
occlusion during hemodialysis and continuous renal replace-
ment therapies in coagulopathic patients.

Most patients are thrombocytopenic, and have deranged
platelet function. In chronic liver disease thrombocytopenia
commonly results from hypersplenism as well as decreased
platelet production. In acute liver failure consumptive pro-
cesses related to the underlying disease and decreased throm-
bopoeitin play a major role. Decreased platelet numbers and
function interfere with formation of the primary hemostatic
plug. Abnormal function results in failure to create the
microenvironment necessary for production of fibrin and
progression to a mature clot. Circulating platelets are smaller
than normal, suggesting decreased release of young platelets
from the marrow and impaired clearance of poorly function-
ing older ones by the reticuloendothelial system.
Thrombocytopenia has been attributed to hypersplenism,
accompanied by increased platelet sequestration, platelet
destruction mediated by platelet-associated immunoglobu-
lins, and diminished platelet production stimulated by throm-
bopoietin, which is produced predominantly (most likely
exclusively) by the liver. The relative importance of each is
unclear. Recent studies addressing the importance of throm-
bopoetin have yielded conflicting results [64—66]. However,
following transplantation most patients have a prompt
increase in platelet counts prior to appreciable change in
spleen size [67]. Children with liver disease and thrombocy-
topenia been shown to have decreased hepatic thrombopoeitin
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mRNA, more severe in acute liver failure and decompen-
sated cirrhosis than in compensated cirrhosis [68]. The role
of recombinant thrombopoietin as a treatment for thrombo-
cytopenia in liver disease requires investigation.

Platelet function is also impaired. Platelet aggregation is
decreased: ADP-stimulated aggregation occurs in only 50 %
of patients and requires a sixfold increase in the ADP dose
when it does occur. Platelet adhesion is increased.
Contributing factors include increased von Willebrand fac-
tor, altered membrane phospholipids, and increased platelet
activation. Increased adhesiveness may explain the fall in
platelet count often associated with hemodialysis and other
renal replacement therapies in these patients, as well as fre-
quent problems with continuous hemofiltration circuits.

Management of disordered hemostasis in these patients is
difficult. Ultimate resolution depends on recovery or replace-
ment of the failed liver. Gastrointestinal hemorrhage prophy-
laxis with H2 receptor antagonist, proton-pump inhibitors,
and/or sucralfate is routine. Providing coagulation factors
with intermittent or continuous infusions of FFP for active
bleeding or for prophylaxis prior to or during invasive pro-
cedures is a temporizing measure. High volume plasma
exchange and combined treatment with FFP and ATIII have
been successful in restoring homeostasis and prolonging sur-
vival in the short term. Treatment with Factor IX concentrate
may be useful, but there is controversy over the potential risk
of promoting DIC. Thrombocytopenia and abnormal plate-
let function also predispose to catastrophic bleeding. While
some recommend transfusion at a higher threshold, platelet
transfusion at 20,000 cells/pL or less or for active bleed-
ing is usually adequate. Treatment with DDAVP is of little
value, since von Willebrand factor is already elevated in these
patients. Synthetic Factor VIIa may be valuable addition to
managing coagulopathy in patients with hepatic insufficiency.
Experience in children remains limited but encouraging: it
appears to be effective in correcting the INR in patients inad-
equately responsive to administration FFP or Vitamin K. It
has the additional benefit of improving platelet function [69].

Variceal bleeding is a common reason for PICU admis-
sion of children with chronic liver disease. It is a complica-
tion of cirrhosis in most patients but can also occur secondary
to extrahepatic portal hypertension in patients with normal
liver function. Once variceal bleeding has occurred,
recurrence is likely. Although coagulopathy may contribute
to its severity, bleeding is less a complication of coagulopa-
thy than one of altered splanchnic circulation secondary to
resistance to portal venous flow. The mainstay of treatment
of variceal bleeding is infusion of a vasoactive agent; in the
U.S. octreotide is recommended. Somatostatin and vasopres-
sin are alternatives. These agents decrease splanchnic blood
flow and thus portal pressure, decreasing pressure within
varices. Octreotide, a synthetic, long-acting form of soma-
tostatin, selectively vasoconstricts splanchnic vessels and is



22

associated with fewer systemic side effects than vasopressin.
It has a rapid onset of action and decreases portal pressure
within minutes of administration.

Somatostatin receptors are found throughout the body.
The effects of somatostatin and octreotide appear to be the
consequence of binding to G proteins, with subsequent inhi-
bition of adenyl cyclase. In the GI tract they decrease splanch-
nic blood flow, intestinal motility and gastric emptying, and
increase intestinal absorption of water and electrolytes. They
also decrease production of multiple gastrointestinal pep-
tides and pancreatic enzymes, including insulin. Outside of
the GI tract, side effects are numerous, including bradycardia
and other ECG abnormalities, inhibition of growth hormone
and thyrotropin release. They may also have an immuno-
modulatory role in the thymus [70]. Vasopressin activates
V1 receptors on vascular smooth muscle cells and induces
splanchnic and systemic vasoconstriction.

Correction of a severe co-existing coagulopathy is prob-
ably important, but normalizing clotting studies may be less
critical than avoiding administration of excessive fluid that
leads to increased variceal wall stress. Anti-secretory agents
are recommended because of the high rate of associated pep-
tic ulcer disease. A recent meta-analysis in adults indicates
that sclerotherapy is not superior to vasoactive drugs (includ-
ing terlipressin, somatostatin, and octreotide) for control of
bleeding, rebleeding, blood transfusions, death, or other
adverse events [71]. It does have advantages over vasopres-
sin. It is associated with significantly more adverse events
than somatostatin. Controversy remains over whether endo-
scopic therapy be added only in pharmacologic treatment
failures or whether early combined therapy should be rou-
tine. Current recommendation is for endoscopy to determine
the site of bleeding and potentially initiate endoscopic ther-
apy, once initial hemostasis is achieved and visualization is
optimized. In patients with recurrent life-threatening epi-
sodes of bleeding who fail endoscopic therapy, a TIPS proce-
dure (transjugular intrahepatic portosystemic shunt) may be
effective at reducing portal pressures.

Respiratory Dysfunction

Respiratory insufficiency in children with liver disease may
result from abnormalities at any point in the ventilatory
system, including the central nervous system, bellows appa-
ratus, airways, and lung parenchyma. Progression of liver
failure from mild to moderately severe is characterized by a
respiratory alkalosis; late cirrhosis and deep coma are associ-
ated with the onset of metabolic acidosis [72]. Respiratory
alkalosis is well described but not fully understood. It is most
likely related to increased cardiac output and stimulation of
intrapulmonary stretch receptors or intravascular barorecep-
tors, particularly during periods of increased intravascular
(venous) volume. In addition, there is evidence that elevated
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levels of progesterone and estradiol are present in patients with
cirrhosis and may contribute to respiratory alkalosis by acti-
vating progesterone receptors in the central nervous system
[73]. Patients with hepatic encephalopathy usually maintain
adequate (or increased) respiratory drive until severe cerebral
edema develops, but may lose protective airway reflexes.

Respiratory mechanics are frequently impaired, particularly
in very young infants and children with chronic liver disease.
The diaphragm is commonly elevated and flattened secondary
to abdominal distension and hence functions at a mechanical
disadvantage. This, in combination with generalized muscle
wasting from poor nutrition, places these patients at risk for
respiratory failure with any increase load on the respiratory
system. In patients with rickets as a result of Vitamin D mal-
absorption and abnormal liver metabolism, chest wall defor-
mity and excessively flexible ribs, as well as hypophosphatemia
may further compromise respiratory function.

Acute Respiratory Distress Syndrome

Acute respiratory distress syndrome (ARDS) is a frequent
complication of acute/fulminant hepatic failure and has a par-
ticularly high mortality rate in this population. Chronic liver
disease (cirrhosis) is also a risk factor for its development and
increased severity [74]. Failure of the diseased liver to clear
or detoxify inflammatory mediators from the circulation con-
tributes to its development. In addition, production and
release of acute phase reactants, cytokines, and vasoactive
agents from the injured liver most likely play a role [75].
Factors which may contribute to its development include
increased pulmonary leukotriene B, and C, concentration,
increased nitric oxide production, impaired systemic clear-
ance of endotoxin, and altered systemic glutathione homeo-
stasis. Under normal circumstances glutathione is produced
by the liver, taken up by the alveolar type II cells from plasma,
and maintained in the lung at concentrations far greater than
in plasma. Decreased production of glutathione by the dis-
eased liver limits pulmonary uptake. Subsequently decreased
pulmonary clearance of oxidants and reactive oxygen species
may contribute to the severity of ARDS [76, 77]. Liver trans-
plantation often results in rapid resolution of ARDS.

Hepatopulmonary Syndrome

Hepatopulmonary syndrome is the triad of abnormal arterial
oxygenation caused by intrapulmonary vasodilatation and
shunting in the setting of liver disease or portal hypertension
[78, 79]. Histologic findings include dilated pulmonary arte-
rioles and capillaries, as well as dilated channels between
pulmonary arteries and veins. Patients demonstrate arterial
deoxygenation (PaO, < 80 mmHg on room air) and increased
alveolar-arterial oxygen gradient (>15 mmHg), but normal
PaCO,. Contrast enhanced echocardiography with agitated
saline reveals rapid appearance of microbubbles in the left
heart, and technetium-99 macroaggregated albumin scan
reveals extrapulmonary deposition. It occurs most commonly
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in patients with cirrhosis, but has been recognized in both
acute and chronic hepatitis, and in patients with prehepatic
portal hypertension, as well as hepatic venous obstruction.
Although uncommonly discussed in pediatrics, it is well
documented to occur in children of all ages, especially in
those with biliary atresia and polysplenia [80], and may
account for 10 % of patients undergoing liver transplantation
in some series [81, 82]. Its contribution to respiratory dys-
function in critically ill children may be under-recognized.

Arterial deoxygenation is related to rapid passage of pul-
monary arterial blood through dilated pre- and post-capillary
vessels, entering pulmonary venous channels without effec-
tive alveolar oxygenation. Pulmonary vessels demonstrated
decreased tone and impaired hypoxic vasoconstriction. Early
disease appears to be primarily characterized by V/Q mis-
match, but with increasing severity intrapulmonary shunt
and impaired oxygen diffusing capacity develop. The under-
lying mechanism is unclear, but is likely related to increased
pulmonary nitric oxide production. Increased hepatic pro-
duction of endothelin-1 is associated with increased pulmo-
nary vascular expression of ETj receptors in animal models.
ET-1 binding to these receptors may stimulate NO produc-
tion. Intravascular macrophage accumulation may further
contribute to high NO levels.

Patients may be asymptomatic if hypoxemia is mild, but
commonly have shortness of breath. They may have orthode-
oxia (decrease in oxygenation with a change of position from
supine to upright). Spider nevi, clubbing, and cyanosis may
be present. Spongiform vascular lesions can sometimes be
seen on chest radiographs. In adults, a hyperdynamic circula-
tion is common but not consistent. In the limited number of
children reported, portal hypertension and elevated cardiac
output do appear to be constant findings. In most patients
able to cooperate, spirometry is normal, but diffusing capac-
ity is moderately to severely reduced. Diagnosis requires
arterial blood gas sampling, ideally at room air and on 100 %
0,, in addition to demonstrating intrapulmonary shunting.

Hepatopulmonary syndrome is progressive, although the
rate is variable. Aside from oxygen supplementation, the
only effective treatment is liver transplantation. Although
previously a contraindication to transplantation, current rec-
ommendations are to use progressive disease as an indication
for transplantation prior to the development of severe hypox-
emia. Outcome is fairly good, although complications,
including wound infection and bile leak, are more common,
and the mortality rate is higher than in patients without HPS
[81]. Resolution of the pulmonary vascular disease occurs at
a variable rate, ranging from days to years [80, 82, 83].

Respiratory Support

Goals of respiratory support are to assure generous oxygen-
ation and avoid hypercapnia and its associated effects on
cerebral blood flow and intracranial pressure. In the patient
with respiratory alkalosis, providing sufficient minute
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ventilation to achieve the patient’s spontaneous set-point
appears prudent, although extreme hyperventilation may
have deleterious effects on cerebral blood flow and oxygen
delivery. High airway pressures may decrease jugular venous
return and increase hepatic venous pressure, compromising
cerebral and hepatic blood flow.

Treatment of ARDS in this population is nonspecific and
should follow current general guidelines for its management.
Treatment of hepatopulmonary syndrome is supportive and
primarily focused on correcting hypoxemia with supplemen-
tal oxygen. There is limited evidence that infusions of meth-
ylene blue, which inhibits guanylate cyclase, and limits the
effects of NO, can increase pulmonary vasoconstriction and
improve oxygenation. This suggests potential benefit of NO
inhibition, but there is no clinical application available at
present.

Circulatory Derangements

Circulatory derangements in severe hepatic failure are sig-
nificant and roughly proportional to the severity of liver dis-
ease [84, 85]. Portal hypertension appears to lead to
splanchnic dilatation, at least in part mediated by nitric oxide
[86-88], but the etiology of progressive systemic hemody-
namic dysfunction is multifactorial. Evidence specifically
related to children is very limited, but in adults there is evi-
dence for left atrial and left ventricular enlargement (data
related to right-side chamber size are conflicting), left ven-
tricular hypertrophy, myocardial systolic and diastolic dys-
function, abnormalities of conduction (particularly prolonged
QT interval), and autonomic dysfunction [89-91]. The sys-
temic circulation is hyperdynamic, characterized by elevated
cardiac output and increased heart rate, until very late in the
course of disease, with low systemic vascular resistance and
diminished response to vasopressor agents [92-95]. Low
SVR and reduced afterload probably mask ventricular dys-
function, which can, however, be demonstrated during exer-
cise testing and postural challenge in many patients.
Natriuretic peptide levels are elevated, consistent with the
atrial and ventricular enlargement seen in many patients with
chronic liver disease, and are known to be related to increased
cardiac release, rather than decreased hepatic clearance.
Recent evidence suggests they may be a marker of cardiomy-
opathy, rather than merely a reflection of volume overload
[96, 97]. Increased sympathetic tone, increased intravascular
volume and arteriovenous connections contribute to the high
cardiac output state. In addition, chronic neurohumoral over-
activity may stimulate cardiac tissue growth, including myo-
cardial hypertrophy, but also cause injury, with development
of fibrosis, and hinder ventricular relaxation. Observations in
patients and experimental studies have shown decreased
myocardial B-receptors as well as post-receptor defects in
signal transduction [98, 99]. Elevated troponin I levels in
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patients with cirrhosis but without a history of cardiac dis-
ease supports the possibility of ongoing injury [100].

Systemic arterial pressure is initially normal, but hypo-
tension, especially diastolic, may develop with progressive
disease and compromise blood flow to major organ systems.
In patients with end-stage disease, vasodilation of the
splanchnic circulation persists, but there is vasoconstriction
of other tissue beds, including kidney, muscle, and skin.
Decreased hepatic clearance of vasodilator substances aris-
ing in the gut may permit greater exposure of the systemic
vasculature and subsequent vasodilatation. Increased circu-
lating endotoxin from bacterial overgrowth increases cyto-
kine production and nitric oxide synthesis. Decreased
vascular tone may result from increased NO production,
although, paradoxically, response to NO in patients with
acute liver failure appears to be impaired [47]. Elevated lev-
els of circulating cytokines triggered by hepatic necrosis
may also contribute. Microvascular injury that results leads
to capillary occlusion and shunting of blood away from
nutritive vessels through precapillary arteriovenous chan-
nels. As severity of liver failure progresses and/or tissue per-
fusion decreases, a metabolic (lactic) acidosis develops, and
represents premorbid circulatory deterioration.

Pulmonary hypertension is an uncommon complication
of liver disease in children, usually associated with portal
hypertension  (portopulmonary  hypertension)  [101].
Histologic findings are consistent with plexogenic arteriopa-
thy of the peripheral pulmonary arteries, including increased
smooth muscle, increased thickness of the media, concentric
luminal interstitial fibrosis and eventually fibrinoid necrosis.
It is often rapidly progressive once the patient is symptom-
atic. Pharmacologic treatment has not been satisfying
although newer agents may have benefit, and the benefit of
liver transplantation is quite variable [102].

Optimizing cardiovascular function in patients with severe
liver disease includes maintenance of an adequate circulat-
ing blood volume and initiation of vasoactive drug admin-
istration to increase diastolic and mean pressures to levels
adequate for organ perfusion. Pure a-agonists are unlikely to
be beneficial; norepinephrine or epinephrine is more likely to
be effective. Treatment should be directed toward achieving
a normal diastolic and mean arterial blood pressure. In some
instances, however, it may be acceptable to tolerate lower
than normal pressures if cardiac output and oxygen delivery
are adequate, and there is no significant elevation of serum
lactate. A trial of N-acetylcysteine can be considered for
its non-specific effects on cardiac output, oxygen delivery,
and oxygen consumption. These effects may be the result
of N-acetylcysteine improving local production and effect
of NO, or, alternatively acting as an antioxidant, reducing
microcirculatory endothelial injury. As mentioned above,
however, a multi-institutional evaluation of N-acetylcysteine
in patients with non-acetaminophen induced liver failure was
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unable to show any benefit (and possibly worsened outcome)
[4]. Overall, cardiovascular complications of liver disease
resolve after liver transplantation.

Plasmapheresis in Fulminant Hepatic Failure

High-volume plasmapheresis or plasma exchange has the
potential to remove circulating mediators and metabolic tox-
ins from the circulation of patients with deranged liver func-
tion. Trials of plasmapheresis in adults with hepatic
encephalopathy have demonstrated improved coma scores,
increased cerebral perfusion pressure, increased cerebral
oxygen consumption, and stabilization of systemic hemody-
namics [103, 104]. The effect has been hypothesized to be
due in part to removal of neuroinhibitory plasma factors.
Experience in children indicates that plasmapheresis can be
safely accomplished even in the neonatal period. Significantly
improved coagulation can be achieved, without fluid over-
load, by way of increased levels of fibrinogen and factors II,
V, VII, and IX. In most patients the prothrombin time can be
maintained below 25 s with daily pheresis [105]. Because of
this, it is an effective means of preventing life-threatening
bleeding in these profoundly coagulopathic patients. Overall
improvement in multiple organ dysfunction has also been
noted. Improvement in neurologic status appears to be tran-
sient, and no effect on liver regeneration has been noted.

Liver Transplantation

Over the past 25 years, liver transplantation has matured
from an experimental and innovative procedure to accepted
treatment of end-stage liver disease, whether acute or
chronic, for children of all ages. Overall outcome has
improved steadily: 5-8 year patient survival is in the range of
75-90 % [106-108]. The outcome of transplantation in
infants under a year of age has improved dramatically and is
comparable to results in older children. Even the youngest
recipients, those under 3 months of age, have acceptable
short- and long-term survival rates. While there remains risk
of long term disability after transplant, the need for lifelong
immunosuppression in most patients and significant cost for
long-term medical management, good overall quality of life
can be anticipated [109].

Children with fulminant hepatic failure are at high risk of
death. While some will recover liver function, many will
progress rapidly to hepatic encephalopathy and death. Making
the decision to proceed to transplantation is difficult and
requires recognizing the very small window of time between
too soon and too late. Progressive synthetic dysfunction,
extrahepatic organ failure, and development of hepatic
encephalopathy resulting from a disease process unlikely to



2 Liver Failure in Infants and Children

resolve spontaneously, are general issues that guide the deci-
sion. The specific criteria are more difficult. Increasing INR
and bilirubin predict a poor outcome. Prothrombin time >90 s
after Vitamin K administration predicts 100 % mortality
without transplant, but is a very extreme marker. INR less
than 4 has been associated with 73 % survival without trans-
plant, while an INR greater than 4 predicts a survival rate of
only 14 %. Young age is also a poor prognostic sign: patients
under the age of 2 years have a much lower survival rate (8 %
vs 50 % in children older than 2 years).

British criteria for transplant in non-acetaminophen-
induced liver failure include three of the following: non-A,
non-B hepatitis or drug-induced injury; age less than
10 years; jaundice to encephalopathy time less than 7 days;
serum bilirubin greater than 17.5 mg/dL; and prothrombin
time longer than 50 s. For those with acetaminophen-induced
disease, occurrence of three of the following indicates a need
for transplantation: pH less than 7.3 24 or more hours after
ingestion; serum creatinine greater than 3.4 mg/dL; stage 3
encephalopathy; and prothrombin time longer than 100 s.
While not routinely used in U.S. practice, these guidelines
provide a useful framework for decision-making.

Transplantation has greatly altered the outcome of fulmi-
nant hepatic failure [110]. However, the availability of organs
remains the primary limiting factor. Whole organs rarely
become available quickly enough to help these patients. Split
organ transplantation, typically of the left lateral segment,
makes transplantation possible much more quickly. Living
related donation is also possible, but presents complex ethi-
cal issues, particularly in this setting where parent decision-
making must be so pressured. Other options include
transplantation of an auxiliary liver to allow regeneration of
the native liver and potential removal of the transplanted
liver if not needed in the future. Overall outcome of trans-
plantation is not as good as in other transplant recipients,
with early mortality of 20—40 %. Younger children and those
requiring mechanical ventilation are at particularly high risk.

Artificial Support Devices

There is currently no widely available hepatic equivalent of
renal dialysis or ventricular support device. A variety of
devices have been used or are under development, including
charcoal hemoperfusion, hemodiabsorption, hemoperfusion
through hepatocytes, extracorporeal whole liver perfusion,
bioartificial liver, and extracorporeal liver assist device.
Ideally such support would have multiple capabilities includ-
ing removal of toxins; synthesis of coagulation factors, albu-
min, and other proteins; and reversal of the inflammatory
processes involving the liver and other organ systems. At
present none of the devices has provided the support needed
for long-term management.
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Charcoal hemoperfusion is an effective means of remov-
ing water-soluble toxins but not ammonia or protein bound
compounds and has not been helpful in hepatic failure.
More recently developed systems have had greater ability to
remove protein-bound substances, using hemodiabsorption,
which combines hemodialysis with adsorption using char-
coal or albumin. These include the BioLogic-DT and the
MARS systems, which may explain their greater impact on
hepatic encephalopathy [111-114]. Including biologic
components in these systems, specifically living hepato-
cytes, holds additional promise, but multiple technical
details have limited their value to date. One very recently
published study of a bioartificial liver appears to show a
survival benefit in fulminant/subfulminant hepatic failure
[115].

A recent metanalysis of 12 randomized clinical trials of
artificial and bioartificial liver support systems to evaluate
their possible beneficial and harmful effects in acute and
acute-on-chronic liver failure provided only limited encour-
agement [116]. Overall, support systems had no significant
impact on mortality or bridging to liver transplantation, but
did reveal a beneficial effect on hepatic encephalopathy. In
patients with acute-on-chronic liver failure there did appear
to be a benefit on mortality (33 % reduction), but not in those
with acute liver failure Multicenter, prospective, controlled
trials of extracorporeal liver assist devices are essential
before their value can be known. In addition to determining
whether such devices can truly prolong good survival, such
studies will need to determine the best source of functioning
hepatocytes and the number required to support patients of
varying sizes, markers of improving or deteriorating native
hepatic function, and the frequency and nature of complica-
tions in infants and children [117, 118].
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Abstract

Acute pancreatitis is an acute inflammatory process of the pancreas with variable involve-
ment of other regional tissues or remote organ systems. Clinically, two forms of acute pan-
creatitis are recognized: the mild form associated with minimal organ dysfunction and
uneventful recovery, and the severe form associated with organ failure and/or local compli-
cations such as necrosis, walled-off pancreatic necrosis and pseudocysts. Due to the rare-
ness and heterogeneous symptoms of acute pancreatitis in children, the disease is often
misdiagnosed. Acute pancreatitis in children is often found after abdominal trauma, biliary
or pancreatic malformation, drugs, biliary stones, viral or bacterial infections, systemic ill-
nesses and metabolic diseases. In more than 20 % of cases, no clear etiological factors can
be detected; thus, many young patients have an idiopathic form of pancreatitis. The percent-
age of severe pancreatitis in children is about 15 %; death occurs in about 5 % of cases.
Improvements in diagnostic and imaging methods and growing awareness cannot account
for the recent increases observed in the incidence of pediatric acute pancreatitis. Regarding
treatment, the pain must be alleviated, and fluids and electrolytes should be administered
immediately. After the acute pancreatitis is resolved, genetic tests should be carried out in
cases of patients having a disease of unknown origin.
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Introduction

Acute pancreatitis is an acute inflammatory process of the
pancreas with variable involvement of other regional tissues
or remote organ systems [1]. From a pathological point of
view, the findings of acute pancreatitis range from micro-
scopic interstitial edema and fat necrosis of the pancreatic
parenchyma to macroscopic areas of pancreatic and peri-
pancreatic necrosis and hemorrhage [1]. From a clinical
point of view, the disease is accompanied by upper abdomi-
nal pain with variable abdominal symptoms, ranging from
mild tenderness to rebound; it is also often accompanied by
vomiting, fever, tachycardia, leukocytosis and the presence
of elevated pancreatic enzymes in the blood and/or urine
[1]. Clinically, two forms of acute pancreatitis are recog-
nized: the mild form associated with minimal organ dys-
function and uneventful recovery, and the severe form
associated with organ failure and/or local complications,
such as necrosis, walled-off pancreatic necrosis, and pseu-
docysts [1].

Acute pancreatitis, especially if severe, can lead to several
potential local complications. Pancreatic necrosis is a focal
or diffuse area of non-viable parenchyma, which typically is
associated with peripancreatic steatonecrosis. Computed
tomography (CT) with intravenous contrast bolus is cur-
rently the best diagnostic method (accuracy 80-90 %). The
necrosis may become infected in 10-30 % of cases. The dis-
tinction between sterile and infected pancreatic necrosis is
important because the therapeutic approach (mainly medical
therapy in sterile pancreatic necrosis and surgical in the
infected type) and prognosis (mortality rate about three times
higher in infected pancreatic necrosis) differ considerably.
The diagnostic gold standard for suspected infection of pan-
creatic necrosis is represented by microbial cultures of mate-
rial from percutaneous needle aspiration. Acute fluid
collection is a localized effusion in or near the pancreas,
without a fibrotic wall. It tends to appear early and regresses
spontaneously in most cases. It is not considered a sign of
disease severity unless it becomes infected.

Pseudocysts are collections of pancreatic juice enclosed
by a non-epithelial wall. The maturation of a pseudocyst
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after acute pancreatitis requires at least 4 weeks after the
onset of the disease. A post-acute pancreatitis pseudocyst is
also an acute fluid collection persisting more than 4 weeks
and surrounded by a well-defined wall. Finally, a walled-off
pancreatic necrosis is an intra-abdominal collection of pus
(usually near the pancreas), appearing after an attack of acute
pancreatitis or after pancreatic trauma. Pus predominates and
there is only a small amount of necrotic tissue, distinguish-
ing it from infected pancreatic necrosis. A pseudocyst con-
taining pus is also correctly defined as walled-off pancreatic
necrosis [2].

Epidemiology

Acute pancreatitis is a rare disease in children; unfortunately,
there are no epidemiological data on the incidence of the dis-
ease in childhood. Early published series reported five to ten
patients per year at major children’s hospitals and pediatric
referral centers [3], even if an increasing number of children
with this disease have been seen in large teaching hospitals
where a number ranging from 30 to more than 100 children
per year may be treated [3, 4]. No ethnic groups seem to be
overexpressed [4]. As regards gender, the male:female ratio
ranges from 0.7:1 to 2:3 [5]. The mean age at onset varies
from 8 to 14 years; all ages, from under 1-18 years of age,
seem to be involved [3, 6, 7]. The median duration of hospi-
talization per episode ranges from 8 to 13 days [3, 6].

Pathophysiology

Three phases characterize the pathophysiology of acute pan-
creatitis, as shown in Fig. 3.1. The concept that the cause of
the pathophysiological changes in acute pancreatitis lay in
the autodigestion of the pancreas mediated by the pancreatic
enzymes is still generally accepted [8], and the intra-cellular
activation of trypsin seems to play a key role in initiating
acute pancreatitis. Furthermore, this event induces a variety
of local and systemic responses, mainly mediated by the pro-
duction of cytokines.
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Trypsin is synthesized as an inactive proenzyme called
trypsinogen in the endoplasmatic reticulum and is then trans-
ported to the Golgi system where the protein is sorted, together
with other pancreatic enzymes, into core particles. In acute
pancreatitis, according to the co-localization theory, trypsin
activation occurs within cytosolic vacuoles containing both
digestive enzymes and lysosomal enzymes. One of the lyso-
somal enzymes, cathepsin B, seems to be able to transform
trypsinogen into trypsin by removing the TAP region from
trypsinogen [9], as demonstrated by the detection of immuno-
reactivity against trypsinogen activation peptide (TAP) in vacu-
oles positive for lysosomal markers [10, 11]. Another possible
mechanism in the activation of trypsinogen involves intracel-
lular calcium. In fact, it has been demonstrated that premature
trypsin activation takes place in the apical cells in response to
supramaximal cholecystokinin stimulation, and that this
activation is dependent on the spatial and temporal distribution
of Ca?* release within the same subcellular compartment [12].

Finally, as protective mechanisms against active trypsin
and other proteinases, there are several inhibitors secreted by
the pancreas, such as the pancreatic secretory trypsin inhibi-
tor; when the balance between proteases-antiproteases is
optimal, the pancreatitis does not progress but, when the bal-
ance is in favor of the activated trypsin, the pancreatitis pro-
gresses to the necrotizing form of the disease.

The destruction of the pancreatic parenchyma following
acute pancreatitis quickly induces an inflammatory reaction
at the site of the injury. The initial cellular response involves
the infiltration of polymorphonuclear leukocytes into the
perivascular regions of the pancreas. Within a few hours,
macrophages and lymphocytes accumulate and phagocyte-
derived oxygen radicals participate in a primary injury to the
pancreatic capillary endothelial cells. The increased micro-
vascular permeability facilitates margination and extravascu-
lar migration of additional neutrophils and monocytes
amplifying the inflammatory process. Following an experi-
mental insult, there is rapid expression of tumor necrosis
factor-alfa (TNF-alfa) and interleukin-1 (IL-1) [13]; these
two substances are primary inducers of pro-inflammatory
interleukin 6 and 8 (IL-6 and IL-8) production and are known
to initiate and propagate many consequences including fever,
hypotension, acidosis and acute respiratory distress syndrome
(ARDS). Finally, in severe forms of acute pancreatitis, there
is also a reduced production of anti-inflammatory cytokines,
such as interleukin-10 (IL-10) a chemokine capable of block-
ing the action of the pro-inflammatory cytokines [14].

Etiology
The possible causes associated with an attack of acute pan-

creatitis are reported in Table 3.1. Acute pancreatitis in chil-
dren is often found after abdominal trauma in (15 % of the

31

cases), followed by biliary or pancreatic malformation
(13 %), drugs (10 %), biliary stones (9 %), viral of bacterial
infections (7 %), systemic illnesses (7 %) and metabolic dis-
eases (5 %). A variety of medications have been hypothe-
sized to be causative agents of acute pancreatitis, such as
anticonvulsant agents [15], asparaginase [16], and mercapto-
purine [17]. The mechanism for drug-induced pancreatitis is
not fully understood; disruption of the cellular metabolism
by drugs or their metabolites may be the initial trigger point.
However, in more than 20 % of the cases, no clear etiological
factors can be detected; thus, many young patients have an
idiopathic form of pancreatitis.

Genetics

Genetic evaluation constitutes a diagnostic challenge, espe-
cially in patients with recurrent attacks of acute pancreatitis
or in those with an unknown etiology of the disease. The
hereditary pancreatitis locus was narrowed to the long arm of
chromosome 7, and the gene responsible was identified no
more than 10 years ago [18]. The mutation was identified in
the third exon of the gene which transcribes cationic tryp-
sinogen (Protease-Serine-1 gene, PRSS-1), and it is the
result of an arginine to histidine substitution (R122H “clas-
sic” mutation). Subsequently, other family members with a
similar phenotype who tested negative for this mutation were
found positive for other less frequent mutations, namely the
N91Iand the A16V mutation [19]. The suggested pathomech-
anism of hereditary pancreatitis is related to the block of
intracellular trypsin autolysis which prevents pancreatic
autodigestion; the PSSR-1 mutation eliminates the initial
hydrolysis site, thus preventing the destruction of the trypsin
prematurely activated in the pancreas and, in turn, leading to
generalized zymogen activation, autodigestion and pancre-
atitis [20]. The median age of symptom onset of hereditary
pancreatitis is 12 years of age with no difference between
patients presenting different PSSR-1 mutations [19]; the
median number of attacks was two per year, and nearly 30 %
of these patients had surgery at a median age of 24 years
(about 15 years after the onset of symptoms). Hereditary
pancreatitis should be investigated in families with at least
two first-degree relatives, or three or more second-degree
relatives, over two or more generations, having acute relaps-
ing pancreatitis and/or chronic pancreatitis for which there
were no causative or precipitating factors. In the U.S, it is
estimated that at least 1,000 individuals are affected by
hereditary pancreatitis [20].

A strong association between mutations in a gene encod-
ing the serine protease inhibitor-Kazal type 1 (SPINK1); also
known as pancreatic secretory trypsin inhibitor (PSTI) and
idiopathic pancreatitis has also been reported. The human
gene has four exons and is located on chromosome 5 [21].
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Table 3.1 Study period, gender, age at onset of pancreatitis, etiology, severity, recurrences and mortality of acute pancreatitis in ten studies

Author
Study period

No. of cases
Gender
Males
Females

Age at onset
Mean (years)
Range (years)

Etiology
Idiopathic
Trauma
Malformation
Drugs

Biliary
Infectious
Systemic disease
Others
Metabolic
Familial
Post-ERCP
Transplantation
Severity

Mild

Severe
Recurrences
Mortality

Author
Study period

No. of cases
Gender
Males
Females

Age at onset
Mean (years)
Range (years)
Etiology
Idiopathic
Trauma
Malformation
Drugs

Biliary
Infectious
Systemic disease
Others
Metabolic
Familial
Post-ERCP
Transplantation
Severity
Mild

Eichelberger et al. [53]

1957-1979
24

13
11

2-18

NR
NR
NR
NR

Haddock et al. [57]
1978-1992
49

15
34

74
1-16

46

Jordan and
Ament [54]

19651975
54

27
27

NR

1 week to
21 years

47
7
4
14

Pezzilli et al. [6]
1998-1999
50

25
25

10.5 (median)
2-17

17

AN QN — 0 W

W = W

41

Tam et al. [55]

Ziegler et al. [56]

De Banto et al. [7]

1971-1983 1974-1986 1976-1977

29 49 301

15 27 126

14 22 175

7.5 NR 8 years

3-14 1 month to 1 month to
18 years 16 years

13 3 103

5 16 41

- 8 5

- - 33

1 16 32

5 - 9

_ 6 _

1 - 19

4 - 24

- - 25

- - 10

21 45 249

8 4 52

7 10 NR

0 1 6

Werlin et al. [3]
1996-2001
180

83
97

NR
1-18

13
25

22
16
13
25
20
11

10
14

NR

Suzuki et al. [37]
1983-2007
135

54
81

15
1-16

121

Total

932

412
520

204
138
118
92
82
66
65
52
46
35
20
14

570

Weizman et al. [34]
1978-1984

61

27
34

10.2
1-18.5

N N O

22

NR
NR
20
13

Frequency

100

442
55.8

219
14.8
12.7
9.9
8.8
7.1
7.0
5.6
4.9
3.8
2.1
1.5

85.5

(continued)
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Author Haddock et al. [57] Pezzilli et al. [6] Werlin et al. [3] Suzuki et al. [37] Total Frequency
Study period 1978-1992 1998-1999 1996-2001 1983-2007

No. of cases 49 50 180 135 932 100
Severe 3 9 NR 14 97 14.5
Recurrences 5 14 22 NR 82 17.4
Mortality 0 1 11 2 48 5.2

NR not reported

SPINKI1 inhibits approximately 20 % of the total trypsin
activity within the pancreas, thus providing an important
defense against prematurely activated trypsinogen [22].
Whether an N34S mutation should be considered a causative
factor of pancreatitis per se or simply a disease modifier is
uncertain [23-25].

The most commonly inherited disease of the pancreas is
cystic fibrosis, inherited as an autosomal recessive illness
[26]. The cystic fibrosis transmembrane conductance
regulator-gene (CFTR-gene) is located on chromosome
7q3.1, existing as a single copy in the human genome, and
encoding a 170,000 molecular-weight glycoprotein. A dele-
tion of three base pairs of the CFTR-gene, resulting in the loss
of phenylalanine residue (AF508 mutation), has been shown
to be responsible for the disease in approximately 70 % of
patients [27, 28]. Many other mutations have been reported,
and more than 800 disease-causing lesions have been identi-
fied in the CFTR-gene [29]. The suggested underlying patho-
genetic mechanism involves a defect in the regulation of the
apical membrane-chloride channels of epithelial cells, result-
ing in highly viscous secretions having an inability to main-
tain luminal hydration. From the clinical standpoint, cystic
fibrosis is the only hereditary disease in which pancreatic
involvement can be expressed by both exocrine insufficiency
(without pancreatic inflammatory disease) and pancreatitis
[30]. Symptoms of acute relapsing pancreatitis develop in
approximately 2 % of patients with cystic fibrosis diagnosed
on clinical grounds and they occur in adolescence or adult-
hood, but only in patients with pancreatic sufficiency.

Diagnosis

The diagnosis of acute pancreatitis still depends on clinical
suspicion and requires confirmatory laboratory and imaging
studies [3, 4, 6, 7]. The most common clinical symptoms and
signs are abdominal pain in almost all patients, followed by
vomiting and abdominal tenderness with abdominal disten-
sion [5]. Other less common clinical signs include fever,
tachycardia, hypotension, jaundice and abdominal signs,
such as guarding, rebound tenderness and decreased bowel
sounds [5]. The determination of amylase and lipase levels
remains the most commonly used laboratory tests. Although

serum levels of lipase and amylase over three times the upper
reference limit suggest pancreatitis, the level of elevation is
not diagnostic. Both enzymes can be elevated in conditions
unrelated to pancreatitis (e.g., salivary diseases, uremic syn-
drome, ketoacidosis, macroamylasemia, macrolipasemia),
and both can be normal in the presence of imaging evidence
of acute pancreatitis. CT images of the pancreas are useful
not only in confirming the presence of acute inflammation of
the pancreas, but also in identifying the complications of
acute pancreatitis and in diagnosing a possible biliary origin
of the disease. It is reasonable to avoid a CT scan early in the
course of pancreatitis because the presence of necrosis
requires up to 48 h to be visualized [31]. In the near future,
findings similar to those obtained with a CT scan may be
obtained using magnetic resonance (MR) [32]. An ultra-
sound examination can demonstrate the presence of gall-
stones, biliary sludge, dilated common and intrahepatic
ducts, and choledochal cysts.

Outcome

As in adults, acute pancreatitis in children can be life-
threatening. In children, death occurs in about 5 % of the
cases ranging from 0 to 27 % of all pancreatitis cases [3, 6].
As reported in Table 3.1, the percentage of severe pancreati-
tis in children is about 15 %; this figure is similar to that
reported in adult patients [33]. The early causes of death are
shock and respiratory failure, whereas late life-threatening
complications of pancreatitis are generally associated with
infected pancreatic necrosis due to colonic bacteria
translocation.

About one-fifth of children may experience recurrent
attacks of acute pancreatitis [6, 34] ranging from 7.4 to
32.7 % and, in most cases (about 50 %), the etiology of the
disease is unknown. This figure is similar to that reported in
the adult population [35]; of course, the causes of recurrent
acute pancreatitis in adults are quite different (about 60 % of
adult patients are alcoholics whereas only 10 % of adults had
unrecognized causes). In the era of genetic tests, it has been
reported that mutations of CFTR, SPINK1, and PRSS1 genes
can be found up to 40 % of children with recurrent acute
pancreatitis [36].
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Table 3.2 Clinical and laboratory criteria for identifying the severity
in acute pancreatitis in children. This score is evaluated as the number
of criteria satisfied; the presence of three or more criteria indicates a
severe attack of acute pancreatitis

On admission Under 7 years of age

Weight less than 23 Kg

Leukocyte count greater than 18,500 mmc
LDH greater than 2,000 U/L

Calcium less than 8.3 mg/dL

Albumin less than 2.6 mg/dL

Fluid sequestration greater than 75 ml/
kg/48 h

BUN greater than 5 mg/dL

Adapted from DeBanto et al. [7] with permission from Nature
Publishing Group

During the initial
48 h after admission

Assessment of Severity

The clinical course and the outcome differ significantly
between mild and severe cases; the physician must make a
rapid assessment of the patient’s condition and evaluate the
risk of a severe clinical course. Several scoring systems
have been developed to assist the physician in this decision;
in adults; a scoring system has been developed and validated
in children [7] (Table 3.2). However, other authors demon-
strated that this score was useful in excluding severe pancre-
atitis (positive predictive value 26 %, negative predictive
value 96 %) in a retrospective study on 135 patients with
acute pancreatitis [37]. In addition, it seems that clinicians
caring for children with acute illness of the pancreas do not
generally apply the multiple score systems in clinical prac-
tice [6]. The determination of a unique index of severity,
such as C-reactive protein (CRP) determination may be an
alternative tool; in fact, this marker of inflammation at a
level greater than 150 mg/dL is able to distinguish the mild
from the severe forms of childhood pancreatitis in a fashion
similar to that found in adults [6]. Another possibility is to
determine the IL-6 in the serum; this cytokine is able to
detect the severity of acute pancreatitis in adults earlier than
CRP [38].

Treatment

Objectives and Methods of Conservative
Treatment

The primary objectives to be achieved in the treatment of
acute pancreatitis are essentially: (1) pain control, (2) elec-
trolyte support and energy intake, (3) removal of the causal
agent, when possible, (4) attenuation of inflammatory and
autolytic processes at the glandular level (“specific” therapy)
and (5) prevention and eventual treatment of the local and
systemic complications of the necrotizing forms. For mild
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forms of the disease, in most cases, the first three steps are
sufficient for clinical resolution. In severe forms, the thera-
peutic engagement is more complex and patients may, with
reasonable frequency, require periods of hospitalization in
intensive care units. The therapeutic approach to severe acute
pancreatitis is reported in Fig. 3.2.

The control of pain must be swift and effective [39].
Supportive therapy is mandatory because it counterbalances
the loss of fluids and hypercatabolism. The maintenance of
cardiovascular, renal and respiratory parameters can, in
many cases, prevent the onset of multisystem complications.
Pancreatic hypoperfusion, secondary to the inadequate main-
tenance of plasma volume, is indeed able to trigger and
increase the phenomena of pancreatic necrosis. Patients with
mild forms, for which oral refeeding is expected within
4-6 days of hospitalization, do not need an aggressive nutri-
tional approach [39]. In contrast, in the severe forms, total
parenteral nutrition (TPN) must be used, which must take
into account any metabolic imbalances (such as acidosis or
alkalosis, hyperglycemia, hypocalcemia, hypokalemia and
hypomagenesemia) and cardiovascular complications in its
formulation [39]. Recently, enteral nutrition using a jejunal
feeding tube has been used with good results in patients with
severe acute pancreatitis instead of TPN. The pathophysio-
logical assumption is that the TPN does not provide all
essential nutrients (e.g. glutamine) and does not protect
intestinal mucosa trophicity, and this phenomenon, in turn,
can increase intestinal permeability to toxins and bacterial
translocation.

The early removal of the causative agent makes it para-
mount to reach a sufficiently precise etiologic diagnosis and
early intervention. The removal of a biliary obstruction using
endoscopic techniques has now entered into the routine treat-
ment of these patients [31]. The use of systemic antibiotics
for the prevention of pancreatic infections is one of the cor-
nerstones of the conservative treatment of the severe forms
of acute pancreatitis. Several studies have shown a signifi-
cant reduction in the incidence of pancreatic and extrapan-
creatic infections in patients treated with imipenem-cilastatin
[40]; this measure does not reduce the mortality of patients
with severe acute pancreatitis.

Objectives and Indication of Surgical
Treatment

The infection of pancreatic necrosis in the course of acute
pancreatitis is a very serious medical condition, and its pres-
ence is associated with a marked increase in risk of death; it
develops in percentages varying from 15 to 70 % of all
patients with acute necrotizing pancreatitis and accounts for
more than 80 % of deaths from acute pancreatitis. The risk of
infection increases with the extent of necrosis and the days
after the initiation of acute pancreatitis, reaching a peak



3 Acute Pancreatitis

35

~
Severe acute pancreatitis
J
i i B
Conservative medical treatment
Fluids, supplemental oxygen, correction of electrolyte
and metabolic abnormalities,
nutritional support (enteral or parenteral)
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Surgical treatment or interventional radiology

Fig. 3.2 Therapeutic approach to severe acute pancreatitis

incidence (70 %) after 3 weeks [41]. In most cases, the infec-
tion is caused by Gram-negative bacteria of enteric origin,
and about two-thirds of the infections are caused by a single
microbiological agent. In some cases, fungi can be found
[42]. From a clinical point of view, acute pancreatitis with
sterile necrosis can be difficult to distinguish from a form
with infected necrosis, because both can give fever, leukocy-
tosis and abdominal pain. However, this distinction is very
important since mortality in patients with infected necrosis
who did not undergo early surgery is high. Computer tomog-
raphy or ultrasound-guided percutaneous suction of the
necrotic material and/or peripancreatic fluid collections,
with a fresh microscopic examination and bacterial culture,
is safe and accurate (sensitivity and specificity exceeding
95 %). It must be used, even repetitively, usually from the
second week of illness, in patients whose clinical condition
worsens or does not tend to improve, despite the removal of
any causative agent and the implementation of a vigorous
supportive treatment. Debridement is the surgical treatment
of choice for infected necrosis and the only therapeutic doubt
concerns which type of intervention to be performed (necro-
sectomy with drainage-washing or an open packing tech-
nique). Recently, other treatment options, such as
percutaneous, endoscopic or minimally invasive surgery

Biliary pancreatitis
In case of cholangitis or persistent jaundice

Endoscopic sphincterotomy within 72 h
from symptoms onset

have been proposed [43—45]. These methods require highly
experienced operators.

The treatment of patients with sterile pancreatic necrosis
remains controversial and it should be reserved for selected
cases, such as those patients in whom repeated attempts at
oral re-feeding after 5-6 weeks of therapy are associated
with abdominal pain, nausea, vomiting or the recurrence of
pancreatitis. At this stage of the disease, however, necrosis is
more demarcated and surgery is easier. In other cases, sup-
portive care associated with prophylactic antibiotic treat-
ment should be the primary treatment [46-50]. It is, therefore,
very important that a cholecystectomy be carried out in due
time (possibly during the same hospitalization for mild
forms, usually at a distance of 3—4 weeks for severe forms)
in the case of gallstones in order to prevent the recurrence of
acute episodes [31].

Refeeding in the Mild Form of Acute
Pancreatitis

The recommendation is to initiate refeeding when pain dis-
appears, using a low-fat solid diet; in fact, in mild acute pan-
creatitis, immediate oral feeding is feasible and safe and may
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accelerate recovery without adverse gastrointestinal events
[51]. There is also the need to know the exocrine pancreatic
function in patients who have experienced an acute episode
of pancreatitis in order to cure possible maldigestion [52].

Conclusion

The following points should be kept in mind in the case of
acute pancreatitis: (1) in a child with unexplained abdom-
inal pain, we must think about acute pancreatitis, (2) the
severity and the etiology of the disease should be rapidly
assessed, (3) the pain must be alleviated, and fluids and
electrolytes should be administered immediately. After
the acute pancreatitis is resolved, genetic tests should be
carried out in cases of patients having a disease of
unknown origin.
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Abstract

Abdominal compartment syndrome (ACS) is a clinical syndrome resulting from increased
intra-abdominal pressure (IAP) and characterized by progressive end-organ dysfunction and
failure, affecting mainly the hemodynamic, respiratory, renal and gastrointestinal systems. If
untreated, ACS can deteriorate rapidly to critical organ failure and death. On the other hand,
rapid relief of the elevated IAP often reverses the adverse pathophysiologic changes promptly.

Consensus definitions of intra-abdominal hypertension (IAH) and ACS have been published
for adult patients, but similar definitions for children are lacking (See Appendix). For adults, ACS
is defined as sustained increase of IAP >20 mmHg associated with new organ dysfunction or
organ failure. ACS may be primary — resulting from an intra-abdominal cause (abdominal trauma,
post abdominal surgery, ascites etc.) or secondary — caused by extra-abdominal causes, typically
in conditions requiring massive fluid resuscitation. The reported incidence of ACS among criti-
cally ill children is relatively low compared to adults, though it may be under-recognized.

The diagnosis of ACS requires a high index of suspicion, and a comprehensive manage-
ment approach consists of AP monitoring, prevention, and medical and surgical measures.
IAP monitoring can be easily and reliably achieved through measurement of the urinary
bladder pressure using simple bedside techniques. Prevention consists of prophylactic use
of incomplete, temporary abdominal closure following surgery and avoidance of excessive
fluid resuscitation. Medical management includes measures to reverse fluid overload,
improve abdominal wall compliance and the non-operative evacuation of excessive intra-
abdominal contents. Once these measures fail to relieve IAH and ACS, decompressive lapa-
rotomy (DL) is crucial and should not be delayed.

DL often results in dramatic stabilization of the patient’s condition. However, the overall
outcome of pediatric patients who have developed ACS and required DL remains poor, with
reported 40-60 % mortality rates.
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Introduction

Compartment syndrome occurs when the pressure within a
confined space increases to a point where the vascular inflow
is compromised and the function and viability of the tissues
within the compartment are threatened. Abdominal
Compartment Syndrome (ACS) is defined as a pathological
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increase of the intra-abdominal pressure (IAP) with consecu-
tive dysfunction of one or several organ systems leading to
adverse hemodynamic, respiratory and renal effects [1]. If
untreated, ACS can deteriorate and lead rapidly to critical
organ failure and death. On the other hand, immediate relief
of the elevated IAP — through evacuation of a “pathological”
volume (blood, transudate, ascitic fluid, etc.) or through
decompression of the abdominal cavity — usually reverses
the adverse pathophysiologic changes promptly. Therefore,
every clinician taking care of critically ill children should be
familiar with the unique characteristics of this relatively
common clinical entity, as a high index of suspicion, timely
recognition and prompt intervention can be lifesaving.

Asreviewed by Schein [2], the clinical effects of increased
IAP, were first mentioned in 1863 by Marey and in 1870 by
Bert, who have described the respiratory effects caused by
increased IAP. The first description of the ACS was pub-
lished by Kron et al. in 1984 [3], and the term ACS was
coined by Fietsam et al. in 1989 [4]. The syndrome has come
to the forefront of the adult surgical practice since the late
1980s, and the introduction of laparoscopic surgery in the
1990s was followed by further extensive experimental and
clinical research.

However, the roots of the ACS are clearly found in the
pediatric surgery arena, as its clinical characteristics were
observed in the 1940s following surgical interventions for
the repair of omphaloceles and gastroschisis. In 1948, Gross
[5] noted that although it was often possible to forcefully
close the abdominal wall in these neonates, they died shortly
following surgery with respiratory failure and cardiovascular
collapse. This clinical picture was attributed to “abdominal
crowding”, and methods to avoid these complications were
developed by pediatric surgeons [6, 7]. In fact, the surgical
techniques currently used to treat ACS, namely temporary

Table 4.1 Consensus definitions and abbreviations
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abdominal closure (TAC) with synthetic materials and staged
abdominal repair, were pioneered by these surgeons [8].

Unfortunately, publications on ACS in children have
lagged greatly behind those involving the adult population
[9]. The first series on ACS in pediatric (non-neonatal)
patients were published only in 2000 [10] and in 2001 [11],
and less than 100 pediatric cases were described in small
case series since that time [12—-19]. This reflects not only a
lower incidence but also less awareness, knowledge, or inter-
est among pediatric health care practitioners [9, 20].
Consequently, most of our knowledge on ACS in children
still originates from the adult literature.

Definitions

The World Society on the Abdominal Compartment Syndrome
(WSACS) was created in 2004 and has been instrumental in
the development of consensus definitions (Table 4.1) [1]. It
should be stressed that there are no specific definitions for the
pediatric age group and there is no evidence that the adults’
criteria also apply to children (See Appendix).

Intra-abdominal Pressure and Abdominal
Perfusion Pressure

IAP is the steady-state pressure concealed within the abdom-
inal cavity [1]. The values of IAP range from sub-atmospheric
to 0 mmHg in normal individuals [21-23], and they are
slightly positive in patients receiving positive pressure venti-
lation due to transmission of the intra-thoracic pressure to
the abdomen [24]. The IAP increases with inspiration and
decreases with expiration [1, 21], and there is a positive

The steady-state pressure concealed within the abdominal cavity

A sustained or repeated pathologic elevation of IAP >12 mmHg

IAH is graded as follows: Grade I: IAP 12-15 mmHg, Grade II: IAP 16-20 mmHg,
Grade III: IAP 21-25 mmHg, Grade IV: IAP >25 mmHg

A sustained IAP >20 mmHg (with or without APP <60 mmHg) associated with new

Condition associated with injury or disease in the abdominal-pelvic region that

frequently requires early surgical or interventional radiologic intervention

Conditions that do not originate from the abdominal-pelvic region

IAP

Normal IAP Lower than 5 mmHg in resting healthy adults
5-7 mmHg in critically ill adults

IAH

APP MAP-IAP

ACS
organ dysfunction or failure

Primary ACS

Secondary ACS

Recurrent ACS

Condition in which ACS redevelops after previous surgical or medical treatment of

primary or secondary ACS

ACS abdominal compartment syndrome, APP abdominal perfusion pressure, JAH intra-abdominal hypertension, /AP intra-abdominal pressure,
MAP mean arterial pressure. Reproduced with permission from The World Society of the Abdominal Compartment Syndrome (WSACS)
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correlation between IAP and body mass index [23]. The IAP
also varies with body position (higher in vertical vs. horizon-
tal, higher in prone vs. supine) and with the contraction of
the abdominal musculature [21]. IAP typically is expressed
in millimeters of mercury and conversion from centimeters
of water may be necessary (1 mmHg=1.36 cmH,0).

The “critical IAP” that causes organ dysfunction varies
individually due to differences in physiologic reserve and
comorbidities [25]. For this reason, there is no clear-cut IAP
threshold that clinicians can use to definitively decide if a
patient is suffering end-organ dysfunction from elevated
IAP. In an effort to improve predictability of the impact of
IAP on patient’s outcome, the concept of abdominal perfu-
sion pressure (APP) was developed. APP, calculated as mean
arterial pressure (MAP) minus IAP, has been proposed as an
accurate index of visceral perfusion and as a useful parame-
ter to guide clinicians in the resuscitation and management
of patients suffering from ACS [25, 26]. APP was shown to
be superior to IAP, pH, base deficit, and arterial lactate in
predicting outcome in these patients [25]. In adults, APP val-
ues higher than 60 mmHg were associated with improved
survival in patients with IAH and ACS [1, 26].

Intra-abdominal Hypertension (IAH)

IAH is defined as a sustained or repeated pathologic increase
in IAP >12 mmHg [1]. To stratify patients according to the
severity of IAH and guide therapy, IAH may be graded as I-VI
on the modified Burch scale [1, 27] (Table 4.1). Comorbidities,
such as chronic renal, pulmonary or cardiac disease, may
aggravate the deleterious effects of IAH and lower the thresh-
old at which organ dysfunction occurs [1]. IAH may also be
subclassified according to the duration of symptoms [1]:
Hyperacute — lasting seconds to minutes — usually during
activities such as coughing, sneezing, performance of Valsalva
maneuver and defecation; acute — developing in hours and
usually seen in surgical patients as a result of abdominal
trauma; subacute — developing over days and seen mainly in
medical patients; chronic — lasting months or years as a result
of pregnancy, morbid obesity, chronic ascites or cirrhosis.

Abdominal Compartment Syndrome

The WSACS Consensus Conference defined ACS as a sus-
tained increase of IAP >20 mmHg (with or without APP
<60 mmHg), associated with new organ dysfunction or organ
failure [1]. ACS represents the natural progression of end-
organ dysfunction caused by increased IAP, and develops if
IAH is not recognized and treated appropriately [1]. In con-
trast to TAH, ACS is not graded, but is rather considered an
“all or none” phenomenon [28]. It should be stressed that this

a

definition represents a “consensus” agreement. To define
“ACS” in the clinical setting, the entire individual patient’s
clinical status and IAP should be considered.

An AP >20 mmHg relates to the “adult” definition of ACS.
In children, MAP is lower than in adults and it varies with age.
Therefore, the APP of a small child may be compromised and
ACS may develop at lower IAP’s. Beck et al. [11] found IAP’s
of 15 mmHg high enough to cause ACS in children. Ejike et al.
[29] evaluated IAP in a cohort of critically ill children and con-
cluded that pressures of >10 mmHg were potentially danger-
ous. Sukhotnik et al. [30] showed that neonates may develop
ACS at IAP’s in the range of 9-13 mmHg. Baroncini et al. [31]
investigated hemodynamic function in children undergoing
laparoscopic procedures and reported substantial cardiopulmo-
nary compromise at very low IAP’s in neonates and at slightly
higher levels in older children. They recommend a maximal
IAP of 6 mmHg in neonates and of 12 mmHg in older children
during laparoscopy. Ejike et al. recently suggested that pediat-
ric ACS should be defined as an IAP of >12 mmHg associated
with new dysfunction or failure of two or more organ systems
[16] (See Appendix). Again, the IAP value should be consid-
ered only as one component of the entire clinical picture.

According to its cause and duration, ACS may also be
classified as primary, secondary, or recurrent (Table 4.1) [1].
Primary ACS is characterized by the presence of acute or
subacute TAH resulting from an intra-abdominal cause (e.g.,
abdominal trauma, post abdominal surgery, ascites, abdomi-
nal tumor). Secondary ACS is caused by extra-abdominal
causes, typically in conditions requiring massive fluid resus-
citation, such as septic shock and major burns. Recurrent
ACS represents a redevelopment of ACS following resolu-
tion of an earlier episode of either primary or secondary ACS
(a “second-hit” phenomenon) and may occur despite of an
open abdomen or as a new ACS episode following definitive
closure of the abdominal wall [28].

Incidence

Among adult patients, the incidence of IAH is variable, rang-
ing between 18 and 80 % of ICU patients, depending on the
definition threshold used and on the type of the patient popu-
lation [32]. In a 1-day-point prevalence study, Malbrain et al.
[33] found that 50.5 % of ICU patients had IAH and 8.2 %
had ACS. Among 265 medical/surgical ICU patients, the
same group observed a 32.1 % incidence of IAH on ICU
admission [34].

Very scant data exist regarding the occurrence of ACS in
children. Earlier studies by Beck et al. [11] and Diaz et al. [19]
calculated an incidence of severe ACS, requiring decompres-
sive laparotomy (DL) of around 1 % among critically ill chil-
dren. Ejike at al., defining ACS as an IAP of >12 mmHg
associated with new dysfunction or failure of two or more
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organ systems [16], found ACS to be present in 4.7 % of venti-
lated PICU patients. However, only five of their 294 (1.7 %)
eligible patients underwent laparotomy, three of them for ‘bowel
perforation’. In a recent study, Pearson et al. [14] described 26
children who have undergone DL for ACS. The occurrence rate
was calculated as 0.56 % of the ventilated patients in their PICU
(Meyers RB 2012, personal communication).

This lack of consensus definition makes the true incidence
of ACS among pediatric patients difficult to determine [16].
The higher incidence of ACS — when defined as a certain
threshold pressure combined with significant physiological
deterioration — has a profound clinical importance as it serves
to awaken the critically crucial index of suspicion. If unrec-
ognized — and therefore untreated — this ‘early’ ACS may
rapidly evolve and deteriorate to ‘full blown” ACS requiring
emergency DL and resulting in a very high mortality rate.
Unfortunately, ACS is still grossly under-recognized by
pediatric intensive care personnel [9].

Etiology and Risk factors of ACS

Although primarily thought of as surgical diagnoses, IAH
and ACS pose a risk to both medical and surgical patients
[34, 35]. In principle, two basic mechanisms can lead,

Table 4.2 Conditions associated
with IAH and ACS

Increased intra-
abdominal content

O. Attias and G. Bar-Joseph

independently or in combination, to IAH and ACS. The first
is the accumulation of excessive mass within the limited
capacity of the abdominal cavity [36]. The second is a tense,
low compliant abdominal wall (Table 4.2).

Primary ACS derives from intra-abdominal pathology and
is most often seen in trauma or in postoperative patients. It
has been identified as one of the major causes of morbidity
and mortality in patients with a traumatic injury [37-39].
Secondary ACS, associated with an extra-abdominal etiology,
is encountered mostly in medical or burn patients [40, 41],
usually as a result of edema fluid accumulation. It is often
viewed as an “unavoidable” sequelae of aggressive fluid
(crystalloid) resuscitation for various etiologies (e.g., sepsis,
post trauma, burns) [11, 18, 37, 42-44].

In adults, the most common cause of primary ACS is
abdominal injury with intra-abdominal bleeding. Aside from
the accumulated blood in the peritoneal or retroperitoneal
spaces, the situation may be aggravated by edema formation,
bowel distention and tense abdominal wall. Consequently, a
damage control approach has become an established routine,
consisting of hemorrhage control with or without abdominal
packing, leaving of an ‘open abdomen’ and delaying definitive
abdominal wall closure (‘staged celiotomy’) [45—48]. Other
relatively frequent causes of ACS in adults are major abdomi-
nal surgeries such as abdominal aortic surgery, especially if

Hemoperitoneum (blunt or penetrating abdominal trauma)
Intra-abdominal or retroperitoneal masses (tumor, hematoma, abscess)

Ascites (liver failure, nephrotic syndrome etc.)

Peritoneal dialysis

Pneumoperitoneum (during laparoscopy)

Gastrointestinal tract dilatation

Gastroparesis and gastric distention

Ileus

Volvulus

Colonic pseudo-obstruction

Necrotizing enterocolitis (NEC)

Small bowel perforation

Decreased abdominal
wall compliance

Abdominal surgery, especially with tight abdominal closures
Abdominal wall bleeding or rectus sheath hematomas

Surgical correction of large abdominal hernias, gastroschisis, or omphalocele

Major burns (with or without abdominal eschars)
Mechanical ventilation, with PEEP >10 cmH,0
Prone positioning

Combination of
decreased abdominal
wall compliance and
increased intra-

abdominal content i
Obesity

Massive fluid resuscitation

Sepsis, severe sepsis, and septic shock
Cardiogenic shock

Complicated intra-abdominal infection

Severe acute pancreatitis

ACS abdominal compartment syndrome, /AH intra-abdominal hypertension, PEEP positive end-expiratory

pressure
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associated with coagulopathies. In contrast to adults, primary
ACS due to abdominal trauma has been reported in only a
minority of the pediatric cases [11-19], in whom ACS is asso-
ciated with a diversity of other acquired, non-congenital eti-
ologies, such as enteropathies, intestinal perforation,
peritonitis, post abdominal surgery for various conditions and
malignancies (Table 4.2).

In recent years, the role of massive fluid resuscitation and
capillary leak emerges as a major — if not the major —
contributor or cause of ACS [37, 42, 49-51]. In the multi-
center study by Malbrain et al., massive fluid resuscitation
and polytransfusion were used almost twice as frequently
among patients who have developed IAH than in patients
who did not [34]. In children, ACS was associated with mas-
sive fluid resuscitation for the treatment of various etiologies
[11, 14, 18, 19, 52]. Marked capillary leak, characterizing
conditions such as sepsis, burns or bone marrow transplanta-
tion, predispose to the development of secondary ACS [11,
52]. This secondary ACS adds significant morbidity and
mortality, and it may be predicted and possibly avoided by
more judicious fluid resuscitation [37, 42, 49-51].

Major burns have been increasingly recognized as a risk
factor for IAH and ACS due to massive (initial) fluid resus-
citation and due to capillary leak leading to ascites, bowel
edema and abdominal wall edema [32, 43, 44, 53, 54]. It
should be stressed that ACS developed not only in patients
with full-thickness circular burns of the abdomen, but also
following proper escharotomy or in the absence of any
abdominal burns.

Pathophysiology of ACS

IAP and APP may be considered analogous to the Monro —
Kelly doctrine relating to the intra-cranial pressure (ICP) and
cerebral perfusion pressure (CPP), respectively (Fig. 4.1).
The abdominal pressure — volume curve consists basically of
two arms: At low intra-abdominal volumes, the abdominal
wall is very compliant and relatively large increases in
“pathologic” volumes will lead to only minor increases in
IAP [55]. Subsequently, once a critical excessive volume has
been attained, compliance of the abdominal cavity decreases
abruptly and small changes in volume will lead to large
changes in IAP. Further distension beyond this “knee” of the
curve will result in a rapid rise in IAP, decreased organ perfu-
sion, development of clinical ACS and, if untreated, in mul-
tiple organ failure (MOF) and death.

Regardless of the primary initial insult or pathological
event, three main processes are always secondarily involved
in the pathogenesis of IAH and its progression to ACS: tissue
ischemia/hypoxia followed by reperfusion injury, inflamma-
tory response and increased capillary permeability. The com-
bination of these processes is augmented by massive
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Fig. 4.1 Distinctions between normal intra-abdominal pressure, intra-
abdominal hypertension (JAH) and abdominal compartment syndrome
(ACS) in adults, depicted over the abdominal volume-pressure curve. The
area illustrating JAH may undergo shifts to the right or left depending on
the clinical scenario (Reproduced with permission from the World
Society of the Abdominal Compartment Syndrome — www.wsacs.org)

Physiologic insult/Critical illness
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Ischemia Systemic inflammatory response
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Capillary leak

’ Fluid resuscitation

Tissue edema (including bowel wall and
mesenteric edema)

<

IAH

—

Fig. 4.2 The vicious cycle of inflammatory response, fluids resuscita-
tion and intra-abdominal hypertension. Abbreviations: [AH intra-
abdominal hypertension (Adapted and reproduced with permission
from AbViser® Medical, LLC, by Dr. Tim Wolfe)

crystalloid resuscitation, which activates a vicious cycle that
results in tissue edema — involving both abdominal wall and
intra-abdominal tissues and organs, and often in free fluid
sequestration and ascites accumulation (Fig. 4.2).

The inflammatory response is a predominant component of
the primary conditions associated with IAH and ACS
(Table 4.2). Inflammation follows tissue ischemia, cellular
hypoxia and reperfusion — the hallmark of traumatic shock
[56]. It involves, among others, the release of cytokines,


http://www.wsacs.org/

44

formation of oxygen free radicals and decreased cellular pro-
duction of adenosine triphosphate (ATP) [57]. The pro-inflam-
matory cytokines promote vasodilatation and increase capillary
permeability, leading to edema formation [58]. Tissue reperfu-
sion promotes the generation of oxygen free radicals that have
a toxic effect on cell membranes. Insufficient oxygen delivery
limits ATP production and impedes energy-dependent cellular
activities, particularly the sodium-potassium pump. Pump fail-
ure causes cellular swelling, lose of membrane integrity and
spilling of intracellular contents into the extracellular space,
thus promoting further inflammation [57, 59]. Capillary leak-
age, edematous intestines and accumulation of ascitic fluid
elevate IAP that impairs venous return and intestinal lymphatic
outflow and thereby increases capillary filtration pressure and
worsens gut edema [56, 60, 61]. As pressure mounts, intestinal
perfusion is impaired, and the cycle of cellular hypoxia and
damage, inflammation and edema formation continues in a
vicious cycle [57].

Efforts aimed at restoring abdominal organs’ perfusion
with large amounts of crystalloid solutions or blood products
further aggravate the clinical condition. Aside from their
effect on the capillary filtration pressure, crystalloids
decrease plasma protein concentration and reduce plasma
oncotic pressure. These combined effects of the Starling
forces serve to overwhelm the anti-edema safety factors
(lymph flow, plasma oncotic pressure) and the vicious cycle

Total body fluid third
spacing/edema

Fluid resuscitation for I
critical illness

Elevated intra-abdominal

- pressure due to bowel ischemia
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is further augmented by the “futile crystalloid preloading”
[32, 62]. Other organ specific pathophysiologic processes are
discussed in the relevant sub-sections below.

Organ System Dysfunction
and the Clinical Presentation of ACS

ACS and IAH affect all critical body systems, most notably
the cardiac, respiratory, renal, and neurologic systems, as
well as the hepatic and intestinal systems [28, 32] (Fig. 4.3).

Cardiovascular Effects

With advancing ACS, the patient presents a rapidly deteriorat-
ing clinical picture of profound shock, unresponsive to fluid
resuscitation and to vasoactive drugs [11, 52, 63, 64]. Cardiac
output (CO) decreases primarily due to decreased venous
return: The inferior vena cava (IVC) and the portal vein are
compressed by the elevated IAP [38, 64—68]. Cephalad devia-
tion of the diaphragm increases intrathoracic pressure, impedes
superior vena cava (SVC) flow and possibly causes direct car-
diac compression, reducing ventricular compliance and con-
tractility [28, 64, 66, 67]. In small children undergoing
laparoscopy, an IAP of 12 mmHg may lead to regional cardiac

Vena cava
compression

=

Intestines: |AP compromise intestinal
blood flow resulting in ischemia,
necrosis and multisystem organ failure
Lung: IAP pushes diaphragms into chest,

Brain: IAP elevation can directly
contribute to ICP elevation increase in barotrauma, hypercarbia and

hypoxemia. This results increase time

Heart: Cardiac monitering, including CVP
and PAOP, are artificially elevated by IAP
making them difficult to interpret in the IAH

setting. renal insufficiency/failure.

mmmmmm  fowtoorgans  (EEE——

Fig. 4.3 The vicious cycle nature of the pathopysiologic processes
leading to abdominal compartment syndrome (ACS) and multi-organ
system failure. Abbreviations: JAH intra-abdominal hypertension, CVP
central venous pressure, MAP mean arterial pressure, PAOP pulmonary

Reduced blood
flow to organs

Multi-system organ
dysfunction/failure

raising intrathoracic pressure, causing an

on ventilator with increase in VAP ph=s

Impact of IAH on capillary blood
flow to abdominal organs:

If IAP exceeds 15-20 mmHg, capillary
blood flow is dramatically reduced leading
to anaerobic metabolism, increased
cytokine production and capillary leak. At
IAP ~ 20 mmHg, venous return to the
heart is impaired, reducing cardiac
output. This results in tissue ischemia
perpetuating the vicious cucle.

Kidneys: Reduced kidney perfusion and
urine production results in inability to
mobilize fluids and increased rates of

Vena Cava Compression: IAP greater than 8-12 mmHg
results in reduced blood flow to the heart (preload)

Reduced blood flow

— to heart (preload)

artery occlusion pressure, /CP intra-cranial pressure, VAP ventilator
associated pneumonia (Adapted and reproduced with permission from
AbViser® Medical, LLC, by Dr. Tim Wolfe)

Reduced cardiac output
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wall motion abnormalities, especially to septal hypokinesia
[69]. Mechanical compression of the abdominal vasculature
increases systemic vascular resistance and cardiac afterload.
In this setting, straightforward interpretation of hemody-
namic data may be misleading, as the elevated intrathoracic
pressure ‘falsely’ increases all other manometric measure-
ments, including central venous pressure (CVP), pulmonary
artery occlusion pressure (PAOP) and pulmonary artery pres-
sure [24, 38, 68, 70], potentially leading to erroneous man-
agement decisions. Therefore, alternative methods of preload
evaluation, like the measurement of right ventricular end-
diastolic volume by echocardiography, reflect more accu-
rately the intravascular volume status as it is less affected by
changes in the intrathoracic pressure [21, 28, 71-74].
Alternatively, the falsely elevated CVP and PAOP can be
‘corrected’ by using the following formula [28, 72]:

Corrected CVP = Measured CVP —IAP/2 “.1)

Corrected PAOP = Measured PAOP—-IAP/2 (4.2)

The compressed IVC and the impaired venous drainage
from the lower extremities promotes the formation of
peripheral edema and may place the patient with TAH/ACS
at an increased risk for developing of deep vein thrombosis
[28, 41, 75].

Respiratory Effects

Acute respiratory failure is a major component of ACS. The
elevated IAP causes upward displacement of the diaphragms,
resulting in increased intrathoracic pressure, compression of
the lungs and progressively low compliant, stiffer chest [11,
28, 38,52, 68, 76, 77]. The resultant pathophysiologic picture
is characterized by alveolar atelectasis, decrease in all lung
volumes mimicking severe restrictive lung disease, hypox-
emia and hypercarbia [11, 28, 38, 52, 64]. Parenchymal com-
pression impairs pulmonary capillary blood flow, leading to
increased alveolar dead space and ventilation — perfusion
(V/Q) mismatch [78]. In the ventilated patient, progressively
higher positive end expiratory pressure (PEEP), peak inspira-
tory and plateau pressures are required to maintain gas
exchange [11]. Mechanical ventilation at high inflation pres-
sures can cause alveolar barotrauma triggering the release of
inflammatory mediators that enhance capillary leakage and
may aggravate preexisting lung injury [21, 41].

Renal Effects

Acute kidney injury (AKI) characterized by oliguria pro-
gressing to anuria — both unresponsive to fluid therapy and
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diuretics — is one of the hallmarks of ACS and is usually its
first clinical manifestation [10, 11, 38, 64, 79]. Location of
the kidneys deep within the retroperitoneal space makes
them especially vulnerable to the deleterious effects of
increased IAP. In adults, oliguria usually develops at IAP’s
>15-20 mmHg and anuria at IAP’s >30 mmHg [80, 81].
Parallel values for pediatric patients are not available, though
it should be expected that renal impairment will be mani-
fested at lower IAP’s [11].

Oligo-anuria results mainly from the combined effects of
reduced renal perfusion and direct compression of both renal
parenchyma and the renal veins, leading to severe reduction
in the renal filtration gradient (FG) [70, 82-84]: FG is the
mechanical force across the glomerulus and is equal to the
difference between the glomerular filtration pressure (GFP)
and the proximal tubular pressure (PTP). GFP is equal to
renal perfusion pressure and is calculated as MAP minus
renal venous pressure that equals IAP, while PTP is equal to
the TAP.

FG = GFP—PTP = (MAP —IAP)-IAP @3
= MAP-2IAP

Thus, elevations in IAP will have a far greater impact on
renal function and urine production than that caused by
reduction in MAP alone — such as seen in shock states — and
the IAH-induced renal dysfunction is responsive to neither
volume expansion nor vasopressors and loop diuretics, but
rather improves dramatically by prompt release of the
increased IAP [4, 11, 81, 85, 86]. Ureteral compression has
been excluded as the cause of diminished urine production
with TAH since oliguria was not prevented by the placing
ureteral stents [80].

Gastrointestinal Effects

The gastrointestinal (GI) tract is very sensitive to elevations
in IAP. A dog’s model showed that an IAP of 20 mmHg sig-
nificantly decreases blood flow to the entire GI tract and
other intra-abdominal organs with the exception of the adre-
nal glands that were spared, probably as a survival mecha-
nism supporting catecholamine release in the presence of
hypoperfusion [87]. Animal models also showed significant
decreases in intestinal mucosal blood flow with the develop-
ment of tissue ischemia and intra-mucosal acidosis at IAP
levels above >20 mmHg [88, 89]. In the setting of hemor-
rhagic shock and fluid resuscitation, the adverse effects of
increased IAP on intra-abdominal organs may manifest even
at IAP’s lower than 20 mmHg due to the combined effects of
reduced CO and splanchnic vasoconstriction [90]. Moreover,
IAH also compresses the mesenteric venous system, causing
venous congestion, intestinal edema and ascites, further
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increasing IAP and worsening intestinal hypoperfusion and
ischemia. Intestinal hypoperfusion leads to bacterial translo-
cation and may contribute to the development of sepsis and
MOF in patients with ACS [75, 89, 91].

Aside from the markedly swollen, tense abdomen, the GI
manifestations of ACS include paralytic ileus, feeding intoler-
ance, systemic lactic acidosis, exacerbation of NEC and not
infrequently gut necrosis and significantly increased mortality
[11, 30, 34, 44, 92-94]. Lactic acidosis is often the first sign of
intestinal ischemia as a result of IAH, and should never be
ignored. The abdominal wall blood flow is dramatically reduced
by the elevated IAP, resulting in impaired wound healing and
high rates of fascial dehiscence or surgical site infection [28, 95].

CNS Effects

Increased intracranial pressure (ICP) is a well recognized
component of the ACS [41, 96-100]. The elevated IAP
increases intra-thoracic pressure that interferes with internal
jugular venous drainage, causing intracranial congestion and
intracranial hypertension (ICH) [77, 96, 98, 101, 102].
Multiple studies described prompt reductions of ICH follow-
ing DL [97, 103-105]. It was therefore recommended that
IAP monitoring should be considered in all traumatic or non-
traumatic patients with non-responsive ICH, and a lower
threshold for DL should be considered in patients who have
sustained combined abdominal and head trauma [55]. As
diagnostic laparoscopy may increase ICP, it should be
avoided in evaluating patients with severe head injuries [55].

Diagnosis

Considering the high mortality rate associated with ACS,
early and prompt recognition of ACS is mandatory and a
high index of suspicion is crucial. In general, ACS should be
suspected in any patient with the appropriate clinical setting
and risk factors, whose organ dysfunction worsens or does
not improve following adequate supportive therapy [106].
Physical examination, including palpation of the abdomen
and measuring abdominal girth has been shown to be highly
unreliable, with sensitivity and positive predictive values of
around 40-60 %, thus making it a poor diagnostic tool for
the diagnosis of ACS [107-109]. Imaging studies are of very
limited value because they are neither sensitive nor specific
for ACS and they should not be considered as independently
adequate modalities for its diagnosis [110]. Therefore, reli-
able measurement of IAP is the first step in the diagnosis and
management of patients with IAH/ACS [106], though,
because of individual variability, no single IAP value can
reliably diagnose ACS. According to the WSACS recom-
mendations, patients with two or more risk factors for ACS

(Table 4.2) should undergo baseline IAP measurement, and
if IAH is present, serial AP measurements should be per-
formed every 4-6 h throughout the patient’s critical course,
until IAP remains <12 mmHg for at least 24 h in the absence
of organ dysfunction [106, 111].

IAP Measurement in Children

IAP can be measured directly — through a needle or catheter
inserted into the abdomen, or indirectly — using transduction
of urinary bladder, gastric or colonic pressure via a balloon
catheter [111, 112]. Transvesicular measurement of abdomi-
nal pressure (TVAP), initially described by Kron et al. in
1984 [3] and later modified by Cheatham and Safcsak [113],
is the most widely used method due to its simplicity, low risk
and minimal cost [111, 112, 114]. The WSACS recently
advocated its use as the “gold standard” method for IAP
measurement [1].

TVAP measurement techniques utilize the patient’s
indwelling urinary catheter, and may be performed with
or without electronic devices. An age and weight-adjusted
amount of saline (1 mL/kg for young children [22, 115],
up to a maximum of 25 mL for older children and adults
[116]) is injected into the bladder via a T-connector or a
3-way stopcock and the fluid is then allowed to rise in the
tubing, with the pressure determined by the height of the
fluid above the midaxillary line (Fig. 4.4). Alternatively,
TVAP can be continuously monitored through a pressure
transducer connected to the urinary catheter. Of note:
injection of larger volumes should be avoided as this may
falsely elevate IAP [22, 115, 116]. IAP should be

Fig. 4.4 Transvesicular abdominal pressure (TVAP) measuring sys-
tem, consisting of a urinary catheter, T connector, 3-way stopcock, 20
ml syringe, open-end extention tube and a measuring tape
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measured 30-60 s after installation to allow detrusor
muscle relaxation, in the complete supine position and at
end-expiration. If initially measured in cmH,O, IAP
should be converted to mmHg.

Imaging Findings

Plain radiography of the abdomen is insensitive to the pres-
ence of IAH [117]. Typical abdominal CT findings in children
[118] and adults [119] with IAH and ACS include rounded
abdomen, elevated diaphragm, narrowing of the IVC and renal
veins, direct renal compression or displacement and bowel
wall thickening, and it can assist in the diagnosis of ACS.
Narrowing of the IVC and portal veins were recently docu-
mented in adult volunteers with induced IAH [120].

Management of IAH and ACS

For a long time, surgical DL was considered the only treat-
ment for IAH and ACS, but nonoperative medical manage-
ment strategies are now recognized as playing a vital role in
the prevention and treatment of IAH and ACS [18, 28, 70,
121]. Based mainly on clinical observations and expert con-
sensus rather than on proven outcome studies, the WSACS
has proposed a graded approach to the management of IAH/
ACS (Fig. 4.5). This approach consists of four elements (1)
serial AP monitoring (as discussed above); (2) prevention of
IAH and ACS; (3) medical management and (4) surgical
management.

ention

Fig. 4.5 Graded approach to the management of IAH/ACS consisting
of four elements: / serial IAP monitoring, 2 prevention of IAH and
ACS, 3 medical management, 4 surgical management
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Prevention of IAH and ACS

The best treatment of ACS is prevention, and the first step in
prevention is recognition of the patient at risk (Table 4.2),
followed by IAP monitoring and early recognition of IAH
that allows early interventions [122]. In high risk, mainly
trauma patients, who undergo emergent laparotomy for dam-
age control, the prophylactic use of incomplete, temporary
abdominal closure techniques that allow the abdominal con-
tents to expand more freely, was shown to be highly benefi-
cial in preventing primary ACS [38, 123]. This approach was
pioneered and is used extensively in the repair of congenital
abdominal wall defects [3, 5, 7].

Appropriate fluid resuscitation with avoidance of exces-
sive amounts of fluids is crucial for the prevention of ACS.
Therefore, once goal-directed resuscitation end points (i.e.,
decrease in lactate and base deficit, adequate mixed venous
oxygen saturation) are achieved, ongoing aggressive resusci-
tation should be stopped [56, 107, 122].

In burn patients, fluid resuscitation with colloids or hyper-
tonic saline was shown to reduce the amount of fluids needed
and to decrease the incidence of ACS when compared with
crystalloids resuscitation [124, 125]. Thus, the consensus of
specialists has proposed that hypertonic saline and colloids
should be considered for resuscitation in patients with IAH
to avoid the progression to secondary ACS [106]. Other
patient populations who may benefit from reduced volume
resuscitation include patients with end-stage liver or renal
disease and congestive heart failure.

Medical Management of I1AH (Fig. 4.5)

Nonoperative management is the first line treatment for
grades I through III IAH, while immediate DL is the treat-
ment for grade IV TAH/ACS [28, 106, 126]. Medical man-
agement aims at optimizing systemic and regional
(abdominal) perfusion and at reversing three causative fac-
tors: fluid overload, decreased abdominal wall compliance
and increased abdominal and intraluminal contents [126].
Recently, Cheatham and Safcsak demonstrated that an inte-
grated approach with this stepwise algorithm can improve
outcome and decrease hospital costs [127]. (To view the non-
operative management algorithm see https://www.wsacs.
org/education/algorithms.html).

Optimizing Fluid Balance

As already discussed, excessive fluid resuscitation should be
avoided. Diuretics in combination with albumin may be used
in hemodynamically stable patients to mobilize third space
edema into the intravascular space and thereby improve
abdominal wall compliance and reduce intra-abdominal con-
tents [106]. For unstable patients or for those with impaired
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renal function, fluid removal by renal dialysis or by continu-
ous renal replacement therapy (CRRT) may be helpful in
reducing IAP and improving organ function [106, 128]. It is
crucial to ensure that fluid removal does not result in impaired
systemic or local perfusion or in reduced oxygen delivery.

Improving Abdominal Compliance
Body Positioning: As elevation of the head of the bed above
20° significantly increases IAP, maintaining it at less than
20° is important [106, 119, 120, 123]. Prone positioning was
shown to increase IAP and its use in patients with respiratory
failure and IAH should be carefully considered [129].
Abdominal Musculature Tension: Increased abdominal
muscles tension due to voluntary muscle contraction, pain or
agitation, patient-ventilator dys-synchrony and intrinsic or
extrinsic positive end-expiratory pressure (PEEP) reduce
abdominal wall compliance and contribute to IAH [34, 126,
130]. Neuromuscular blockade was shown to significantly
reduce IAP [130, 131]. Therefore, the levels of sedation and
analgesia should be optimized and neuromuscular blockade
may be attempted mainly in patients with mild to moderate
IAH [106, 130, 131].

Decreasing Intraluminal and Abdominal
Contents
Evacuation of Intraluminal Contents: Paralytic ileus, a com-
mon finding in critically ill patients, causes accumulation of
air and fluid within the hollow viscera, resulting in elevation of
IAP [132]. Therefore, all patients at risk for IAH should have
a nasogastric tube that enables the removal of excess air and
fluid from the stomach and partly from the intestinal lumen
[106]. The administration of prokinetic agents such as meto-
clopramide or erythromycin may facilitate the evacuation of
intraluminal contents [106, 132]. Electrolyte abnormalities,
such as hypokalemia, hypercalcemia, hypophosphatemia, and
hypomagnesemia that may contribute to ileus should be cor-
rected [126]. Enteral nutrition must often be minimized or
completely discontinued [126]. When colonic ileus is most
pronounced, the use of cathartics, enemas, rectal tubes and
even colonoscopic decompression may be helpful [106, 126].
Evacuation of Abdominal Contents: Ascites and blood are
the most common components of abdominal space-
occupying lesions, but abscesses and free air also can
increase IAP [70]. Since small changes in intra-abdominal
volume may have a pronounced effect on IAP, patients with
ascites, hemoperitoneum or large retroperitoneal collections
often benefit from ultrasound guided, bedside, percutaneous
drainage that decrease IAP, improve organ function and may
avoid surgical intervention [70, 106, 133, 134]. Continuous
drainage is preferable and more effective then single-needle
drainage paracentesis [133, 135]. Although ultrasound guid-
ance is preferable, under emergency situations and when a
large amount of fluid has accumulated, “blind” catheter
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insertion at one third the distance between the left superior
anterior iliac crest and the umbilicus (“left” McBurney’s
point) is safe. Rapid removal of even a large volume of peri-
toneal fluid is safe in patients who are not volume depleted
[136]. Generally, success with catheter drainage is early and
dramatic; therefore, if ACS persists after catheter drainage,
DL should not be delayed.

Often no designated drainage catheter is available and a
single end hole catheter is ineffective. We use rather rou-
tinely a single lumen, 0.8 mm ID polyurethane intravenous
catheter (Leader Cath 115.11, Vygon, France) to which we
add four or five side holes (Fig. 4.6). Using a sterile tech-
nique and when the metal guidewire is inserted into the cath-
eter, holes are carefully cut in a swiping motion, starting
about 1 cm from the catheter tip. To ensure mechanical sta-
bility, the catheter is “rotated”, so that the holes are cut along
it in a spiral fashion.

Surgical Management

Decompressive Laparotomy (DL)

If nonoperative measures fail to reduce IAH and relieve ACS
and organs dysfunction continues to deteriorate, DL, in
which the peritoneal cavity is left open, is the only definitive
treatment for ACS [106, 137]. Due to the relatively small
capacity of the abdominal cavity in children and the expo-
nential nature of the volume-pressure curve, the child’s con-
dition may deteriorates extremely rapidly. Thus, DL often
represents a true emergency, life-saving procedure, and its
performance should not be delayed. Not infrequently, emer-
gency DL is performed in the ICU [11, 14, 138].

The potentially catastrophic clinical course of ACS, the
relative unawareness of ACS among caretakers of pediatric
patients [9, 14] and the reluctance of some physicians to per-
form DL out of concern for causing permanent disability or
mortality [127], probably contribute to the very high mortal-
ity of ACS in children. On the other hand, once performed,
DL often results in immediate and dramatic improvement in
all affected organ functions and in stabilization of the
patient’s condition [10, 11, 14, 139].

Indications and timing of DL: There is no uniform consensus
regarding the indications or the IAP threshold that should
prompt DL in ACS [79, 106, 137, 140]. According to the
WSACS guidelines for adults, DL should be performed for all
primary ACS with IAP >20 mmHg and for secondary ACS with
IAP >25 mmHg, when accompanied with progressive organ
failure or failure to maintain APP >60 mmHg despite of all
medical measures [106, 141]. No parallel recommendations
have been defined for children (See Appendix). A therapeutic
algorithm described by Steinau et al. [12] defines ACS as IAP
>20 mmHg or IAP >16 mmHg with organ dysfunction, and rec-
ommends immediate DL for primary ACS, and delaying DL
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Fig. 4.6 “Makeshift”
abdominal drainage catheter
(Leader Cath 115.11, Vygon,
France): (a) preparation of the
catheter: side holes are cut in a
swiping motion when the metal
guidewire is inserted into the
catheter. (b) drainage catheter
with four side holes cut along it
in a spiral fashion

until medical therapy is exhausted for secondary ACS. Pearson
et al. [14] recommend DL in any child with a IAP >20 mmHg,
lactate >3 mg/dL, persistent oliguria, elevated ventilatory pres-
sures and an increasing vasopressor score. Our approach — simi-
lar to that of 70 % of surveyed members of the Society of
Critical Care [20] — is to reach at a decision based on the com-
prehensive clinical picture combined with the IAP value. In the
presence of IAH, when organ functions continue to deteriorate
despite of all appropriate medical measures, DL should be con-
sidered and performed without additional delays [38, 106, 138].

Techniques of DL: The selection of the optimal technique
for DL will be decided by the responsible surgeon. In cases
of ACS following a recent abdominal surgery or in a case of
recurrent ACS, the existing abdominal incision will usually
be re-opened. For primary ACS, a full-thickness, longitudi-
nal midline or subcostal transverse laparatomy will be
performed.

Temporary abdominal closure (TAC) techniques are used
following DL to avoid evisceration and protect the underlying

viscera, to prevent abdominal infection and to allow for
faster abdominal wall closure [55, 70, 142]. The most com-
monly used methods are the placement of a temporary
absorbable mesh (e.g. Vicryl) (see Fig. 4.7), the “Bogata
bag” [117, 142-145] and the vacuum-assisted closure (VAC)
[142, 146]. The “Bogota bag”, consisting of a plastic sheet
cut from a sterile infusion fluids bag sewn to the fascia or
skin edges [143], is always readily available and allows easy
visualization of the abdominal organs — a helpful adjunct in
evaluating the patient following DL.

Recurrent ACS is possible with any of the TAC tech-
niques, especially if they are applied in a fashion that does
not allow continued visceral expansion during resuscitation.
Patients who develop “open-abdomen” ACS have a high
mortality, and IAP monitoring should be continued after the
procedure [147]. If recurrent ACS develops, the abdomen
should immediately be reopened.

Following the resolution of ACS, definitive abdominal
closure should not be delayed, since the incidence of failed
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Fig. 4.7 Temporary abdominal closure (TAC) of the open abdomen
with a Vicryl mesh following decompressive laparotomy (DL) for
abdominal compartment syndrome (ACS) (Adapted from Steinau et al.
[12]. With permission from Springer Science + Business Media)

closure and additional complications increases with time.
The time window for successful primary fascial closure is
usually 5-7 days [106, 122]. Beyond this time, adhesions
and early granulation tissue often preclude fascial closure,
resulting in the need for split-thickness skin grafting or cuta-
neous advancement flaps [11, 106, 122]. In children, how-
ever, even with prolonged use of a TAC, skin grafting is only
rarely needed [146].

Complications of DL: DL can result in significant fluid
and heat losses [70, 148, 149]. Postoperative bleeding and
infection are rare [137], although Pearson et al. mentioned
that bleeding occurred in 22 of 26 children who have under-
went DL [14]. Enterocutaneous fistulas may form due to
exposure of the bowel to the specific TAC used, inflamma-
tion, and/or infection [150, 151]. Extensive bowel swelling,
adhesions between the bowel and the abdominal wall and
sustained fistulas can prevent and delay definitive closer of
the abdomen [148-150, 152]. Cosmetic concerns and physi-
cal and psychological discomfort with the scar area can com-
plicate DL among children [12, 70].

The effects of DL on organs dysfunction: De Waele et al.
[150] analyzed 18 adult studies (a total of 250 patients) for
the effects of DL: The mean IAP fell from 34.6 mmHg before
DL to 15.5 mmHg after DL. The hemodynamic effects of DL
were somewhat non-uniform, but in general blood pressure
and cardiac output increased, CVP and PAOP decreased
significantly following DL. In all of the reviewed studies,
PaO,/FIO, ratios significantly increased and PIP’s signifi-
cantly decreased following DL. In most — but not in all —
reviewed studies, urinary output increased dramatically
after DL.

Pearson et al. [14], recently analyzed the effects of DL
among 26 pediatric patients with ACS: Oxygen index, mean
airway pressure and vasopressor score gradually decreased
toward normal within 12 h of DL. Lactate levels dropped
postoperatively by an average of 56 % and the hourly fluid
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requirement after DL decreased by 43 % compared to that
before DL. On the other hand, urine output continued to be
low with no return to normal by 12 h after DL, 11 patients
had persistent renal failure and 20 required hemodialysis.

Critical Care Management of the Child
with ACS

Critical care management of the patient with ACS consists of
supporting the failing organ systems until definitive therapy
is instituted and the patient’s basic problem is brought under
control. Cardiovascular function should be supported by
judicious use of fluid resuscitation to avoid volume overload
and further aggravation of ACS, combined with inotropic
support. Traditional measures of preload, such as CVP, may
be misleading due to the concomitant elevated intrathoracic
pressure. APP may serve as a resuscitation endpoint, though
it was not subjected to a prospective clinical trial [106, 122].
In adults, the WSACS recommended APP above
50-60 mmHg as a resuscitation endpoint [106]. No parallel
recommendation was published for children, but given their
lower physiologic perfusion pressures, APP threshold of
40-50 mmHg may be suggested, with infants at the lower
end and adolescents at the upper end of this range.

Most patients will require mechanical ventilation, and as
IAP rises, higher ventilatory pressures and FiO2 will be
required. As TAH and ACS represent an extreme low-
compliance state, pressure regulated, volume controled
(PRVC) modes in conjunction with prolongation or reversal
of the I/E ratio may help maintaining oxygenation while con-
trolling PIP’s. High PEEP may be required to counteract
lungs compression, but should be applied judiciously, as it
may further decrease venous return to the heart.

Improving renal perfusion with fluid resuscitation and
inotropic support and high-dose furosemide (often as con-
tinuous intravenous infusion), may preserve urinary output
and renal function in mild or early cases of ACS. Acidosis
should be corrected, attempting to maintain arterial pH
>7.20. These measures, however, will result, at best, in tem-
porary improvement, as they do not alleviate the basic prob-
lem. Therefore, treatments directed at resolving ACS are
mandatory and should not be delayed.

Outcome of ACS

The outcome of patients with ACS depends primarily on the
basic clinical situation as well as on the delay in relieving the
IAH. In both critically ill adults and children, the occurrence
of ACS during ICU stay is an independent predictor of mor-
tality [16, 21]. When left unrecognized and untreated, ACS
is almost uniformly fatal. Deaths associated with ACS are
usually due to multiple organ failure or sepsis. Mortality
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among adult patients with documented ACS occurred in
10-68 % of patients [3, 39, 79, 140]. The mortality rate of
children who underwent DL for ACS ranged between 40 and
60 % [11, 14, 16, 19].

Summary

ACS is a clinical syndrome resulting from IAH and charac-
terized by rapidly progressive organ system failure, involve-
ing the cardiac, respiratory, renal, gastrointestinal and
central nerve systems. High index of suspicion, timely rec-
ognition and prompt intervention can be lifesaving. No spe-
cific definitions of IAH and ACS, nor specific treatment
guidelines for the pediatric population have been published
by the WSACS. Stepwise approach including medical man-
agement and DL may alleviate ACS and improve outcome,
though the overall mortality even with surgical intervention
is still very high (See Appendix).

Appendix

Following completion of this Chapter, updated consensus
definitions and clinical practice guidelines from the World
Society of the Abdominal Compartment Syndrome were
published in July 2013 [153, 154].

The Pediatric Sub-Committee of the WSACS reviewed
the (adult) main management guidelines in regard to their
applicability and suitability for children, but could not make
firm recommendations and proposed pediatric specific
definitions:

1. ACS in children is defined as a sustained elevation in IAP
of greater than 10 mmHg associated with new or worsening
organ dysfunction that can be attributed to elevated IAP.

2. The reference standard for intermittent IAP measure-
ment in children is via the bladder using 1 mL/kg as an
instillation volume, with a minimal instillation volume of
3 mL and a maximum installation volume of 25 mL of
sterile saline.

. IAPin critically ill children is approximately 4-10 mmHg.

4. TAH in children is defined by a sustained or repeated path-
ological elevation in IAP >10 mmHg.
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Michael Hobson and Jennifer Kaplan

Abstract

Obesity continues to be a major health concern facing today’s youths. With the ongoing rise
in obesity, clinicians will increasingly care for more obese children struck with critical ill-
ness. Clinical management in these patients often becomes complicated, as obesity adversely
impacts numerous organ systems. As such, pediatric intensivists should recognize these
children as a unique patient population that merit special attention.

Keywords
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Introduction

Obesity is one of the most widespread and substantial health
concerns facing today’s children. Obesity in adulthood is
defined as a body mass index (BMI) of >30 kg/m?, whereas
pediatric obesity is characterized by a BMI at or above the
95th percentile for age and gender. At present, it is estimated
that 17 % of children and adolescents are obese [1].
Furthermore, nearly one-third of youths are overweight,
based on a BMI greater than the 85th percentile [1]. As the
obesity epidemic rages onward, its economic burden contin-
ues to have significant impact [2—4]. It is estimated that the
Medicare costs associated with obesity could be as high as
$85 billion per year [5]. In 2008, the National Association of
Children’s Hospitals and Related Institutions (NACHRI)
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convened a group to investigate the needs and barriers to
pediatric obesity programs [6]. Executive sponsors of the 47
NACHRI member hospitals that completed an application
were invited to complete a survey. Nearly 75 % of the respon-
dents reported that obesity programs were integrated into
their hospitals’ strategic plans. Children’s hospital
administrators also reported that managing childhood obe-
sity is an integral part of the goal of caring for children. With
such an emphasis from hospital administration, the care of
the obese child will become more apparent in pediatric hos-
pitals. Furthermore, with the increasing number of obese
children being managed at children’s hospitals, the number
of critically ill obese children will increase.

With the rise in pediatric obesity across society, clinicians
must continue to familiarize themselves with the unique chal-
lenges that accompany caring for the obese child. Obesity
leads to a wide array of comorbidities (Table 5.1), and an
understanding of the many medical and surgical pathologies
seen in these patients is paramount for their proper care in the
critical care setting. At the present time, there is a paucity of
literature regarding the care of obese pediatric patients in the
ICU, and clinical guidance in large part must be extrapolated
from adult studies. This chapter will provide an overview of
the care of the critically ill obese child.
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Table 5.1 Comorbidities associated with pediatric obesity

Cardiovascular:
Hypertension
Dyslipidemia
Early atherosclerotic disease
Pulmonary:
Obstructive sleep apnea
Obesity hypoventilation syndrome
Gastrointestinal:
Nonalcoholic steatohepatitis
Gastroesophageal reflux disease
Cholelithiasis
Endocrine:
Diabetes mellitus, impaired glucose tolerance
Metabolic syndrome
Hyperandrogenism
Accelerated linear growth, early onset of puberty
Neurologic:
Idiopathic intracranial hypertension
Psychosocial:
Depression, anxiety, poor self esteem

General Considerations for Dealing
with the Critically Ill Obese Patient

Difficulties with Routine Bedside
Care and Procedures

An obvious but important notion is that the sheer size of
obese pediatric patients, particularly adolescents, presents
challenges for customary medical care. Pediatric hospitals
specifically may not be equipped with properly sized blood
pressure cuffs, patient beds, imaging modalities and operat-
ing room tables. Routine nursing care is made more difficult
and often requires additional staff to assist with routine care.
Furthermore, the lack of mobility associated with an ill obese
patient increases the risk of venous thromboembolism and
pressure ulcers [7]. Everyday diagnostic radiologic proce-
dures are also made problematic in obese patients because of
a large body habitus. The image quality of radiographs is
reduced, particularly with portable x-ray machines, often
making it difficult to distinguish between infiltrates and
overlying soft tissue. Diagnostic imaging with ultrasound is
hindered by a greater distance to be penetrated by the sound
waves, and changing patient position to obtain better acous-
tic windows may be even more difficult in the obese patient.
Utilizing CT and MRI studies may be prohibited by patient
size, particularly in pediatric hospitals. These same factors
may exclude interventional procedures such as ultrasound or
CT-guided abscess drainage [8]. Lastly, peripheral intrave-
nous access may not be obtainable in these patients, and cen-
tral venous access is made more difficult by disruption of the
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normal anatomical landmarks and an increased distance of
the vessels from the skin surface. However, the use of ultra-
sound guidance has increased success of central venous can-
nulation and decreased complication frequency in obese
patients [9].

Effects of Obesity on Pharmacology

Clinicians must also be aware of pharmacologic adjustments
which may be needed for obese patients. Many sedative and
analgesic agents are extremely fat soluble, and thus their vol-
ume of distribution becomes altered in obese patients. An
increase in total blood volume, cardiac output and an altera-
tion in plasma protein binding can affect the pharmacoki-
netic profile of medications in the obese patient [10-12].
Obesity may also cause changes in hepatic and renal func-
tion which may modify drug metabolism and clearance [13].

Dosing regimens for obese patients include dosing on
total (actual) body weight (TBW), ideal body weight (IBW),
percent ideal body weight, adjusted body weight [IBW +0.4
(TBW-IBW)], body mass index, and body surface area.
Another method used to predict the expected normal weight
of an obese patient is called the predicted normal weight
(PNWT). The PNWT is equal to the sum of an individual’s
lean body weight and a fraction of the individual’s excess fat
content that represents the predicted normal fat mass [14].
Unfortunately, there is no consensus regarding the appropri-
ate drug dosing method to use in obesity. However, in gen-
eral, hydrophilic agents should be dosed based on ideal body
weight; whereas lipophilic drugs should be dosed based on
total body weight.

In obese pediatric and adult patients, basing drug dosing
on total (actual) rather than ideal body weight may lead to
undesired prolonged effects of the medication. For example,
when rocuronium was dosed based on total body weight ver-
sus ideal body weight, obese patients demonstrated a signifi-
cant increase in the duration of action of rocuronium [15,
16]. In contrast, Purhinger et al. demonstrated no difference
in the duration of action of rocuronium when dosed by total
body weight [17]. Still, it is recommended that rocuronium
be dosed based on ideal body weight to avoid prolonged
duration of action.

Alternatively, using an ideal body weight for obese
patients may undertreat patients. In a multicenter study eval-
uating vancomycin dosing, adequate initial dosing was
achieved in only 28 % of obese patients compared with 99 %
of normal weight patients [18]. In a separate study, actual
versus ideal body weight dosing of vancomycin did not
result in increased serum trough levels in obese children
[19]. Therefore it is recommended that in obese adult and
pediatric patients vancomycin dosing should be based on
total versus ideal body weight. Total weight based dosing
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was utilized for a study examining cefoxitin kinetics in obese
surgical patients in which patients weighing >80 kg received
a 2 g dose versus a 1 g for patients weighing <80 kg [20].
The doubling of the dose in obese patients resulted in a two-
fold higher plasma concentration of cefoxitin. However, tis-
sue penetration was lower in the obese patient and there was
an inverse relationship between cefoxitin tissue penetration
and body mass index. This “underdosing” of antibiotics may
contribute to the increased surgical site infections demon-
strated in obese patients. Clearly studies are needed to deter-
mine appropriate dosing in obese patients. A more detailed
description of the pharmacokinetic considerations in obese
patients can be found in these excellent reviews [13, 21, 22].

Airway Management and Obesity

Airway management of obese children can present the pedi-
atric intensivist with an arduous task and clinicians skilled in
the management of difficult airways should be readily avail-
able in these circumstances. Subcutaneous fat deposits and
fatty infiltration of pharyngeal muscles can obscure airway
anatomy and make laryngoscopy difficult [23]. A laryngeal
mask airway should be quickly accessible should this situa-
tion arise. Brodsky et al. prospectively evaluated morbidly
obese surgical patients to determine factors which might
complicate direct laryngoscopy and tracheal intubation [24].
Using logistic regression analysis, neck circumference was
the only patient characteristic that had a significant effect on
the probability of problematic intubation.

Proper positioning of the obese patient is critical for suc-
cessful tracheal intubation. Morbidly obese patients under-
going elective bariatric surgery were evaluated to determine
the effect of patient position on the view obtained during
laryngoscopy [25]. Patients were randomized to a conven-
tional “sniff” position which utilized a firm 7-cm cushion
underneath the patient’s head or a “ramped” position which
was achieved by arranging blankets underneath the patient’s
upper body and head until horizontal alignment was achieved
between the external auditory meatus and the sternal notch
(Fig. 5.1a, b). Collins et al. demonstrated that a grade 1 view
was visualized in 18/27 (67 %) patients with the “sniff” posi-
tion compared with 29/33 (88 %) patients with the “ramped”
position, p=0.037 [25]. Another technique called the HELP
maneuver (Head Elevated Laryngoscopy Position) may also
improve the view of the glottis during laryngoscopy.
Therefore it is recommended that obese patients be posi-
tioned in which the upper body, neck and head are elevated
to a point where an imaginary horizontal line can be drawn
from the sternal notch to the ear to improve the view of the
larynx during laryngoscopy (Fig. 5.1b) [25]. Increased
abdominal pressure and a higher incidence of gastroesopha-
geal reflux place obese patients at an increased risk for

Fig. 5.1 (a) Patient positioned supine with 7-cm headrest under
occiput. (b) Patient positioned with folded blankets under upper body,
head and neck (Reprinted from Collins et al. [25]. With permission
from Springer Science + Business Media)

aspiration. Additionally, obese patients desaturate rapidly in
the supine position (see below), and thus preoxygenation in
the sitting position is beneficial prior to attempting intuba-
tion [26]. Lastly, in the event of an airway emergency, cervi-
cal adipose tissue can greatly obscure laryngeal anatomy,
thus hindering cricothyrotomy or emergent tracheostomy,
should that be needed.

Pulmonary Physiology and Obesity

Basic respiratory mechanics are significantly altered in the
patient with an obese body habitus, and this presents chal-
lenges in the management of respiratory failure in this patient
population. Adipose tissue overlying the chest wall coupled
with increased intra-abdominal pressure reduces chest wall
motion and diaphragmatic excursion, thereby decreasing
overall pulmonary compliance. This, in turn, yields decreased
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Table 5.2 Respiratory physiology associated with obesity

Respiratory mechanics:
Reduced respiratory system compliance
Increased airway resistance
Lung volumes:
Reduced functional residual capacity
Reduced forced vital capacity
Tendency toward atelectasis and V:Q mismatch
Work of breathing:
Reduced tidal volume, higher respiratory rate
Increased oxygen consumption
Gas exchange:
Increased PaCO,
Reduced PaO,
Increased A-a gradient

tidal volume, alveolar hypoventilation, and increased venti-
lation/perfusion (V/Q) mismatch [27]. Clinically, obese
patients breathe with a higher respiratory rate resulting in an
increased oxygen consumption [2]. This increased oxygen
consumption has detrimental implications when obese
patients present with respiratory failure or in shock. Table 5.2
summarizes the alterations in respiratory function associated
with obesity.

It has been well established that obese patients are at risk
for post-operative respiratory complications. This is in large
part due to the above described physiologic changes associ-
ated with their body habitus. Pelosi et al. showed that sedated,
mechanically ventilated patients following elective abdomi-
nal surgery had significantly decreased functional residual
capacity (FRC) (0.67 L vs. 1.7 L), decreased static compli-
ance, and a threefold higher lung resistance compared to
normal-weight controls [28]. Furthermore, obese patients
undergoing mechanical ventilation with general anesthesia
and paralysis showed an increased tendency toward hypox-
emia, most often due to a heightened propensity toward atel-
ectasis [29]. Fortunately, clinicians can adopt mechanical
ventilation strategies to help abate these complications. The
consequences of obesity on lung compliance is exacerbated
when patients are in the supine position; this may be partially
overcome by placing sedated, ventilated obese patients in the
reverse Trendelenburg position. Higher levels of positive
end-expiratory pressures (PEEP) may be needed to over-
come increased abdominal pressure, and greater plateau
pressures may be seen in the face of diminished respiratory
system compliance. However, these higher plateau pressures
should not be viewed as injurious to the alveoli, as transpul-
monary pressure is not increased [26]. However, obese
patients may also have a tendency toward airway obstruc-
tion, due in part to mechanical air-trapping and overactive
airway responsiveness. In the obese critically ill patient
mechanical ventilation should be adjusted to achieve a tidal
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volume based on predicted body weight to prevent overdis-
tension, and clinicians should be mindful of the development
of intrinsic PEEP [26].

Cardiovascular Physiology and Obesity

The physiologic consequences of obesity have a negative
impact on the function of both the right and left ventricle.
Sleep apnea and chronic hypoxia can lead to pulmonary
hypertension and eventual right heart failure. Early coronary
artery disease and systemic hypertension are other ill effects
of long-standing obesity. Additionally, the high metabolic
activity of excess adipose tissue leads to an increased total
blood volume and increased cardiac output. Over time, this
may lead to left ventricular dilation, increased left ventricular
wall stress, and eventually compensatory hypertrophy with
diastolic dysfunction. Such combined systolic and diastolic
dysfunction under this circumstance has been dubbed “the
obesity cardiomyopathy” [30]. Patients with this condition
are at increased risk for congestive heart failure and sudden
death. In Framingham Heart Study participants, it was dem-
onstrated that for every 1 kg/m? increase in BMI, the risk of
heart failure increased by 5 % in men and 7 % in women [31].

Recent evidence suggests that the adverse effects of
obesity on the heart may begin as early as childhood. A ret-
rospective review of healthy children undergoing routine
echocardiography showed a positive correlation between
BMI and left ventricular mass index [32]. Similarly, Saltijeral
et al. prospectively performed echocardiography on obese
children (mean age of 13 years) with no other cardiovascular
risk factors; compared to normal-weight controls, these chil-
dren had increased left ventricular septal and posterior wall
thickness, as well as increased left ventricular strain patterns
[33]. Left ventricular hypertrophy has been further catego-
rized based on the left ventricular mass and relative wall
thickness. These categories include concentric hypertrophy
(increased left ventricular mass and increased relative wall
thickness), eccentric hypertrophy (increased mass and nor-
mal relative wall thickness), concentric remodeling (normal
mass and increased relative wall thickness) and normal
geometry (normal mass and normal relative wall thickness)
[34, 35]. In a cohort of predominantly African-American
adolescent subjects obesity, hypertension, and concentric
hypertrophy were independent predictors of diastolic dys-
function [36]. In adults, concentric hypertrophy is associated
with increased odds for total cardiovascular events and all-
cause mortality [34, 35]. Fortunately, in adolescent patients
these cardiovascular changes are reversible and can improve
after weight loss. Ippisch et al. evaluated cardiac abnormali-
ties in 38 morbidly obese adolescents before and after bariat-
ric surgery [37]. The prevalence of concentric left ventricular
hypertrophy improved from 28 % pre-operatively to 3 %
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post-operatively (p=0.007). Furthermore, left ventricular
geometry and diastolic function also improved following
weight loss.

Despite these potential obesity-related cardiovascular com-
plications, many studies have demonstrated that overweight and
obese heart failure patients have a better prognosis than normal
weight patients. This condition is termed the “obesity paradox”
[38, 39]. In an analysis of 1,203 patients with advanced heart
failure, patients with a higher BMI had a trend toward improved
survival [38]. This finding has been confirmed in other studies in
which a higher BMI conferred better survival in patients with
heart failure [40, 41]. In a large study with 5,255 participants,
obese patients with heart failure had a lower risk of cardiac death
and all-cause mortality [42]. Using data from the Acute
Decompensated Heart Failure National Registry, Fonarow et al.
demonstrated that in-hospital mortality rates decreased with
higher BMI quartiles (5 % for BMI 16-23.6 kg/m? vs 2.2 % for
BMI 33-60 kg/m?) [43]. Furthermore, for every 5-unit increase
in BMI, these authors demonstrated that the odds of risk-adjusted
mortality decreased by 10 % [43]. In a meta-analysis performed
by Oreopoulos et al. to examine the relationship between
increased BMI and mortality in patients with CHF, both over-
weight and obesity groups were associated with lower all-cause
mortality (RR 0.84, 95 % CI 0.79-0.90 and RR 0.67, 95 % CI
0.62-0.73, respectively) compared to individuals without ele-
vated BMI levels [44]. Molecular mechanisms to explain the
epidemiological findings for the obesity paradox have not been
elucidated. In addition, the obesity paradox has not been exten-
sively studied in children.

Additional Disease-Specific Considerations
for the Critically lll Obese Patient

In morbidly obese adults the main reasons for PICU admis-
sion are obstructive airway disease, pneumonia and sepsis
[45]. Critically ill morbidly obese PICU patients have higher
rates of complications including sepsis, nosocomial pneumo-
nia, ARDS (acute respiratory distress syndrome), catheter
related infection, tracheostomy, and acute renal failure [46,
47]. Although the complication rate is higher in obese patients,
the influence of excess body weight on ICU mortality remains
controversial. There is no definitive association, either positive
or negative, on obesity and ICU mortality. Several studies have
shown increased mortality in obese ICU patients [45, 46, 48]
while others demonstrate no difference [49, 50] and others
demonstrate a decreased mortality [51, 52].

Mechanical Ventilation

The physiologic alterations associated with obesity place
obese patients at risk for longer days on mechanical ventilator
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support. The need for mechanical ventilation significantly
increases in hospitalized patients with increasing BMI [47].
Patients with a BMI>40 kg/m?* were more likely to require
mechanical ventilation compared with patients with a BMI
30-40 kg/m? [46]. The mean lengths of mechanical ventila-
tion and ICU stay were longer for morbidly obese patients
(7.7£10.6 days and 9.3+ 13.5 days, respectively) compared
to non-obese patients [4.6+7.1 days (p=0.0004) and
5.8+8.2 days (p=0.007), respectively] [45].

Acute Lung Injury/ARDS

Obese patients with acute lung injury (ALI) or ARDS dem-
onstrate increased morbidity but not increased mortality.
Analysis from the ARDS Network found no significant
increase in the adjusted odds for mortality in overweight or
obese patients suffering acute lung injury [53]. Morris et al.
conducted a prospective cohort study of 825 patients with
ALI across a range of BMI categories in an adult intensive
care unit and demonstrated no mortality difference between
overweight and obese patients compared to those with nor-
mal weight [54]. However in severely obese patients
(BMI>40 kg/m?) duration of mechanical ventilation and
ICU and hospital stays were longer [54].

Data suggests that about 14 % of obese patients require
re-intubation after undergoing prolonged (>48 h) mechanical
ventilatory support [55]. The use of non-invasive ventilation
in obese patients following extubation may improve extuba-
tion success rates. In a study of 62 adult obese patients with
a BMI>35 kg/m? the initiation of post-extubation non-
invasive ventilation resulted in a 16 % absolute risk reduc-
tion in the rate of respiratory failure. This resulted in shorter
ICU and hospital length of stays [55].

Asthma

While the prevalence of both obesity and asthma have risen
dramatically over the past few decades, the significance of
the association between these two diseases is currently
unclear [56]. Cross-sectional and prospective studies have
established a link between obesity and asthma in both chil-
dren and adults [57]. Furthermore, these studies have shown
that obesity frequently precedes the development of asthma
and also increases the risk of childhood asthma persisting
into adulthood [57]. A recent meta-analysis investigating the
relationship between weight and asthma showed that a high
birth weight along with an increased weight through child-
hood resulted in a higher risk of asthma in adolescence, par-
ticularly in females [58]. However, several confounding
factors have prohibited a definitive causality between obesity
and asthma. For example, the dyspnea on exertion that may
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result from obesity-related deconditioning can potentially be
falsely interpreted as exercise-induced asthma.

The obese pediatric patient with asthma is at risk for more
severe exacerbations relative to non-obese asthmatics. In an
inner-city cohort of 1,322 children with asthma, obese
patients reported a higher rate of medication use, reported
more wheezing, and were more likely to seek care in the
emergency department [59]. A recent retrospective study of
children admitted to the intensive care unit with status asth-
maticus found that obese patients had a longer requirement
for continuous albuterol, intravenous corticosteroids, and
supplemental oxygen, and thus ultimately a longer stay in
the ICU [60]. Several factors have been proposed to explain
this phenomenon. As described above, obese patients have a
propensity toward mechanical air trapping as well as dimin-
ished respiratory system compliance with a subsequent
reduction in lung volumes. Under reduced tidal volumes less
retraction is exerted on the airways from the surrounding
lung parenchyma, thereby allowing the airway smooth mus-
cle to contract more readily when activated by various
broncho-constricting stimuli [61]. Despite their worse dis-
ease severity, obese patients with asthma have not demon-
strated increased airway inflammation or airway
hyper-responsiveness [62, 63]. For example, exhaled nitric
oxide, a highly reproducible indicator of airway inflamma-
tion, is not increased in obese asthmatics [62]. Thus, it
appears that the increased severity of disease in obese
patients with asthma may be more attributable to mechanical
factors than airway inflammation. If this is indeed the case, it
is not surprising that bronchodilator and corticosteroid thera-
pies appear less efficacious in this patient population [64].

Obstructive Sleep Apnea

Obstructive sleep apnea (OSA) is another condition which
may complicate the care of an obese child in the PICU.
Children with obesity are four to five times more likely to
have sleep disordered breathing [65]. There is a positive cor-
relation between obesity and the apnea index, defined as the
number of respiratory events divided by the sleep time [65].
A large neck circumference coupled with an abnormal upper
airway results in partial or complete airway obstruction
while sleeping, causing intermittent hypoxia, hypercapnia,
and sleep fragmentation. Patients with OSA display apnea,
snoring, paradoxical chest/abdominal motion, and may suf-
fer from daytime somnolence as well as mild cognitive
impairment. Positive pressure ventilation for the correction
of OSA in pediatric patients is associated with a decreased
apnea index and less severe oxygen desaturations; however,
compliance with such therapy has shown to be difficult for
children [66]. Obese children with accompanying adenoton-
sillar hypertrophy have improved sleep physiology and
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improved quality of life following adenotonsillectomy [67].
Children with obesity and severe OSA have an altered venti-
latory response to carbon dioxide stimulation, and thus are
prone to post-operative respiratory complications [68].
Obese and overweight children who underwent adenotonsil-
lectomy were more likely to be admitted following surgery
compared with normal weight children [69]. Furthermore,
length of stay positively correlated with BMI. Nafiu et al.
demonstrated that overweight/obese children had more fre-
quent peri-operative complications such as desaturation,
multiple laryngoscopy, and laryngospasm compared with
healthy weight subjects [69]. Therefore, the obese patient
undergoing adenotonsillectomy may merit hospital observa-
tion with a consideration for ICU-level care on the first post-
operative night. The economic implications may be
substantial for this patient population, as obese children
undergoing tonsillectomy have higher hospital costs com-
pared to normal-weight counterparts [70].

The obesity-hypoventilation syndrome (OHS) is a related
but distinct entity from OSA. The classic triad encompassing
this condition consists of obesity, daytime hypoxemia, and
diurnal hypoventilation [2]. While the exact pathogenesis of
OHS remains to be elucidated, contributing factors include
abnormal respiratory system mechanics, blunted central che-
moresponsiveness to hypoxia and hypercapnia, and neuro-
hormonal abnormalities [71]. Patients with obesity
hypoventilation syndrome are more likely to require hospi-
talization for hypercapnic respiratory failure compared to
patients with obesity alone, and the management of this dis-
order involves titration of noninvasive positive pressure ven-
tilation. Additionally, these patients are prone to other
clinical problems such as polycythemia, pulmonary hyper-
tension, and cardiac dysrhythmias. Hospitalized patients
with OHS required more ICU admissions (40 % vs. 25 %)
compared to eucapnic morbidly obese hospitalized patients
[72]. Patients with obesity hypoventilation syndrome have a
higher mortality rate and are 2.5 times more likely to die than
obese patients lacking this comorbidity [2].

Cardiopulmonary Arrest

Recovery after in-hospital cardiopulmonary arrest in obese
pediatric patients is worse than in non-obese pediatric
patients [73]. Obese pediatric patients who receive cardio-
pulmonary resuscitation (CPR) following an in-hospital car-
diopulmonary arrest are less likely to be successfully
resuscitated. In a review of the American Heart Association
National Registry of Cardiopulmonary Resuscitation, 213
(17 %) of the 1,268 pediatric patients who suffered in-
hospital cardiac arrest were obese [73]. The authors noted
that obese patients were more often pulseless throughout the
event and had a first documented rhythm of asystole
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compared with non-obese patients. Obese patients received
more epinephrine doses compared with non-obese groups (4
vs. 3 respectively, p<0.005). Additionally, obese patients
were less likely to receive extracorporeal membrane oxygen-
ation therapy (ECMO). Obesity was independently associ-
ated with worse rates of event survival as well as survival to
hospital discharge [73]. The reasons for these differences
may be explained in the effectiveness of the resuscitation
efforts. The authors cite the following as reasons for sub-
optimal resuscitations in the obese child: deviation in effec-
tive team function, difficulties with vascular access,
difficulties with airway management, ineffective force and
depth of chest compressions, confusion over proper medica-
tion dosages, and uncertainty regarding defibrillation energy
dosages [73]. Advances in medical simulation involving sce-
narios with the obese critically ill child may alleviate many
of these shortcomings.

Venous Thromboembolic Disease

Venous thromboembolic (VTE) disease in children was his-
torically thought to occur infrequently but is becoming more
prevalent in the pediatric population [74, 75]. Data obtained
from a large retrospective cohort study of children <18 years
of age from the Pediatric Health Information System data-
base demonstrates that the annual rate of VTE increased
from 2001 to 2007 (from 34 to 58 cases per 10,000 hospital
admissions) [76]. Furthermore, the majority (63 %) of chil-
dren with VTE in this study had at least one coexisting
chronic complex medical condition. Additionally, children
admitted to the PICU and who have a central venous catheter
are at even more risk of developing an VTE [77]. Obesity
also places hospitalized children at higher risk for thrombo-
embolic events. Using the Health Care Cost and Utilization
Project Kids’ Inpatient Database, Vu et al. showed that obe-
sity was a significant risk factor for deep venous thrombosis
(DVT) (prevalence ratio 2.1; 95 % Confidence Interval, 1.5—
2.8) in patients aged 15-17 years who were hospitalized for
four or more days [78]. Traumatically injured obese children
are also more likely to develop a DVT compared to non-
obese children [79].

Unfortunately, the appropriate prophylactic and treatment
dose of enoxaparin, the low molecular weight heparin of
choice, is not well established in the obese patient.
Enoxaparin dosing should be dosed based on total body
weight as recommended for venous thromboembolism pro-
phylaxis in the 2008 American College of Chest Physicians
guidelines [80]. Furthermore, while the dose of enoxaparin
for prophylaxis of thromboembolism has been established in
adults, a recent review of several pediatric cases suggest that
higher doses than that recommended for adults may be nec-
essary [81]. Monitoring of anti-factor Xa levels and targeting
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the dose to achieve a 4-h dosing level of 0.5—1 U/ml are nec-
essary to determine the proper enoxaparin dose [80]. More
studies are necessary to provide definitive recommendations
for enoxaparin dosing in obese children.

Obesity and Infection

It has been recognized that obesity bestows an increased risk
for the development of infection in critically ill patients [82].
Obesity is an independent predictor of bloodstream infec-
tions in older adults [83]. A recent systematic review con-
firmed a correlation between a higher BMI and worse
outcomes from bacterial infections in hospitalized patients
[84]. Following a bacterial infection obese patients had
higher mortality, longer duration of mechanical ventilation,
and longer length of ICU and hospital stays [84]. This trend
is seen across an array of various infectious insults [85].
Obese patients are at increased risk for aspiration pneumonia
secondary to higher volume of gastric secretions, increased
intra-abdominal pressure, and a higher incidence of gastro-
esophageal reflux [85].

Obese ICU patients are also at increased risk for nosoco-
mial infections during their hospitalization, particularly
ventilator-associated pneumonia, urinary tract infections,
and catheter-associated bloodstream infections [46]. The
reasons for this trend are likely multifactorial. Obese patients
are at an increased risk for respiratory complications and
prolonged mechanical ventilation. Successful attainment of
central venous access often requires a greater number of
punctures in this population, and these catheters may serve a
longer duration due to the inability to establish adequate
peripheral intravenous lines. Another contributing factor is
that at baseline obesity is associated with an underlying
chronic inflammatory state. Many cells within adipose tissue
can contribute to the inflammatory response in obesity and
include adipocytes, endothelial cells, leukocytes and mono-
cytes/macrophages [86]. In an animal model of sepsis even
short duration high fat feeding increases mortality and organ
injury following polymicrobial sepsis [87]. Furthermore,
obesity is often accompanied by diabetes mellitus, which in
turn weakens the immune response via impaired neutrophil
chemotaxis and phagocytosis [88].

Surgical Site Infections

Obese patients had higher rates of surgical-site infections
in a variety of surgical procedures including spinal, coro-
nary artery bypass, and digestive tract surgeries [§9-92].
Obese surgical patients are at increased risk for surgical
site infections for a variety of reasons including length-
ened operative time, increased local tissue trauma related
to surgical retraction devices, and an impaired blood sup-
ply to adipose tissue which may result in a decrease in the
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delivery of antimicrobial agents [85]. Additionally, obesity
was independently associated with Staphylococcus aureus
nasal carriage and may contribute to the post-surgical infec-
tion risk [93]. Bacterial cellulitis and necrotizing fasci-
itis are more severe in obese patients, owing in large part
to an increase in lymphedema and impaired host immune
defenses in adipose tissue [94].

Obesity and H1N1

The effect of obesity on infectious outcomes has been further
scrutinized in light of the HIN1 influenza pandemic of 2009.
In multiple studies obesity was a leading comorbidity in
adults and children with severe influenza [95-97]. In an
observational case-control study during the 2009 pandemic,
obese patients with HIN1 were more likely to require ICU
admission compared to the general population [98]. In a large
prospective, multicenter study involving 144 intensive care
units across Spain, Diaz et al. found that obese and morbidly
obese adult patients requiring ICU admission for respiratory
failure had a longer duration of mechanical ventilation and
ICU length of stay compared to patients of normal body
weight A recent meta-analysis suggests that obesity is associ-
ated with a higher risk of ICU mortality in influenza A
patients [99]. Morbid obesity (BMI >40 kg/m?) significantly
increased the risk of ICU admission or death in this popula-
tion (OR 2.01, 95 % CI 1.29-3.14, P<0.002) [99]. Of adult
cases with HIN1 reported to the California Department of
Public Health over a 17-month period during the 2009 pan-
demic, extreme obesity (BMI>40) occurred in 22 % of the
425 fatal cases [100]. In Europe, obesity and diabetes were
the most frequent identified underlying conditions associated
with HIN1 fatalities and occurred in 57/193 patients with co-
morbidities [101]. Furthermore, data suggests that the obese
ICU patients with influenza utilized more hospital resources
compared to their non-obese counterparts [100, 101].

Trauma

Obese patients have increased morbidity after sustaining
multi-system trauma compared to non-obese patients. In a
review of 1,167 adult trauma patients admitted to an ICU
over a 2 year period Bochicchio et al. demonstrated that
patients with a BMI greater than 30 kg/m? had nearly twice
the rate of respiratory, blood, and urinary tract infections
[82]. This resulted in significantly longer ICU and hospital
stays in obese patients [82]. Additionally, when controlled
for premorbid risk factors, obesity was an independent
predictor for increased mortality in these trauma patients.
Similarly, Brown et al. retrospectively compared 870 non-
obese and 283 obese patients admitted to the ICU following
blunt traumatic injury. Despite equivalent Injury Severity
Scores, mechanism of injury, and admission vital signs,
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obese patients had a higher rate of complications compared
to non-obese patients. These complications included multi-
organ failure, ARDS, renal failure, vasopressor usage, and
extubation failure [102]. In the pediatric cohort, Brown
et al. found that obese children suffering blunt trauma had
an increased risk of sepsis (15 % vs 4 %, p=0.007) and
wound infection (26 % vs 8 %, p=0.03) compared with
non-obese patients but no difference in mortality [103].
This effect seems to be pronounced in patients undergo-
ing damage-control laparotomy, often due to obesity
necessitating longer operating times and a longer time to
abdominal closure.

Obese patients are at risk for injuries that differ from non-
obese patients. Patients with an elevated BMI sustain an
increased rate of rib fractures, pulmonary contusions, and
pelvic and extremity fractures [104] Not all injuries sus-
tained during multi-trauma occur more frequently in obese
patients. Children with obesity sustained less severe trau-
matic head injuries compared with non-obese patients [103].
Injuries related to MVC in obese children also vary by age.
Examination of data obtained from the National Automotive
Sampling System Crashworthiness Data System for occu-
pants involved in a motor vehicle collision (MVC) demon-
strated that obese teenagers have a decreased risk of severe
head and abdominal injury compared to non-obese teenagers
after MVC [104]. Furthermore, obesity increases the risk of
thoracic injuries in young children (ages 2-9 years of age)
and increases the risk of severe lower extremity injuries in
older children (ages 14—17 years of age) [104]. Obese chil-
dren (2—13 years) have severe injuries which involve more
body regions than the obese teenager [104].

Burn Injury

Historically, in the treatment of patients who have suffered
burn injuries, total body surface area of the burn and the age
of the patient have been the greatest predictors of patient out-
come. However, in a recent review of patients treated in a
dedicated burn center over a 2 year time period, greater than
expected mortality was observed in patients with a body
mass index >35 kg/m? when compared with their calculated
risk of mortality as predicted by the Abbreviated Burn
Severity Index [105]. Moreover, in this study, 13/14 (92 %)
morbidly obese patients developed complications during
treatment. Obese children suffered a burn injury to a high-
risk area more frequently than non-obese children (72.8 % vs
60.8 %, p=0.03) and had full thickness burns to >5 % body
surface area more frequently [106]. The length of stay for
obese children who suffered burn injury was almost 2 days
longer than non-obese children [106]. Ongoing study is
underway to discover better methods of care for these chal-
lenging patients.
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Cancer

Pediatric cancer patients are another population where obe-
sity increases the risk of poor outcomes. Lange et al. con-
ducted the first study to show increased mortality among
overweight pediatric oncology patients [107]. In their review
of 768 children undergoing therapy for untreated acute
myelogenous leukemia, patients with a BMI >95th percen-
tile for age were more likely to present with higher leukocyte
counts and to have unfavorable marrow cytogenetics [107].
Even when adjusting for these two factors, overweight chil-
dren still had a significantly higher rate of mortality com-
pared to normal-weight children. This treatment-related
mortality was in large part due to infectious complications,
with infection causing 18 % of obese patient deaths versus
8 % of normal-weight patient deaths (p=0.002) [107]. Of
patients surviving childhood leukemia, nearly 50 % may
develop obesity later in life [108], thus placing them at risk
for hypertension and cardiovascular sequelae [109].

Bariatric Surgery

While nutritional and behavioral strategies have traditionally
been the mainstays of therapy for overweight children, the
frequency of bariatric surgery in the obese adolescent popula-
tion has been increasing [110]. Current procedures for care-
fully selected patients with significant obesity-associated
comorbidities include adjustable gastric banding, sleeve gas-
trectomy, biliopancreatic diversion, and the Roux-en-Y gas-
tric bypass. Gastric bypass is a surgical procedure which is a
combination of restrictive and malabsorptive procedures and
is the operation currently most commonly performed [110].
The success rate of bariatric surgery in the adolescent popula-
tion parallels that of adults, and a recent review noted that
laparoscopic gastric bypass on average decreased obese ado-
lescents’ BMI by 37 % at 1 year [111]. Furthermore, the met-
abolic derangements associated with obesity such as diabetes
mellitus can often be reversed after these procedures [112].
Paralleling the successful outcome for adolescent bariatric
surgery is fortunately a low rate of complications. In a nation-
wide review of adolescent patients undergoing weight-loss pro-
cedures, complication rates were similar to adult patients
(roughly 5 %, mostly respiratory complications), there was no
pediatric mortality, and pediatric patients had shorter lengths of
hospitalization compared to adults [110]. However, as the fre-
quency of bariatric surgery in the adolescent population contin-
ues to increase, it will become paramount for the pediatric
intensivist to become familiar with its complications. Following
gastric bypass, dilation of the gastric remnant from distal intes-
tinal obstruction can lead to sepsis and increased liver enzymes.
Post-gastric bypass anatomy predisposes to internal hernias
with subsequent bowel ischemia and infarction [113].
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Additionally, there have been reports of pressure-induced rhab-
domyolysis in obese patients undergoing bariatric surgery
[114], often manifested initially as subtle shoulder or hip pain,
and thus a high index of suspicion for this complication is
needed. Finally, one of the most feared complications post-
operatively is an anastomic leak with subsequent intra-abdom-
inal sepsis. Due to increased thickness of subcutaneous adipose
tissue and the greater omentum, obese patients often lack clas-
sic signs of peritonitis such as guarding and rebound tenderness
[113]. Signs of an anastomotic leak include tachycardia, short-
ness of breath, tachypnea, and anxiety. These symptoms are
nonspecific and often concerning for a pulmonary embolism;
in fact, the presence of respiratory symptoms in a study of bar-
iatric surgery patients admitted to an adult ICU with sepsis led
to a misdiagnosis in over half of the patients [115]. Contrast
studies often have low utility in the diagnosis of an anastomotic
leak, and thus early contact with the patient’s surgeon for a
diagnostic laparoscopy should be undertaken when there is
clinical concern for this complication.
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Nilesh Mehta

Abstract

Nutritional therapy is recognized as an important cornerstone in the management of the
critically ill child. However, optimal nutrient delivery in the PICU is challenging and results
in nutritional deterioration and negatively impacts on clinical outcomes. There is increasing
evidence that energy and protein intake in the PICU are far lower than their estimated
requirement during critical illness. Recent data show an association between decreased
macronutrient intake and mortality in mechanically ventilated children. Hence, optimal
energy and protein intake in the PICU needs to be prioritized.

Enteral nutrition (EN) is the preferred mode of feeding in the PICU. Current evidence
suggests benefit of early initiation of EN, followed by rapid advancement using a proto-
colized strategy and subsequent maintenance of uninterrupted EN. While the gastric route
is preferred, patients at risk of aspiration or those who have failed gastric feeding may ben-
efit from transpyloric feeding in centers with available resources and expertise. The role of
routine prokinetics in the PICU is unclear. EN is probably safe in hemodynamically stable
patients on a single vasopressor agent. Both avoidable and unavoidable barriers to EN exist,
and need to be addressed by multidisciplinary commitment. Immunonutrition has been
inadequately studied in critically ill children, and its role needs further clarification with the
help of well-designed clinical trials. In the current era of limited evidence base for most
nutrition practices, uniform consensus based strategies might be prudent. Protocols that
provide guidelines for early initiation, rapid advancement and maintenance of EN in the
PICU have been shown to improve the ability to reach nutrition goals and their use is associ-
ated with improved clinical outcomes. Future studies must examine strategies to optimize
EN, improve protein intake to preserve lean body mass, role of supplementary PN, and
clarify the role of immunontrition in the PICU.
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Introduction

Nutritional therapy is recognized as an important corner-
stone in the management of the critically ill child. The provi-
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sion of optimal energy, protein, and micronutrients via the
appropriate route is a fundamental goal of critical care and is
expected to improve patient outcomes. The metabolic
response to stress alters macronutrient requirements and the
handling of nutrient substrate by the host. These alterations
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Table 6.1 A.S.P.E.N. guidelines paper — evidence based table of suggested guidelines

Nutrition support guideline recommendations in the critically ill child

# Guideline recommendations Grade
1 1A) Children admitted with critical illnesses should undergo nutrition screening to identify those with existing D
malnutrition and those who are nutritionally-at-risk
1B) A formal nutrition assessment with the development of a nutrition care plan should be required, especially in those E
children with premorbid malnutrition
2 2A) Energy expenditure should be assessed throughout the course of illness to determine the energy needs to critically D
ill children. Estimates of energy expenditure using available standard equations are often unreliable
2B) In a subgroup of patients with suspected metabolic alterations or malnutrition, accurate measurement of energy E
expenditure using indirect calorimetry (IC) is desirable. If IC is not feasible or available, initial energy provision
may be based on published formulas or nomograms. Attention to imbalance between energy intake and
expenditure will help to prevent overfeeding and underfeeding in this population
3 There are insufficient data to make evidence-based recommendations for macronutrient intake in critically ill children. E
After determination of energy needs for the critically ill child, the rational partitioning of the major substrates should
be based upon understanding of protein metabolism and carbohydrate- and lipid- handling during critical illness
4 4A) In critically ill children with a functioning gastrointestinal tract, enteral nutrition (EN) should be the preferred C
mode of nutrition provision, if tolerated
4B) A variety of barriers to EN exist in the pediatric intensive care unit (PICU) Clinicians must identify and prevent D
avoidable interruptions to EN in critically ill children
4C) There are insufficient data to recommend the appropriate site (gastric vs. post-pyloric/transpyloric for enteral C
feeding in critically ill children. Post-pyloric or transpyloric feeding may improve caloric intake when compared
to gastric feeds. Post-pyloric feeding may be considered in children at high risk of aspiration or those who have
failed a trial of gastric feeding
5 Based on the available pediatric data, the routine use of immunonutrition or immune-enhancing diets/nutrients D
in critically ill children is not recommended
6 A specialized nutrition support team in the PICU and aggressive feeding protocols may enhance the overall delivery E

of nutrition, with shorter time to goal nutrition, increased delivery of EN, and decreased use of parenteral nutrition.
The affect of these strategies on patient outcomes has not been demonstrated

Reprinted from Mehta et al. [34]. With permission from SAGE Publications

are not easily estimated and prescription of optimal
nutritional support during critical illness can be challenging.
Furthermore, the severity of illness and complexities of criti-
cal care often impede nutrition intake goals during this vul-
nerable period. The resultant deficits in macronutrient and
micronutrient intake may be associated with poor clinical
outcomes, especially in children with existing nutritional
deficiencies. Hence, there has been increasing interest in the
field of pediatric critical care nutrition in recent years. The
desire to optimize nutrition intake with the aim of improving
clinical outcomes has driven many ongoing clinical and
translational studies in the pediatric intensive care unit
(PICU). Until the results of these trials are available and
instruct nutrition therapy, clinicians are left with the task of
adopting best practices, based on scant evidence (Table 6.1).
In this chapter some of the key issues around feeding the
critically ill child will be addressed, highlighting the evi-
dence where available and outlining directions for the future.

Nutritional Deficiencies During Critical lliness

Over the past three decades, there has been no change in the
prevalence of malnutrition in children on admission to the
PICU [1-3]. Furthermore, critically ill children are at a risk
of suboptimal prescription of macronutrients and failure to

deliver the prescribed goal. These factors result in uncorrected
energy and protein imbalances that contribute to further
deterioration of nutritional status during the PICU stay [4, 5].
Poor nutritional status impacts both patient outcomes as well
as utilization of healthcare resources in the intensive care
unit [6, 7]. Physiologic alterations in the malnourished host
and the effect of further nutritional deterioration during criti-
cal illness may influence clinical outcomes, such as mortal-
ity, length of hospital stay, and acquired infections [1].
Hence, detection of malnutrition on admission and serial
monitoring of nutritional status is desirable in the PICU, but
has largely been neglected.

Nutritional Assessment

Nutritional assessment is best undertaken by a dedicated
PICU dietician or other trained personnel. A combination of
anthropometric and laboratory parameters has been used to
allow identification of patients with existing malnutrition.
Common anthropometric measurements including weight,
recumbent length (for children younger than 2 years) and
height (for age 2 years or older) are obtained with standard
equipment and technique and plotted for age on the Centers
for Disease Control and Prevention (CDC) revised 2000
growth charts for United States, where the child is graphically
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ranked along percentiles ranging from 3rd to 97th [8]. The
use of variables such as weight for height or body mass index
(BMI), in children older than 2 years, may provide a better
indication of body composition and help distinguish between
wasting (acute malnutrition) and stunting (chronic malnutri-
tion). Z score is increasingly used as a way to interpret the
anthropometric variables, and it denotes units of standard
deviation from the median reference value [9]. Cut offs at -2
and +2 Z scores indicate severe malnutrition. Unfortunately,
critically ill children frequently have fluid shifts, with capil-
lary leak and edema that make most of the anthropometric
measurements, including weight, unreliable. Furthermore,
commonly used laboratory markers of nutritional state, such
as serum albumin and prealbumin are influenced by disease
state. Hence, nutritional assessment in the PICU population
can be challenging.

Despite some of its limitations, serial nutritional assess-
ment will allow early detection of anthropometric deteriora-
tion, and some patient groups in the PICU are particularly
vulnerable. Some centers have used scoring systems to iden-
tify patients at risk of nutritional deficiency and hence likely
to benefit most from nutritional interventions [10-12].
Preterm infants are particularly at risk for developing nutri-
tional deficiencies and loss of lean body mass during critical
illness. During the course of illness, this group of patients
demonstrates a higher likelihood of anthropometric deterio-
ration compared to older patients [4]. Newborns with con-
genital heart disease have a high incidence of PEM
manifested by low weight-for-age Z scores on admission
[13]. Progressive nutritional deterioration continues after
discharge from the hospital, and a significant proportion of
these patients are severely underweight on readmission for
subsequent major cardiac surgery. Aggressive nutritional
support has been associated with better nutritional status on
readmission. Critically ill children with burn injuries mani-
fest a prolonged hypermetabolic stress response and poor
intake, which results in energy deficits, decreased lean body
mass, and delayed linear growth that persist for months after
injury [14, 15]. Malnutrition and subsequent anthropometric
deterioration are independently associated with poor clinical
outcomes, such as prolonged mechanical ventilation in the
PICU population [16]. Prevention of nutritional deteriora-
tion, especially preservation of lean body mass, by optimiz-
ing nutrient intake during critical illness is crucial. The initial
and ongoing nutritional assessment of critically ill children
is discussed in greater detail elsewhere in this textbook.

Macronutrient Goals During Critical lliness

Energy Goals

A sound understanding of the metabolic profile during criti-
cal illness and individual macronutrient handling is required
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in order to prescribe optimal nutrition in the PICU. The
nature, severity, and duration of this response is unpredict-
able, and energy needs may vary during throughout the
course of illness. In certain disease conditions, such as burn
injury or severe dysautonomia, energy expenditure may
increase significantly from baseline [17, 18]. Therapeutic
interventions such as mechanical ventilation, administration
of vasoactive or sedative agents may have metabolic effects
that are superimposed on illness-related factors. For exam-
ple, the use of neuromuscularblocking agents in severe head
trauma markedly decreases energy expenditure in patients
who typically react with an increase in resting energy expen-
diture (REE), resulting in a lower than predicted total energy
expenditure [19, 20].

Many predictive equations for REE in critically ill chil-
dren have been developed. However, these equations have a
wide range of predicting REE within 37-65 % of the mea-
sured values. As a result, a significant proportion of critically
ill children in the PICU are either underfed or overfed when
energy prescription is based on these equations [21].
Predictive equations based on age and gender do not account
for illness severity, [22, 23] the dynamic changes in the
underlying medical condition, or ongoing therapeutic inter-
ventions, all of which may influence the REE over time in
individual patients [24, 25]. Furthermore, these standard age
or gender-based equations represent reference data from sev-
eral years ago and were derived from a healthy population
with few young children [26]. They fail to incorporate mea-
surements of body composition [27], often including only
weight which is estimated [23]. Finally, most predictive
equations require an accurate measurement of body weight,
which is often not feasible in the PICU due to the patient
conditions and the fluid shifts during acute illness. It is not
surprising therefore, that a poor agreement has been reported
between measured REE and energy expenditure predicted by
the Schofield equation, Food and Agriculture Organization/
World Health Organization/United Nations University equa-
tion, and Harris-Benedict equation [23, 28].

In general, many of the pediatric studies report a positive
mean bias when using predictive equations, resulting in sig-
nificant risk of overestimation of needs and resultant over-
feeding [29, 30]. This lack of a hypermetabolic response has
been seen even in children undergoing major surgery, extra-
corporeal membrane oxygenation, and cardiac surgery,
including cardiopulmonary bypass. In their longitudinal
study of energy balance in 46 patients during the first 7 days
of critical illness, Oosterveld et al. reported that patients
were underfed on 60 % of days and overfed on approxi-
mately 30 %. Although underfeeding was predominant,
patients with sepsis were reported to have positive cumula-
tive balance at the end of 1 week and were more likely to be
overfed. It is becoming increasingly clear that the anticipated
hypermetabolic response to injury or illness is either absent
or muted in critically ill children.
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Measured resting energy expenditure (REE) using
indirect calorimetry provides accurate estimation of energy
expenditure and guides energy prescription during critical
illness. Indirect calorimetry is uniformly viewed as the
gold-standard measurement and the most accurate measure-
ment of the energy needs in ICU patients. Despite advan-
tages of measured REE in the PICU, only a handful of
centers regularly use indirect calorimetry (IC). A majority
of centers rely on estimations from equations when pre-
scribing daily energy goals [31]. Newer compact metabolic
monitors may allow easier calibration, portability, and abil-
ity to use in patients requiring frequent respiratory interven-
tions or different ventilator modes [32, 33]. In an era of
resource constraints, IC may be targeted to patients who are
at risk of metabolic instability, in which equation estimates
are often unreliable and likelihood of energy imbalance is
high [34]. Although the cost— benefit ratio of using IC for
energy prescription needs to be further examined, it may
have a role in preventing cumulative energy imbalances
during critical illness.

Energy Balance in the PICU

Optimal energy homeostasis should be an important goal in
the PICU, as both underfeeding and overfeeding are deleteri-
ous. Cumulative negative energy balances, accrued as a
result of underfeeding, have been correlated with higher
mortality and increasing number of infectious complications
in critically ill adults [35-37]. Significant anthropometric
changes, especially loss of lean body mass, have been shown
in infants after critical illness [38]. As discussed above, sys-
tematic underfeeding of previously malnourished children
and infants is associated with increased morbidity and must
be avoided. On the other hand, many patients in the PICU
may be at risk of cumulative positive balance, with up to
8,000 kcal excess over 1 week in a single center study [5].
While the problems with underfeeding have been well docu-
mented, overfeeding remains underdetected and has deleteri-
ous consequences too [29, 39]. It increases ventilatory work
by increasing carbon dioxide production and can potentially
prolong the need for mechanical ventilation [40]. Overfeeding
may also impair liver function by inducing steatosis and cho-
lestasis, and increase the risk of infection secondary to
hyperglycemia. Hyperglycemia associated with caloric over-
feeding has been associated with prolonged mechanical ven-
tilatory requirement and PICU LOS [41]. There has been
some enthusiasm for the concept of hypocaloric feeding in
critically ill adults. However, there are no data in general or
critically ill pediatric populations for the role of hypocaloric
feeding. The application of hypocaloric feeding in a select
group of chronically ill children at high risk of obesity is
currently sporadic.

N. Mehta

Table 6.2 Protein intake recommendations in the PICU

Suggested protein requirements in children

Age (years) Protein (g/kg/day)
0-2 2-3

2-13 1.5-2

>13 1.5

Reprinted from Mehta [86]. With permission from Society of Critical
Care Medicine, Copyright 2011

Protein Goals

Once energy goals have been determined, the next step is to
ensure adequate protein intake to account for the muscle
catabolism and the general trend towards negative protein
balance during critical illness (Table 6.2). In a recent review
of studies reporting protein balance in mechanically venti-
lated children, we observed a direct correlation between both
protein and energy intake and likelihood of achieving a posi-
tive protein balance [42]. In general, protein balance improved
as protein intake increased [43—48]. Positive balance was
achieved in enterally fed infants with viral bronchiolitis with
as little as 1.5 g protein/kg/day [45]. While the lowest protein
intake associated with a positive balance was 1.5 g/kg/day,
individual and grouped thresholds for protein intake associ-
ated with achieving a positive protein balance were varied. In
parenterally fed, hypermetabolic subjects an intake of 2.8 g
protein/kg/day was required to achieve positive nitrogen bal-
ance [49, 50]. Severely ill, catabolic patients may be unable to
maintain protein balance even with increasing amounts of
protein and energy intake during the early and most critical
stages of illness [48, 51]. Provision of nutrients during this
time is often technically challenged by fluid restriction, inter-
ruptions or intolerance to feeding, and difficulty in obtaining
enteral or parenteral feeding access [52, 53]. Due to the fixed
protein: energy ratio of available enteral nutrition formula,
failure to deliver nutritional prescription results in cuamulative
deprivation of both energy and protein, and anthropometric
deterioration. In a recent multicenter study of nutrition prac-
tice in mechanically ventilated children, average enteral pro-
tein intake in the first 10 days in the PICU was less than 50 %
of prescribed [54]. Lean body mass loss from cumulative
negative protein balance is particularly concerning in children
with pre-existing malnutrition, patients with compromised
respiratory reserves and muscle function, and preterm infants
with low reserves. Based on our review, protein intake for
critically ill infants and children should reach a minimum of
1.5 g/kg/day, which is consistent with the recommendation in
the recent American Society for Parenteral and Enteral
Nutrition pediatric critical care nutrition guidelines [34].
Groups with a positive protein balance reported a minimum
energy intake of 57 kcal/kg/day. The association between
energy intake and protein balance in these studies might be
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independent of protein intake. However, existing studies lack
uniform study design, consistent methodology for measuring
protein balance, and as such, do not allow meaningful inter-
pretation from pooled data. There is an urgent need for stud-
ies with clearly defined interventions, larger samples, uniform
and reproducible methodology, and longitudinal data points.
Future research should consider the effect of increased pro-
tein provision on measures of lean body mass, while account-
ing for energy balance.

Nutrient Delivery in the PICU
Enteral Nutrition: Practical Considerations

The preferred route of nutrient delivery in critically ill chil-
dren and adults is via a functional gastrointestinal tract [55].
Enteral nutrition (EN) is recommended in patients with
hemodynamic stability and is generally considered to be
more physiologic, cost-effective, and with a lower risk of
nosocomial infection compared to parenteral nutrition (PN).
In adult critically ill patients, EN is associated with benefi-
cial effects on intestinal mucosal permeability, a lower rate
of infectious complications, and decreased length of hospital
stay [56-58]. To realize the potential benefits of EN in the
PICU, both early initiation and maintenance of enteral feed-
ing is recommended. Although the perceived benefits of
early EN have not been backed by randomized control trials,
it has been uniformly promoted by consensus-based guide-
lines in pediatric populations, mainly by extrapolation from
adult literature [55, 59].

Role of Transpyloric Enteral Feeding
in the PICU

The optimal site of enteral feeding (gastric vs. postpyloric)
remains unclear. In general, gastric feedings are preferred
because of ease of administration and reduced costs and
expertise required in comparison to transpyloric feedings. In
patients with poor gastric emptying or in cases where a trial
of gastric feeding has failed, transpyloric or postpyloric
(small bowel) feeding may be used to decrease the risk of
aspiration and to improve EN tolerance [60]. However, there
is no evidence of benefit for routine use of small bowel feed-
ing in all patients admitted to the PICU. In a study examining
the role of small bowel feeding in 74 critically ill children
randomized to either gastric or postpyloric feedings, there
was no significant difference in the incidence of microaspira-
tion, tube displacement, and feeding intolerance between the
two groups [61]. The study was not powered to detect differ-
ences in mortality. Although caloric goals were only met in a
small percentage of the population studied, the proportion of
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subjects who achieved their daily caloric goal was higher in
the small bowel group compared with the gastric fed group.
The evidence for benefits of postpyloric feeding remains
equivocal, even in the adult critical care population [62]. It
may be prudent to consider postpyloric feedings in selected
patients who do not tolerate gastric feeding or those who are
at a high risk of aspiration. Patients with depressed mental
status, absent or depressed gag reflexes, severe respiratory
distress, recurrent emesis, gastroesophageal reflux, history
of aspiration, and delayed gastric emptying are deemed at
high risk of aspiration [63]. Successful placement of transpy-
loric tubes requires the availability of experienced and expert
operators, and backup support from radiologists in case bed-
side placement cannot be achieved. A variety of procedural
techniques for transpyloric feeding tube placement have
been described, including the use of modified tubes; air
insufflation; videoscopic, echocardiographic, or external
magnet assistance; and pH-assisted and spontaneous passage
with or without promotility agents [64-67]. No single
method has been shown to be superior and centers use tech-
niques based on available local experience and expertise.
The advent of percutaneously placed gastric and jejunal
tubes has minimized cost, time, and morbidity [68]. Tube tip
malposition is frequently encountered with any of these
devices either at placement or during the course of use
[69, 70]. Bedside screening methods for achieving correct tip
position range from auscultation during air insufflation to
ultrasound-guided tip localization. However, feedings should
be held when malposition of tip is suspected, and when in
doubt, radiographic confirmation of correct tip position must
be obtained before recommencing feedings. Overall, trans-
pyloric feeding is well tolerated in critically ill children and
may allow early goal caloric intake by improving tolerance
in carefully selected patients [61]. The benefit of transpyloric
enteral feeding compared with PN, in terms of decreased
complications and costs, must be further examined [71].

Barriers to EN in the PICU

Prospective cohort studies and retrospective chart reviews
have reported the inability to achieve daily caloric goal in criti-
cally ill children. The most common reasons for suboptimal
enteral nutrient delivery in these studies are fluid restriction,
interruptions to EN for procedures, and EN intolerance due to
hemodynamic instability. The percent of estimated energy
expenditure actually administered to these subjects was
remarkably low. In a study examining the endocrine and meta-
bolic response of children with meningococcal sepsis, goal
nutrition was achieved in only 25 % of the cases [12]. Similar
observations have been made in a group of 95 children in a
PICU where patients received a median of 58.8 % (range
0-277 %) of their estimated energy requirements. In this
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Table 6.3 Barriers to optimal EN and suggested management

Barriers to enternal nutrition (EN) in the PICU

Barrier

Interruptions to EN

Fluid restriction

Patient on vasoactive drug(s)

Delayed EN initiation

General reluctance to address
nutrition delivery

Reason
Intolerance
Procedures

Enteral access issues

Patients with cardiac or renal
conditions

Concerns for gut ischemia

Failure to prioritize

Failure to prioritize nutrition
support

N. Mehta

Suggested approach

Apply uniform definition, algorithmic guideline

Review fasting guidelines for procedures

Resume feeding if procedure delayed, canceled or complete

Request specialized team for enteral access, radiology collaboration, prompt

replacement of displaced enteral tubes
Consider concentrated formulae
Review other fluids

Anticipate and plan with dietitian

Prudent to hold EN when actively resuscitating with fluid, hemodynamics
worsening or multiple vasoactive drugs required

Consider EN if no fluid resuscitation for over 12 h and on single or stable
vasoactive support

Monitor closely while advancing feeds

Educate, develop institution-specific, uniform guidelines for nutrition
delivery

Create nutrition support teams
Request dietitian dedicated to the ICU
Involve key stakeholders and develop multiprofessional consensus for

nutritional therapy goals

Reprinted from Mehta [86]. With permission from Society of Critical Care Medicine, Copyright 2011

review, EN was interrupted on 264 occasions for clinical pro-
cedures. In another review of nutrition intake in 42 patients in
a tertiary-level PICU over 458 ICU days, actual energy intake
was compared with estimated energy requirement. Only 50 %
of patients were reported to have received full estimated
energy requirements after a median of 7 days in the ICU [53].

Diagnostic and therapeutic interventions in the PICU often
require a fasting state, and hence compete with EN delivery
goals. In addition, a significant number of eligible patients are
deprived of EN during critical illness because of avoidable
factors such as suboptimal nutrient prescription, failure to ini-
tiate EN early, and prolonged interruptions to enteral feeding
[53, 72, 73]. Delayed initiation and subsequent interruptions
contribute to suboptimal EN administration in the PICU.
Patients with avoidable EN interruptions in one study experi-
enced significant delays in reaching the prescribed caloric goal
and were more likely to be exposed to the higher cost, infec-
tious risks, and other morbidities associated with PN use [52].
Following initiation, EN was interrupted in 24 (30 %) patients
at an average of 3.7+3.1 times per patient (range, 1-13), for a
total of 88 episodes, accounting for 1,483 h of EN deprivation
in this study. A majority of EN interruptions in this study were
deemed as avoidable, and nearly a third of the patients did not
receive any EN during their PICU course. Fasting for proce-
dures and intolerance to EN were the most common reasons
for prolonged EN interruptions. Interventions aimed at opti-
mizing EN delivery must be designed after examining existing
barriers to EN and directed at high-risk individuals who are
most likely to benefit from these interventions (Table 6.3).

In some patients, EN may not be feasible, especially due to
intolerance or hemodynamic instability during acute illness.

EN is generally initiated once hemodynamic stability has been
achieved. In most centers, ongoing fluid resuscitation, escalat-
ing vasopressor medications, and worsening shock may be
contraindications for initiating EN. The administration of EN
in patients on single vasoactive medications for hemodynamic
support in the PICU is probably safe [74]. The interaction
between nutrient administration in patients receiving vasoac-
tive and inotropic infusions on gut mucosal perfusion and the
risk of mucosal ischemia are complex. In an effort to minimize
the likelihood of intestinal ischemic necrosis, EN administra-
tion in this group of patients requires a thoughtful approach
and robust monitoring for early signs of intolerance. EN intol-
erance is another challenging bedside dilemma in the PICU.
The condition is variably defined, and the use of markers of
intolerance such as gastric residual volume (GRV) is not based
on sound evidence. The absence of bowel sounds, abdominal
distension, vomiting, diarrhea and discomfort are other mark-
ers that are used to assess for intolerance to EN. Bedside prac-
tice is heterogeneous and EN is interrupted due to perceived
intolerance in a large proportion of patients [52].

Strategies to Optimize Macronutrient Intake
in the PICU

In a large multicenter study of mechanically ventilated
children in the PICU, lower energy and protein delivery in
relation to estimated requirements was significantly
associated with increased mortality [54]. The use of proto-
colized nutrient delivery was associated with decreased
acquired infections in this group. Protocols that provide
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guidelines for early initiation, rapid advancement and
maintenance of EN in the PICU have been shown to
improve the ability to reach nutrition goals in several cen-

Oral route unavailable
OR
Unable to protect airway

Nutrition assessment, Weight on admission

Identify caloric goal®

HEAD OF BED elevated 30° unless contraindicated”

EVALUATE FOR RISK OF ASPIRATION?
(Depressed gag/cough, altered sensorium, delayed gastric emptying,
GE reflux, severe bronchospasm, history of reflux

(+)
ASPIRATION
RISK

TRANSPYLORIC (Nasojejunal
Gastrojejunal) FEEDINGS
with gastric decompression

)
NO
ASPIRATION
RISK

75

ters [75, 76]. These protocols guide bedside management
of intolerance and provide surveillance for safe delivery of
enteral nutrients. Figure 6.1 shows an example of a step-

/ NASOGASTRIC / Gastric Tube

FEEDINGS BS

BS present / No gastric distension

;

— +
ABNORMAL GASTRIClNORMAL GASTRIC
EMPTYING EMPTYING

Continuous Feedings

GOAL CALORIES

START: 1-2 mL/kg/h
(max 25 mL/h)

(or 0.5 mL/kg/h if risk
of gut ischemia)

ADVANCE:

<1yr: 1-6ml/hr g4h
>1yr: 5-20mL/h
g4h

until goal reached.

TROPHIC FEEDING

1-2 mL/kg/h
or
20 mL/h

Full-strength formula
or breast milk

Bolus Feedings

GOAL CALORIES

START: 2 Goal volume
(Full-strength feeding
volume required to reach
caloric goal). Bolus
feedings divided q

3 h (if <6 months) or

g4 h (if >6 months

of age).

If volume intolerant, try
smaller volumes more
frequently or continuous
feedings.

ADVANCE: Increase
each feeding by 25 %
volume until goal
reached.

CONSTIPATION
(For age > 1 month / non-nuetropenic)

NO STOOL AFTER 48 HOURS OF EN

Dayi#
Prune juice

Day#2
Glycerin supp.

Docusate

(<3 years: PO 10 mg BID)
(3—-6 years: PO 20 mg BID)
(6—12 years: PO 50 mg BID)
(=212 years: PO 100 mg BID)

Senna (Discontinue after 2 normal
stools)

(1 month—-2 years: PO 2.5 mL BID)
(2-5 years: PO 3.75 mL BID)
(5-12 years: PO 7.5 mL BID)

(=212 years: PO 1 Tab BID)

Fleet Enema (for age > 2 years)

- Pediatric Fleets enema: 2 —12 years
(66 mL/bottle)1 enema

- Adult Fleet enema: 212 years

DIARRHEA
(>4 Loose stools/24 h)

Discontinue laxatives (senna) and
stool softenerns (docusate)

Discontinue any sorbital-containing
medication

Review osmolarity of formula

Consider withdrawal from opiates
Consider change in formula, or hold
tube feedings until diarrhea resolves
Stool viral studies / Clostridia (C.)
difficile

Stool C. difficile toxine and culture (if
on antimicrobials).

ENTERAL FEEDING INTROLERANCE
gastic residual volumes (GRV) recorded prior to each bolus feed or g 4 hrs in patients on
continuous gastric feedings with abdominal discomfort, distension or emesis.

If GRV > 150 mL; or 5 ml/kg, or >% volume of previous feeding; or > total 2 hourly infusion rate in
patients on continuous feeding-hold feedings and repeat GRV after 2 h. If
repeat GRV is elevated, hold feedings and monitor GRV of 4 h.

If abdominal distension, (abdominal girth incresed for 2 consecutive measurements)
or abdominal discomfort or emesis x 2 -hold feedings for 4 h and reassess.

Fig. 6.1 Approach to EN paper (NCP) — CHB EN algorithm (Reprinted from Mehta [87]. With permission from SAGE Publications)
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wise algorithm for delivering EN in the PICU. In addition,
educational intervention and practice changes targeted at
high-risk patients and addressing institution-specific defi-
ciencies in practice may decrease the incidence of avoid-
able interruptions to EN in critically ill children. The role
of transpyloric feeding especially in children at risk of aspi-
ration or those who have failed an attempt at gastric feeding
has been discussed earlier. Some centers use continuous
gastric feeds in an effort to increase tolerance, and the strat-
egy is generally well tolerated [77]. There is not enough
evidence to recommend the use of prokinetic medications
or motility agents (for EN intolerance or to facilitate enteral
access device placement), prebiotics, probiotics, or synbi-
otics in critically ill children. The use of PN to supplement
suboptimal EN in select patients with unavoidable EN
interruptions may be reasonable [78]. The safety and effi-
cacy of a mixed EN and PN strategy to reach nutrition goals
in critically ill children need to be examined. A recent study
in critically ill adults did not show any benefit of early PN
introduction in the ICU population, which was associated
with higher complication rates when compared to the group
where PN was initiated only after 7 days [79]. Optimal
enteral delivery of nutrients can only be realized with mul-
tidisciplinary commitment to prioritize EN and a special-
ized nutrition support team has been shown to benefit this
goal [80, 81].

Immunonutrition in the PICU

The potential of specific nutrients as modulators of the
inflammatory or immune response has generated great
enthusiasm in employing them in the critically ill popula-
tion. The properties of nutrients such as arginine, glutamine,
aminopeptides, ® -3 fatty acids and antioxidants, have pro-
moted the concept of immunonutrition and elevated nutri-
tion in the ICUs from a supportive to a therapeutic strategy.
Unfortunately, several RCTs examining the role of immuno-
nutrition in adult critically ill patients have shown conflict-
ing results. These studies tested immune enhancing diets as
a combination of a variety of nutrients administered to het-
erogeneous patient populations. As a result, the studies do
not allow meaningful interpretation of the safety or efficacy
of individual nutrients and fail to detect significant differ-
ences in relevant clinical outcomes. Systematic reviews of
immunonutrition studies in adults seemed to suggest a ben-
eficial role for parenteral glutamine in patients receiving
parenteral nutrition, and enteral glutamine in burn and
trauma patients [82]. Antioxidants, particularly selenium,
have also generated some interest [83]. However, in a recent
international trial in critically ill adults, glutamine supple-
mentation was associated with worse outcomes. In this
blinded, 2x2 factorial trial, 1,223 critically ill adults from

N. Mehta

40 centers were randomized to receive glutamine,
antioxidants, both or a placebo within 24 h of admission to
the intensive care unit. Patients on mechanical ventilatory
support and with multi-organ failure were eligible for enroll-
ment. The results revealed a trend towards higher 28-day
mortality in the group receiving glutamine versus those that
did not receive glutamine (32.4 % vs. 27.2 %; adjusted odds
ratio, 1.28; 95 % confidence interval [CI], 1.00-1.64;
P=0.05). Furthermore, there was a significant increase in
mortality while in the hospital and at 6 months, in the gluta-
mine group. Early provision of antioxidants did not improve
outcomes in this study. The results of this study are compel-
ling and preclude any attempts to supplement glutamine in
high doses early in the course of critical illness. Enteral for-
mulas enriched with fish oils are recommended in patients
with acute respiratory distress syndrome. The role of argi-
nine-supplemented diets is controversial and not recom-
mended in septic patients. In general, the data are insufficient
to make recommendations on the optimal route, timing,
duration and dosage of each nutrient.

The role of immune-enhancing EN in children during
critical illness has not been extensively studied. Briassoulis
et al. randomized mechanically ventilated children in the
PICU to receive either a formulation containing glutamine,
arginine, o -3 fatty acids, and antioxidants or standard age-
appropriate formulation [43]. No difference in outcome was
noted in the 25 children in each arm, although a trend toward
a decrease in nosocomial infection rates and positive gastric
aspirate culture rates in the treatment arm was noted. The use
of a specialized adult immune modulating enteral formula in
pediatric burn victims has been associated with improvement
in oxygenation and pulmonary compliance in a retrospective
review [84]. The immunologically active formulae used in
these studies were not specifically tailored for children. A
recent RCT of glutamine supplementation in critically ill
pediatric population was terminated for futility [85]. In this
comparative effectiveness trial, 293 critically ill pediatric
patients were randomized to receive a combination of enteral
glutamine (0.3 g/kg/day), zinc, selenium and intravenous
metoclopramide (GZSM); or enteral whey protein. There
were no differences between the groups with respect to time
until acquiring nosocomial infection or sepsis (13.2 days
whey protein vs. 12.1 days GZSM; p=0.29). Future pediat-
ric studies in this field might need to focus on examining the
effects of single (vs combination of) nutrients, in large
(multicenter) trials, on homogeneous PICU populations
designed to detect differences in important outcome mea-
sures. The adult trials, especially the recent glutamine and
antioxidant trial, are cautionary and perhaps hint at a careful
investigative approach. The temptation to adopt these strate-
gies prematurely in the heterogeneous PICU population
should be avoided, pending a definite evidence of safety and
benefit [86, 87].
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Conclusions

Optimizing nutrition therapy is a low cost intervention
with potential for improved outcomes during critical ill-
ness in children. Increased awareness of the role of nutri-
tion during critical illness and a multidisciplinary effort
will ensure that nutrition goals are reached in the PICU
population. There is increasing evidence that failure to
reach nutrition goals during critical illness is associated
with poor patient outcomes. Screening on admission to
detect patients who are either malnourished or at risk of
nutritional deterioration is the first step. Accurate and
sequential assessment of energy and protein requirements,
delivery of nutrients early via enteral route when feasible
and attention to common hurdles, are prudent measures to
ensure optimal nutrient delivery. In recent years, the pos-
sibility of modulating immune response by the specific
functions of individual nutrients has sparked widespread
interest. Future studies must use sound clinical design and
multicenter collaboration to elucidate the impact of immu-
nonutrients on outcomes from pediatric critical illness.
Other areas needing urgent clarification include, defining
and managing intolerance to EN, role of energy balance on
clinical outcomes, protein supplementation and balance,
and the indications as well as benefits of small bowel feed-
ing. Protocols that provide guidelines for early initiation,
rapid advancement and maintenance of EN in the PICU
have been shown to improve the ability to reach nutrition
goals and their use is associated with improved clinical
outcomes. In the interim, it is important to adhere to pru-
dent nutrition practices at the bedside derived by consen-
sus. Nutrition must be recognized as a critical component
of care, a discrete discipline, in which all intensivists
should reach a minimum level of competence.
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Abstract

The current concepts of physiopathology, diagnosis and treatment of diabetic ketoacidosis
(DKA) in childhood, as well as preventive measures to avoid cerebral edema are reviewed
in this chapter. Based on the reviewed literature and on the author’s experience, the most
efficient and recommended measures for DKA management are presented.

Among the main findings we would remark: (a) Normal saline solution (NaCl 0.9 %)
remains as the preferred hydration solution. Hypotonic (diluted) solutions are avoided in the
treatment of DKA. (b) there is a consensus regarding the contraindication of sodium bicar-
bonate administration to repair metabolic acidosis in DKA. (c) Regular insulin should be
used as continuous infusion (0.1 IU/kg/h) without the need of a loading dose. In small
babies with KAD and new onset diabetes, low insulin infusion rates (0.05 IU/kg/h) has been
associated with few hypoglycemic episodes as well as with lower impact on the osmolarity,
being protective for cerebral edema; (d) For fast corrections of glucose oscillations during
DKA treatment, a practical scheme using two bags of electrolytic solutions is presented. (e)
Cerebral edema, associated with DKA is a multifactorial process with different pathophysi-
ological mechanisms. Depending on the associated risk for cerebral edema the most effi-
cient treatment measures are reviewed.

In conclusion: continuous infusion of regular insulin associated with adequate water and
electrolyte replacement using isotonic solutions, besides being an effective treatment for
DKA, preserves plasma osmolarity and prevents cerebral edema.
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Introduction

Diabetic ketoacidosis (DKA) is a frequent cause of admis-
sion to the Pediatric Intensive Care Unit (PICU). DKA is a
life-threatening condition affecting patients with Diabetes
Mellitus (DM) type 1 and less frequently in patients with
DM type 2, manifested by hyperglycemia (generally higher
than 200 mg/dL), acidosis (pH <7.3 or serum bicarbonate
<15 mmol/L), ketonemia (ketonuria) and dehydration (mild
to severe degree). Depending on the geographic region,
between 15 and 70 % of children with new-onset diabetes
mellitus type 1 (DM1) will establish their diagnosis after a
DKA hospital admission. Nowadays, close to 25 % of ado-
lescents and young adults with DM2 will have their diagno-
sis confirmed after a DKA hospital admission [1-15]. DKA
is commonly observed in young children (<5 years of age)
with DM1 and belonging to families without ready access to
medical care. Moreover, the prevalence of DKA is inversely
associated with the effectiveness of the health system and
with the prevalence of DM in the community [1-3, 5]. As
such, DKA may be considered as an important measure of
the overall quality of care in a community.

Despite all therapeutic advances, DKA is still the main
cause of death in children and adolescents with DM1. After
the discovery of insulin in the early twentieth century, the
mortality declined from 100 % to 0.15-5 % [1-12]. Most
fatal cases are related to the development of cerebral edema,
which is present in 0.5-3.1 % of patients with DKA, with
mortality rate between 40 and 90 %. Cerebral edema is also
largely responsible for the long-term complications of DKA
in approximately 10-25 % of survivors [1-5, 16-20]. In less
developed countries, delayed admission to the hospital is
associated with a higher incidence of refractory septic shock,
cerebral edema, and mortality [21, 22]. Other important
causes of morbidity and mortality are hypokalemia, hyperka-
lemia, hypoglycemia, infections and changes in the central
nervous system (CNS) [1-5, 12, 13].

In small children, it is often difficult to identify the classi-
cal signs of DM, such as polyuria, polydipsia, and weight
loss. Some of these symptoms are often attributed to other
more prevalent diseases, thus delaying the diagnosis.
Although a significant part of patients have DKA as an initial
manifestation of DM, exclusion and/or identification of one
or more triggering factors is needed. It is crucial to perform
a thorough and detailed history and clinical examination,
with the aim of identifying possible triggering factors (see
below). The fact that morbidity and mortality of DKA are
associated with the type of intervention and treatment used
over the first hours of presentation has been well documented
[1-5, 12, 14-18].

In patients with previously diagnosed DM, DKA is usu-
ally associated with inadequate use of insulin. Adolescents
have problems adhering to treatment and diet, as well as
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Fig. 7.1 Schematic sequence in diabetic ketoacidosis evolution. The
low (or absence) circulating insulin associated with elevated counter-
regulatory hormones which increases insulin resistance promotes
derangement in the cell glucose metabolism causing: hyperglycemia
(polyuria), dehydration (shock), increased ketone bodies (acidosis) and
cerebral edema

psychological factors associated with eating disorders that
could trigger up to 20 % of cases of recurrent DKA. In
patients on insulin pump therapy, inappropriate interruption
of the insulin pump, even if transient, leads to DKA due to
low serum levels of insulin [1-3, 5, 9, 10, 12].

In DKA, there is relative or absolute insulin deficiency,
associated with increased counter-regulatory hormones,
changing carbohydrate, protein and lipid metabolism.
Hyperglycemia in DKA is usually significant. However, par-
tially treated children with DM and pregnant adolescents
may present in DKA with near normal blood glucose levels
(so-called euglycemic ketoacidosis) [1-15, 23].

Among the most common precipitating factors of DKA
are infections (30—40 % of cases) [1-5, 13, 23]. Insulin resis-
tance is associated with increased levels of stress hormones
(epinephrine, glucagon, hydrocortisone and growth hor-
mone) and some cytokines (for example, interleukin-1) that
are also increased in infections [1-5, 11]. High doses of glu-
cocorticoids, atypical antipsychotics, diazoxide, and some
immunosuppressive drugs have been reported as DKA pre-
cipitants in patients without previous diagnosis [2]. Other
causes of DKA include pancreatitis and trauma [4, 15]. As a
general rule, possible triggering factors should be assessed in
all patients with DKA. However, in 2—10 % of cases, it is not
possible to identify the precipitating factor [1-5, 9, 10, 15].

Pathophysiology

The absolute or relative insulin deficiency associated with
increased counter-regulatory hormones (glucagon, epineph-
rine, cortisol and growth hormone) promotes the clinical
manifestations and laboratory changes in DKA (Fig. 7.1).
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Notably, counter-regulatory hormones are usually increased
in situations of infection and stress, which often precipitate
DKA in diabetic patients, whereas hyperglycemia, dehydra-
tion, hyperosmolarity, electrolyte, and acid-basic disorders
further perpetuate release of counter-regulatory hormones
[1-13].

Ketoacidosis

Insulin is an anabolic hormone, promoting the synthesis and/
or storage of carbohydrates, fats, proteins, and nucleic acids.
Insulin action allows energy generation through the use of glu-
cose by muscles, adipose tissue, and liver cells. When insulin
is absent, there is lipolysis with increased fatty acid mobiliza-
tion for hepatic gluconeogenesis and release of ketone bodies.
Excessive production of ketones exceeds the buffer capacity
of organic alkalis, resulting in metabolic acidosis.
Consequently, according to acidosis intensity, DKA can be
quantified into mild (pH 7.3-7.2), moderate (pH 7.2-7.1) and
severe (pH < 7.1) [1-13, 23]. A characteristic of metabolic
acidosis in DKA is increased anion gap (normally between 10
and 12), which is obtained by Eq. 7.1.

Anion gap = Na—(HCO3 +Cl) (7.1)

Due to production of other acids (e.g., ketones and lac-
tic acid) the anion gap in DKA is usually is close to 30-35
[3, 4].

In DKA, ketosis is primarily caused by increases in the
ketones, P-hydroxybutyrate and acetoacetate. Beta-
hydroxybutyrate is the ketone found in higher circulating
levels during DKA, with a B-hydroxybutyrate:acetoacetate
ratio of 3:1 during early disease stages. Ketonemia tests are
generally performed qualitatively or semi-quantitatively in
relation to acetoacetate. Considering that, during ketoacido-
sis correction, f3-hydroxybutyrate is transformed into aceto-
acetate, such that the ketonemia test can be positive for some
time, even with proper treatment. Therefore, persistence of
positive ketonemia does not necessarily mean that DKA
treatment is ineffective [1-6]. Anion gap could thus be used
as an indirect indicator of ketone body levels, since reduction
in anion gap value represents reduced ketone body levels,
which represent treatment efficiency [1-7, 24].

Hyperglycemia

In case of insulin deficiency (or absence) associated with the
action of counter-regulatory hormones, cells cannot capture
and metabolize glucose, causing muscle and hepatic glyco-
genolysis and subsequent hyperglycemia. Blood glucose
levels higher than 180 mg/dL exceed the maximum capacity
of glucose reabsorption in the proximal tubule, causing
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glucosuria and a subsequent osmotic diuresis. Osmotic
diuresis leads to polyuria with loss of free water and electro-
lytes, promoting polydipsia. If adequate water ingestion is
maintained, dehydration will be mild and blood glucose will
stabilize between 300 and 400 mg/dL. In some cases, blood
glucose can reach levels of up to 800 mg/dL, especially
when there is severe dehydration with decreased renal per-
fusion and consequently, a reduction in the glomerular fil-
tration rate [1-6, 23]. Although hyperglycemia is the rule in
DKA, there may be cases of DKA with normal blood glu-
cose levels (so-called euglycemic DKA). This phenomenon
occurs in patients partially treated with insulin and without
receiving fluids with carbohydrates and/or in situations with
long periods of vomiting and no ingestion of carbohydrates
[1-5, 11, 23].

Dehydration

Osmotic diuresis associated with vomiting and insufficient
ingestion causes dehydration of several degrees in DKA,
although shock is a rare event in most of developed regions
[1-4]. As dehydration progresses, there is reduction in the
intravascular volume and consequent progressive loss of
glomerular filtration rate. Reduction in glomerular filtra-
tion rate causes reduction in diuresis and glucose loss,
resulting in worsening of hyperglycemia. Blood glucose
levels close to 600 mg/dL indicate approximately 25 %
reduction in the glomerular filtration rate, whereas glucose
of 800 mg/dL suggests a 50 % reduction in glomerular fil-
tration rate, as a consequence of severe dehydration [1-5,
11]. In some less developed regions, hypovolemic and sep-
tic shock are frequently observed in children with DKA. In
such situations the presence of cerebral edema and the
mortality rate has been higher than other developed coun-
tries [21, 22].

Hyperosmolarity

Plasma osmolarity can be estimated using Eq. 7.2.

Plasma osmolarity =[ (Na)x2 ]+ (blood glucose /18)

+(blood urea nitrogen / 2.8) (7.2)

Note that plasma osmolarity is measured as the number of
osmoles of solute per liter of solution (Osmol/L), whereas
plasma osmolality is measured as the number of osmoles of
solute per kilogram of solvent (Osm/kg). Most clinical labo-
ratories measure osmolality using freezing point depression,
though in reality the two are very similar (osmolarity is usu-
ally slightly less than osmolarity, because the total solution
weight used in the calculation of osmolality excludes the
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weight of any solutes, whereas the total solution volume
used in the calculation of osmolarity includes solute con-
tent). As an additional aside, the osmol gap is then defined as
the difference between the measured osmolality and the cal-
culated osmolarity (and is usually <10 mOsm/kg). The
osmolarity effect of a blood glucose around 180 mg/dL is
minimal (approximately 10). However, in case of severe
hyperglycemia the osmolarity impact would be higher.
Under these circumstances, there is movement of free water
from the intracellular to the extracellular space (intracellular
dehydration) [1-4, 11, 12, 14, 15, 25].

The maintenance of this hyperosmolar state stimulates
cells’ (especially neurons) production of substances with
intracellular osmotic activity (classically referred to as idio-
genic osmoles) to preserve intracellular water. In case of a
sudden fall in blood osmolarity (e.g., quick fall of blood glu-
cose or reduction in plasma sodium), this will cause the shift
of water into the intracellular space, favoring the develop-
ment of cerebral edema [1-4, 14, 18, 20, 25]. While advo-
cated by several investigators, this theory has not been
definitively demonstrated. In accordance with this hypothe-
sis, hypernatremia has been identified as a protective factor
for cerebral edema in patients with DKA [25]. Whereas, the
rapid fall in the serum glucose levels has been associated
with rapid reduction in the serum osmolality and promoting
shift of water toward the intracellular (especially, brain cells,
causing cerebral edema) [13, 17, 18, 25-27].

Electrolytic Disorders

Polyuria caused by osmotic diuresis may induce dehydration
with several degrees of associated electrolytic changes, most
commonly hyper- or hyponatremia, hypokalemia, hypophos-
phatemia and hypocalcemia.

Sodium

In DKA, the hyperosmolarity caused by hyperglycemia
induces a dilutional hyponatremia, estimated by a reduction
in the blood sodium level of 1.6 mEq/L for each 100 mg/dL
of glucose above the limit of 100 mg/dL. Other factors, such
as an increase in serum lipids with low sodium content,
action of antidiuretic hormone, urinary sodium loss related
to osmotic diuresis, and elimination of ketone bodies, may
also enhance hyponatremia [1-4, 18]. Hypernatremia is less
frequently observed in children with DKA and is considered
a protective factor against cerebral edema, maintaining the
plasma osmolarity and compensating for its reduction asso-
ciated with blood glucose normalization [18, 25]. Therefore,
in the light of current knowledge, hyponatremia should be
avoided and immediately treated in children with DKA.
Moderate hypernatremia (between 150 and 160 mEq/L)
could be accepted and considered protective in children with
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DKA who have more marked hyperglycemia (higher than
600 mg/dL) [4, 5, 23, 25, 26].

Potassium

Many factors influence the serum potassium reduction in
DKA. Increased urinary losses of potassium due to the
osmotic diuresis and the need to maintain electrochemical
neutrality as ketoacid anions are excreted, loss of potassium
from the cells due to glycogenolysis and proteolysis, higher
aldosterone hormone release triggered by dehydration, and
especially, potassium transportation into the intracellular
space along with glucose in response to insulin infusion all
play a role [1-5]. At DKA diagnosis, the serum potassium
may be normal or increased, because acidosis causes potas-
sium to shift from the intracellular environment into the
extracellular space. However, it should be stressed that total
body potassium is reduced. Therefore, normal or reduced
potassium dosage at the beginning of DKA indicates the
need of early replacement, since the treatment tends to
reduce serum levels of this ion [1-5, 28].

Phosphorus

During DKA, similarly to what occurs with potassium, there is
initially hyperphosphatemia secondary to metabolic acidosis.
As a result of urinary losses of phosphorus due to polyuria,
hypophosphatemia is common, which will cause a reduction
in erythrocyte 2,3-DPG levels. Low 2,3-DPG levels can lead
to reduction in oxygen supply to tissues due to leftward dis-
placement of the hemoglobin dissociation curve. However,
this effect does not usually have clinical repercussions in
DKA. Indeed, some prospective studies have not shown any
clinical benefit to phosphate replacement [1-5, 28].

Calcium

Hypocalcemia may develop during DKA treatment as a
result of the correction of the metabolic acidosis, improve-
ment in the glomerular filtration rate, or the exogenous
administration of phosphate [1-5, 28].

Clinical and Laboratory Diagnosis
of Diabetic Ketoacidosis

Polyuria, polydipsia, enuresis, weight loss, and polyphagia
characterize DM. When it progresses to DKA, common clin-
ical manifestations include nausea, vomiting, progressive
anorexia, abdominal pain, fatigue, tachypnea (to compensate
for the metabolic acidosis, i.e. Kussmaul respirations),
ketotic breath (sweetish odor due to ketosis), and fever
(which can be associated with infectious, bacterial or viral
process) [1-11]. The signs of dehydration might be mild to
severe, with dry skin and mucosa, reduced skin turgor, tachy-
cardia, and reduced perfusion according to the degree of
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water depletion. It is estimated that the fluid deficit in extra-
cellular fluid in DKA is between 5 and 10 % of body weight.
However, as previously stated, hypotension (hypovolemic
shock) is a rare and late finding in children with DKA, often
associated with sepsis or cerebral edema [1-5, 18, 20, 25].
Again, as mentioned previously, in some regions where the
access to the health care is more difficult as well as with high
prevalence of bacterial diseases, DKA is frequently compli-
cated by sepsis, refractory shock, cerebral edema and higher
mortality [5, 21].

In case of changes in sensorium (sleepiness, clouding of
consciousness), cerebral edema should be immediately con-
sidered, since it has high mortality rates. Clinically, DKA
cerebral edema could be suspected in any children with
decreased the Glasgow Coma Scale at hospital admission or
in the next 24-48 h. Additionally, DKA should be suspected
in every patient presenting to the Emergency Department
with a depressed level of consciousness with or without clin-
ical signs of acidosis. In such cases, capillary blood glucose
screening and/or tests for ketonuria should always be per-
formed in the initial assessment [1-5, 16, 18, 20, 22].

Laboratory criteria to define DKA include blood pH
(venous or arterial) lower than 7.30 and/or bicarbonate lower
than 15 mEq/L, blood glucose higher than 200 mg/dL, and
presence of ketonemia and ketonuria [1-5]. It should be
stressed that arterial gas analysis is painful, has a higher risk,
and the data to be evaluated (pH, bicarbonate and base defi-
cit) are equivalent in both arterial and venous blood. Besides
blood glucose, ketonemia and venous gas analysis, serum
values of lactate, sodium, potassium, ionized calcium, chlo-
ride, phosphorus, urea, creatinine, hematocrit and hemoglo-
bin should be initially monitored, as well as glycosuria and
ketonuria [4]. If there is suspicion of infection, further inves-
tigation should be performed according to the clinical set-
ting. Unfortunately, leukocytosis with left shift is a frequent
finding in patients with DKA, and there is no strong associa-
tion with the presence of infection. Serum amylase is often
high in DKA, which is not usually an indicator of acute pan-
creatitis. However, a diagnosis of acute pancreatitis should
be entertained in the presence of suggestive clinical signs
and markedly high amylase levels [1-5, 23].

It should be emphasized that presence of abdominal pain
associated with vomiting and often with signs of peritoneal
irritation (positive Blumberg’s sign) may occur in DKA,
mimicking an acute abdomen due to infection, acute appen-
dicitis, pancreatitis, cholecystitis or other causes. Under
these situations, before indicating surgical treatment using
exploratory laparotomy, the patient should be better investi-
gated and DKA should be corrected, waiting a few hours for
resolution of abdominal pain. However, if there are other
manifestations of an acute abdomen, such as sepsis or clear
evidence of associated abdominal disease, surgical evalua-
tion is indicated [1-5, 23].
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Treatment

DKA is a life-threatening situation in which the treatment
should be performed by an experienced medical team in the
PICU. This situation does not allow improvisations or treat-
ments based on empirical evidence. Therefore, it is recom-
mended that every service has its own protocol adjusted to
local operational resources and difficulties. The main goals
of DKA treatment are: (a) correct dehydration and electro-
lytes disorders, (b) reverse ketosis (consequently, correct aci-
dosis), (c) restore blood glucose to the normal levels, (d)
avoid complications of the therapy, (e) “prevent” and treat
cerebral edema, and (f) identify and treat any precipitating
event (e.g., infection). An important principle in the treat-
ment of patients with DKA is individualization of therapy,
with careful monitoring of fluids, electrolytes and control of
serum glucose as a priority [1, 2, 9, 16]. Below are discussed
the main priorities in the treatment of DKA [1-17].

Correction of Dehydration and Electrolytic
Disorders

Fluid replacement in DKA follows the same principles of
other situations of dehydration or shock — an initial stage
of rapid volume expansion (1-4 h) followed by a slower
stage of rehydration and replacement of ongoing and accu-
mulative losses (20-22 h) [1-5, 25, 26, 28]. Some retro-
spective and multi-center studies concluded that in DKA
there is a strong association between cerebral edema and
administration of large amounts of fluids [17, 18].
However, these studies did not prove cause-and-effect that
cerebral edema occurred exclusively due to the excess
administration of infused fluids. For example, it may be
that the most severe group of patients required greater
amounts of fluid and had a higher risk of cerebral edema.
At this moment there is no convincing evidence of an
cause-and-effect relationship between the rate of fluid or
sodium administration to treat DKA and the development
of cerebral edema [3, 4]. As such, our practice has fol-
lowed the current recommendations for volume replace-
ment in patients with dehydration and/or shock: volume
expansion in the early stage followed by a judicious fluid
maintenance during the late stage [4, 28].

Initial phase - Fluid Expansion (1-4 h)

The volume expansion stage should begin immediately upon
presentation with the administration of 0.9 % normal saline
solution (NSS), 20 mL/kg infused over 20—-60 min, depend-
ing on the hydration status and the presence of signs of
decreased perfusion, which can be repeated until circulatory
stability is obtained [1-5, 28]. In general, DKA usually
requires two to three bolus of 20 mL/kg NSS until signs of
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dehydration are reverted. This rapid fluid replacement with
NSS reestablishes blood volume and improves renal perfu-
sion, which increases glomerular filtration, resulting in
glucose-induced osmotic diuresis, with a concomitant reduc-
tion in blood glucose and plasma osmolarity [3-5]. Since
NSS is isotonic in relation to plasma (Na=154 mEq/L), it
promotes better response in blood volume and lower reduc-
tion in plasma osmolality than other IV solutions [3, 4, 25,
26]. Therefore, even in situations of DKA in which initial
serum sodium is higher than 150 mEq/L, hypotonic solutions
should not be used.

Maintenance phase - Rehydration stage

(20-22 h)

As soon as the signs of blood volume depletion (tachycardia,
hypoperfusion, hypotension, etc.) are reverted, the mainte-
nance phase of volume repletion is started [3—-5, 25-28]. This
stage estimates a fluid maintenance volume between 1,800
and 2,000 mL/m?/day, which could be added with other vol-
ume replacement of further losses (e.g., vomiting and diar-
rhea). In patients with marked hyperglycemia, even receiving
adequate treatment, it should be assumed that they would
continue to have increased urinary losses. In such case, the
fluid maintenance supply could be further increased up to
3040 %, corresponding to an infusion of up to 2,500-
2,800 mL/m?/day [3-5, 25-29]. In order to avoid fluid over-
load, periodic assessments should be performed with the aim
of reducing the fluid maintenance to the recommended val-
ues (~ 2,000 ml/m?/day). Some authors suggest initial use of
NaCl 0.45 % (Na=75 mEq/L) when serum sodium exceeds
150 mEq/L, or calculated plasma osmolarity is higher than
340 mOsm/L [1-3]. Due to the reasons described above,
even in these cases, we prefer to maintain infusion of iso-
tonic NSS. As soon as the blood glucose levels are close to
300 mg/dL, glucose should be added to the fluid mainte-
nance (NSS) [1-12].

It is estimated a potassium deficit of 4-6 mEq/kg in
DKA, which is more evident after acidosis correction and
due to insulin action (which promotes input of glucose and
potassium into the cell) [1-5]. In the presence of diuresis,
potassium should be added (40 mEq/L) in the rehydration
solution and adjustments should be performed according to
laboratory data. In severe cases of hypokalemia (levels
lower than 2.5 mEq/L), replacement can be performed using
a constant potassium infusion of 0.4-0.6 mEq/kg/h for 6 h.
Until recently, there has been a recommendation to adminis-
ter part of potassium as phosphate, but randomized studies
did not show benefits in phosphate replacement, since clini-
cal effects of hypophosphatemia are rare [3]. Phosphate
replacement should only be started in patients with respira-
tory depression and in those with serum level <1.0 mg/dL.
In those cases, 1/3 of potassium is administered as potas-
sium phosphate [3, 4].
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Correction of metabolic acidosis in patients with DKA
occurs with volume replacement associated with insulin
action, which reverses the formation of ketoacids [3-5].
Metabolic acidosis, as stated above, is a marker of severity.
Differently from what was previously believed, an acidic pH
alone is not a determining factor that increases the risk of
death or organ failure [9, 30-32]. On the other hand, admin-
istration of sodium bicarbonate in DKA has been associated
with cerebral edema and death [3, 4, 17, 18, 20]. Use of
sodium bicarbonate may cause many side effects, such as
hypokalemia, worsening of hyperosmolarity, increased intra-
cellular acidosis due to CO, production, paradoxical acidosis
in the CNS, leftward shift in hemoglobin dissociation curve
with reduction in oxygen supply to tissues, slower reduction
of ketonemia and possible association with development of
cerebral edema [4, 30-32]. For all of these reasons, routine
administration of sodium bicarbonate should be avoided.
Some DKA guidelines consider bicarbonate administration
when the pH is lower than 6.9 and persists after the first hour
of hydration. In such circumstances, 1-2 mEq/kg of sodium
bicarbonate would be administered in 1-2 h [1-3]. However,
in our experience, we have avoided infusion of sodium bicar-
bonate in DKA, even in the presence of pH lower than 7.0.

Oral diet should be started when the patient is awake and
returns to a normal state of consciousness, without vomit-
ing and with improved acidosis. Parenteral hydration solu-
tion should be maintained as along as continuous insulin is
necessary [1-12].

Insulin Therapy

Administration of insulin promotes glucose input into the
intracellular space, reverses the catabolic state, and sup-
presses lipolysis and ketogenesis, correcting blood glucose
and acidosis [1-5, 11, 15, 23, 24, 33]. A loading dose of
regular insulin (0.1 IU/kg) in patients with DKA is unneces-
sary and has been associated with a higher incidence of cere-
bral edema [19]. As previously mentioned, adequate
replacement of blood volume increases renal perfusion,
promoting osmotic diuresis and reducing blood glucose lev-
els [3, 4]. If, in such situations, a loading dose of regular
insulin is administered, a marked reduction in blood glucose
levels will develop, which decreases the plasma osmolarity
and increases the risk of cerebral edema [1-5, 12, 20, 23, 27,
29]. In our experience, we use a dilution of regular insulin at
0.1 IU/mL (250 mL of NSS adding 25 IU of regular insulin),
which is infused at a speed of 1 mL/kg/h (0.1 IU/kg/h) using
an infusion pump. Due to insulin adherence to plastic, we
use the first 30 mL of the solution to wash the catheter [4].
Howeyver, several studies have demonstrated that an insulin
infusion of 0.05 Ul/kg/h is effective, safe, and with minor
risk for abrupt reduction in plasma osmolarity [19, 34-36].
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In general, glucose infusion should be added to the treat-
ment of DKA when blood glucose reaches 250-300 mg/dL.
Glucose is added to the NSS to obtain a 5 % concentration
(50 g/L). An infusion of 2,000 mL/m?day of a solution with
5 % glucose provides a glucose infusion rate between 2.5
and 3.5 mg/kg/min. Such variation occurs because body
weight and surface do not have an absolutely linear correla-
tion. Therefore, besides the calculation of the amount of sup-
plied fluid (mL/m?*day), glucose infusion rate (mg/kg/min)
should be calculated based upon the glucose concentration in
the solution, the patient’s weight, and the infusion rate.

DKA treatment aims correct acidosis and maintaining
blood glucose between 150 and 250 mg/dL during continu-
ous insulin infusion. Use of continuous insulin infusion gen-
erally reduces the blood glucose between 40 and 80 mg/dL
every hour. In cases in which a reduction in glucose levels is
lower than 40 mg/dL/h, insulin infusion should be increased
to 0.1-0.2 IU/kg/h. If reduction in blood glucose is higher
than 100 mg/dL/h during continuous insulin infusion, admin-
istration of intravenous glucose should be increased and may
reach up to 5 mg/kg/min [3-5, 24, 33].

Acidosis and ketonemia are the main markers of insulin
and glucose insufficiency in the cell metabolism during
DKA. Blood glucose correction is faster than acidosis cor-
rection. Therefore, in patients who have major reduction in
blood glucose, but who maintain positive acidosis and/or
ketonemia, continuous insulin infusion should not be
reduced. In these cases, it is necessary to increase glucose
infusion up to 5 mg/kg/min, being sometimes necessary to
infuse solutions containing 10 % glucose [3-5, 24, 33].
Continuous insulin infusion should only be reduced when
there is need of glucose infusion higher than 5 mg/kg/min to
maintain blood glucose between 150 and 200 mg/dL. Such
phenomenon may occur in: (a) patients with recently diag-
nosed DM who still have some endogenous insulin produc-
tion and higher insulin sensitivity; and (b) patients with
residual long acting insulin levels (for example, users of
insulin glargine or detemir). In this situation, we reduce insu-
lin infusion rate to 0.05 U/kg/h and maintain glucose infu-
sion (between 3.5 and 5 mg/kg/min) [3-5, 24, 33].

Therefore, by adding glucose to hydration solution (NSS)
and in the presence of continuous insulin infusion, it is com-
mon to perform frequent adjustments in the glucose infusion
rate, due to higher or lower blood glucose reduction.
Changing solutions is often needed, which demands time
and cost. To perform rapid and frequent modifications in the
fluid content we use the “two bags system” (Fig. 7.2). In this
system, two bags with identical -electrolytic content
(NaCl=150 mE/L and KCl=40 mEq/L), being different in
relation to the glucose concentration (0 and 10 %), are placed
in the shape of a “Y” in a single venous access. This system
allows quick adjustments according to blood glucose, and it
is possible to infuse solutions with glucose concentrations
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The “two bage system” in the DKA treatment

N e

4 N

Glucose = Zero Glucose =10 %

Na = 150 mEqg/L Na = 150 mEq/L

K =40 mEg/L K =40 mEqg/L

- / - /

Fig. 7.2 Two bags system permits rapid changes in glucose adminis-
tration, depending on the proportion of each fluid infusion. “C” repre-
sents the total rate of fluid infusion (e.g.: 40 ml/h). If blood glucose
levels are higher than 250 mg/dl, the total fluid infusion should be
restricted to the bag without glucose (“A” =40 ml/h) being the “B” side
closed. As soon as the blood glucose levels are close to 250 mg/dl, the
total fluid infusion should be divided between the two bags (“A” and
“B”; 20 ml/hora each), which correspond to a 5 % glucose infusion

between 0 and 10 %, so that therapy can be individualized to
the needs of the patient [4, 37].

The continuous insulin infusion can be suspended when
blood pH is higher than 7.30, serum bicarbonate is >18,
anion gap is between 8 and 12, and the patient is eating a
regular diet. One hour before suspending continuous insulin
infusion, a subcutaneous regular insulin bolus of 0.1 IU/kg
should be administered. Subsequent doses of insulin should
be defined according to the previous insulin regime for each
patient. In patients whose DM diagnosis was established
based on current DKA status, an initial daily insulin regime
between 0.6 and 0.7 IU/kg/day is recommended, divided into
long and short acting insulin, which is administered in two or
three applications before meals [4]. From the practical per-
spective, suggestion is to perform transition of intravenous
insulin to NPH insulin at times close to the patient’s meals,
preferentially in the morning. In cases in which the patient
fulfils the criteria for suspension of continuous insulin at dif-
ferent times, such as at night, for example, intravenous infu-
sion can be maintained for a few extra hours, with adjustments
in glucose infusion rate as needed.

A new option in this transition of regular intravenous
insulin into subcutaneous insulin is the use of insulin glargine



90

(Lantus). Insulin glargine is a slow-release and long-acting
insulin, mimicking the effect obtained when using insulin
infusion pump therapy. In a study including children with
DKA, progression of a group treated with traditional regular
intravenous (IV) insulin was compared with another group
that was given 0.3 IU/kg of insulin glargine over the first 6 h
of treatment associated with regular IV insulin infusion.
Addition of that low and stable dose of insulin glargine
allowed suspension of continuous IV insulin infusion earlier,
reduction in total amount of insulin administered, faster cor-
rection of acidosis and earlier ICU discharge [4, 38].

Complications
Electrolyte Disorders

Hypokalemia, hypo- or hypernatremia, hypophosphatemia,
etc. and hypoglycemia (mentioned above) are among the
main complications in the treatment of DKA. Hyperchloremic
acidosis is also a frequent complication, resulting from
excess of chloride replacement, present both in sodium chlo-
ride and in potassium chloride, used in initial management of
patients. In general, it is manifested after some days of DKA
and does not require specific treatment, spontaneously
progressing in the presence of normal renal function.

Cardiac Arrhythmias

Cardiac arrhythmias are caused by electrolyte disorders (hypo-
or hyperkalemia, hypocalcemia, hypomagnesemia), being
uncommon event observed in DKA. Flattening of the T wave,
widening of the QT interval, and the appearance of U waves
indicate hypokalemia. Tall, peaked, symmetrical T waves and
shortening the QT interval are signs of hyperkalemia [3, 4, 28].

Aspiration of Gastric Content

As major changes in the sensorium occur and many patients
have recurrent vomiting, there may be pulmonary aspiration
of gastric content. This complication should be prevented by
careful supervision of patients at an adequate hospital setting
and including a nasogastric tube in patients with conscious
depression.

Pulmonary Edema

Pulmonary edema is not a common complication. There is
an increase in oxygen demand, and there may or may not be
radiological changes compatible with pulmonary edema.
Many factors can be involved, including low oncotic pres-
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sure, increased pulmonary capillary permeability and neuro-
genic pulmonary edema. Treatment includes supplemental
oxygen therapy, use of diuretics and ventilator support when
indicated [4, 39-41].

Cerebral Edema

The appropriate administration of intravenous fluid and
electrolytes plus insulin therapy has dramatically modified
the outcome of DKA, with death being an uncommon event
nowadays. Most of the deaths that occur in DKA are related
to cerebral edema, which is usually observed within the first
12 h of treatment and often following a period of improve-
ment in hyperglycemia and acidosis [1-5, 17-20, 42—-48].
Cerebral edema is practically restricted to the pediatric age
group, with a documented prevalence of 1-3.1 % in children
with DKA. Cerebral edema is more common in children
under 5 years of age and with the first episode of DKA.
Cerebral edema is associated with a mortality rate between
18 and 90 %, with significant long-term complications in
those who survive [13, 16—-19]. Notably, there is evidence
that many patients with DKA have some degree of subclini-
cal cerebral edema even before starting treatment [20, 43,
44, 46].

Clinical manifestations of cerebral edema are usually
sudden, and there may be fast progression to brain hernia-
tion, even when this complication is appropriately recog-
nized and aggressively treated [1-5, 20, 47]. Cerebral edema
usually occurs within 4-12 h after beginning treatment and
at the moment acidosis, dehydration and hyperglycemia, as
well as the patient’s general status, are improving. Initial
signs and symptoms are headache and reduced level of con-
sciousness, which quickly progress to deterioration of senso-
rium, dilated pupils, bradycardia and respiratory arrest. In
some cases, it can be preceded by a period of change in
behavior associated or not with headache and vomiting [1-5,
16-20, 42-47].

As mentioned briefly above, some studies using MRI
have demonstrated cerebral edema in more than 50 % of
children with DKA [27, 42, 46]. On the other hand, the initial
brain images of some children with DKA and neurological
deterioration have not demonstrated evidence of substantial
edema, with some even appearing normal. Cerebral edema
was observed some hours/days later through repeated imag-
ing studies [20, 42, 43]. Therefore, currently, it is accepted
that cerebral edema in children with DKA is a continuum
process, oscillating from mild to severe manifestation
[20, 22, 44].

Rather than a unique mechanism, cerebral edema in DKA
is a result and consequence of a multifactorial and complex
pathogenesis [16-20, 22, 27, 42, 43]. Diabetes itself may
induce cerebral edema as a consequence of inflammatory
mediators release, cerebral injury due to hypoxia/ischemia,
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severe acidosis, glucose toxicity, ketonemia and uremia
[17-20, 29, 42, 43]. In addition, it has been demonstrated
that some therapeutic strategies may cause (or aggravate) the
cerebral edema associated with DKA, such as (a) quick
reduction of the plasma osmolality, which is easily achieved
after a rapid blood glucose reduction (e.g., insulin loading
dose or bolus) and/or in response to excessive fluids admin-
istration (lowering the serum sodium and blood glucose); (b)
exogenous bicarbonate administration; (c) hyperventilation
(while on mechanical ventilator support); and (d) postponing
the fluid infusion that aggravates the hypovolemic status
[4, 16, 19, 20, 27-29].

Even in absence of definitive scientific evidence, there are
several studies connecting rapid decreases in the effective
plasma osmolarity and cerebral edema in children with
DKA. Decreasing the plasma osmolarity could worsen a pre-
existing injury and even causing additional brain injury via a
separate mechanism [20, 27-29, 42]. For these reasons, most
authorities recommend a gradual lowering of the blood glu-
cose levels. As such, a loading dose or bolus of insulin is
neither necessary nor helpful, and may in fact be harmful as
it has been associated with cerebral edema [19]. Several
studies even advocate a lower insulin infusion rate (0.05 Ul/
kg/h), considered safer than the traditional dose (0.1 Ul/
kg/h) [25, 34, 35]. Intravenous fluids should contain enough
amounts of sodium (150 mEq/L) to compensate the natriure-
sis and to counterbalance the decline in plasma osmolarity
(due to the blood glucose reduction) [25, 27, 29, 36].
Excessive fluid administration should be avoided [3, 19, 25,
27-29, 35, 36].

Additionally, it has been demonstrated that children with
severe DKA have significantly decreased cerebral blood flow
compared with children with diabetes and without DKA [5,
9,20, 21,42, 47]. In this regard, cerebral edema in DKA may
have a similar pattern that is observed in stroke and other
hypoxic/ischemic cerebral injuries [20, 42]. For example, in
a rat model of DKA, it was observed that untreated DKA is
associated with cytotoxic cerebral edema. However, progres-
sion from cytotoxic to vasogenic cerebral edema developed
during DKA treatment [42]. In this scenario, a bimodal insult
might occur. Initially, acidosis and the compensatory
response (hyperventilation and decreased PCQO,) triggers
cerebral vasoconstriction, hence reducing the cerebral blood
flow. This effect on brain cells is amplified in the presence of
dehydration and severe hyperglycemia (direct toxic effect),
leading to cytotoxic edema. The second insult occurs during
DKA treatment. Aggressive rehydration and cerebral reper-
fusion (loss of cerebral flow autoregulation and disruption of
the blood-brain barrier) worsen cerebral edema through a
vasogenic mechanism [20, 22, 27, 29, 42].

Treatment of cerebral edema should follow the usual
treatment guidelines for management of cerebral edema.
Attention to the maintenance of a stable airway and
ventilation are crucial. In addition, mannitol (0.25-0.5 g/kg)
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should be administered emergently. Alternatively, hyper-
tonic saline (5-10 mL/kg of 3 % hypertonic saline) can be
used as well. Plasma sodium levels should be maintained
between 150 and 160 mEq/L. There is some controversy
regarding the target PCO, to be achieved during mechanical
ventilator support [48]. Considering the bimodal presenta-
tion of cerebral edema, we do not recommend a target PCO,
lower than 32-35 mmHg. The head should be maintained
elevated at 30° and normovolemia carefully monitored.
Therefore, considering the high mortality associated with
cerebral edema and DKA, even in the presence of adequate
treatment, frequent and judicious monitoring of the patient’s
consciousness status over the initial hours of treatment is
crucial and, in the presence of any acute deterioration,
mannitol should be immediately administered [1-5, 20, 46].

Prevention

Despite improvement in diagnostic and therapeutic resources,
there has been no reduction in mortality due to DKA over the
past two decades [1-5, 18, 20, 26]. Therefore, the main
objective of managing patients with insulin-dependent DM
should be prevention of DKA episodes through a high index
of suspicion and rigorous monitoring of symptoms [1-5].
Prevention of recurrent DKA episodes, especially in adoles-
cents, demands an efficient participation and surveillance by
the family and health team. Recurrent DKA episodes should
be considered as a failure in long-term treatment. Efficient
DKA prevention requires (a) recognition of early signs of
diabetes decompensation; (b) identification of events that
may precipitate increase in insulin supply; (c) early interven-
tion; and (d) aggressive intervention at the family core of
patients with recurrent DKA episodes.
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Abstract

Although once considered a benign consequence to the stress of severe illness or injury, a
significant body of evidence compiled over the past decade shows that hyperglycemia in
critically ill patients is associated with poor outcomes. In both adults and pediatric studies,
there is a strong association with hyperglycemia with higher morbidity and mortality, and in
some prospective studies, controlling hyperglycemia improves outcomes. These data have
resulted in a number of national and international consensus statements and guidelines recom-
mending active glycemic control — though primarily directed at the critically ill or injured
adult. Due to the lack of pediatric-specific data, it has been unclear how pediatric intensivists
should incorporate glycemic control into their practice. During the past decade data from both
retrospective and prospective studies have also shown significant associations between hypo-
glycemia and dysglycemia (i.e., glycemic variability) and poor outcomes. From the current
data, it appears that both hyper- and hypoglycemia occurs in patients who have higher illness
severities and require more organ support measures. A number of pediatric-specific protocols
have been developed and published which suggest that approaches to identify and manage
hyperglycemia in critically ill children can be effectively and safely implemented, and inter-
estingly in many cases hypoglycemic rates are less than that which occurs spontaneously.
Although most pediatric practitioners support active glycemic control in certain subsets of
patients, it is unclear how widespread standardized, consistent glycemic management has
been incorporated into practice. Prospective trials have yielded disparate outcome findings
regarding glycemic control in the pediatric ICU. Data from ongoing and completed studies
will hopefully yield more definitive data on whether pediatric practitioners should regularly
practice glycemic control, and what patient populations might benefit from this practice. This
chapter reviews the existing data on hyperglycemia, hypoglycemia and dysglycemia, and will
hopefully assist how pediatric practitioners synthesize these data into practice.
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Introduction

A little more than a decade ago active management of
glucose in any critical care patient, adult or pediatric, was
infrequent and non-standardized. Although likely regularly
assessed on most critically ill patients, the impact of blood
glucose (BG) level on course or outcome was unclear.
Usually considered as part of a protective counter-regulatory
fight- or-flight response to acute stress, evidence had been
mounting that prolonged exposure to hyperglycemia may be
damaging to cells and organs during critical illness and nega-
tively impact recovery. In 2001, a seminal randomized con-
trolled trial from the adult surgical critical care unit in
Leuven, Belgium was published demonstrating that in their
patient population, maintaining glucose values in a range of
“tight glycemic control” (i.e. ~80-110 mg/dL) with infused
insulin resulted in improved outcomes compared to patients
in whom BGs were controlled in a more “conventional” tar-
get range (180-210 mg/dL) [1]. What was most impressive
about this report was the range of outcomes that were
improved by careful, proactive BG control: shorter lengths
of stay, fewer red cell transfusions and bloodstream infec-
tions, less renal injury and, importantly, an impressive reduc-
tion (i.e. ~40 %) in mortality. The primary adverse effect was
an increase in hypoglycemia (from 0.7 to 5.2 %) with unclear
clinical impact. In relatively short order, other data from
adult ICUs supported the concept of proactive glycemic con-
trol using insulin infusions [2-5], which resulted in a number
of official recommendations to implement standard
approaches in BG management in critically ill patients.
Although not specifically stated, recommendations were to
practitioners of adult critical care, and it was unclear how
these recommendations should be incorporated into pediatric
critical care. These included recommendations from the
Institute of Healthcare Improvement (IHI) and a combined
consensus statement from the American Diabetes Association
(ADA) and the American Association of Clinical
Endocrinologists (AACE) to maintain BG in ICU patients
under 110 mg/dL [6]. In 2004, the Society of Critical Care
Medicine (SCCM) addressed glycemic control in their
Surviving Sepsis Campaign, stating “In patients with severe
sepsis, maintain BG <150 mg/dL [using an] insulin infusion
and glucose...” [7]. In less than 5 years from the original
Leuven report, most adult ICUs had evolved from being
indifferent to most patients’ BG, to taking a proactive
approach in managing BG in a relatively low and tight
threshold.

During this time, a number of studies seemed to refute the
benefits of tight glycemic control [§—12]. In addition to sup-
porting the concept that there may not be outcome benefits of
maintaining BG in the “tight” range (i.e. 80-110 mg/dL),
some of these suggested there may be harm, implicating the
higher incidences of iatrogenic hypoglycemia and poorer
outcomes with tight glycemic control. In fact, two large
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randomized controlled trials (RCTs) in adult ICUs, the
VISIP [9] and Glucotrol [12] studies, which were comparing
outcomes in patients with BG targeted to 80-110 mg/dL to
more conservative ranges (180-200 and 140-180 mg/dL
respectively) were prematurely stopped due to high rates of
protocol violations and high rates of hypoglycemia. Neither
of these suggested outcome improvements with tight glyce-
mic control. In 2009, a large multi-national RCT consisting
of over 6,000 patients from 42 adult medical or surgical
ICUs, the NICE-SUGAR trial, compared outcomes in
patients in whom glucoses were controlled 81-108 mg/dL
versus under 180 mg/dL [10]. Although the difference of the
average BG between groups was only ~30 mg/dL, there was
a slight, but statistically higher mortality rate in the group
undergoing tight glycemic control (27.5 v. 24.9 %, respec-
tively). The tight glycemic control group had higher hypo-
glycemic rates (6.8 v 0.5 %, respectively), which appears to
have influenced the difference in mortality.

Relatively soon after the publication of these last studies,
revisions were made to the aforementioned consensus state-
ments. Currently, IHI, ADA/AACE, and the SCCM Surviving
Sepsis Campaign suggest active measure to control BG when
it rises above 180 mg/dL [13, 14]. Of note, these groups have
not suggested against glycemic control, but used recent stud-
ies to revise the target goals away from “tight”” glycemic con-
trol (i.e. ~80-110 mg/dL). In the fall of 2012, the SCCM
published the recommendations from a task force and sug-
gested that a “glycemic control end point such that a BG
>150 mg/dL triggers interventions to maintain BG below
that level and absolutely <180 mg/dL” [15]. The rationale
being that “there is a slight reduction in mortality with this
treatment end point for general [adult] intensive care unit
patients and reductions in morbidity for perioperative
patients, postoperative cardiac surgery patients, post-
traumatic injury patients, and neurologic injury patients”.
This was the first consensus group that included pediatric
intensivists on the panel, reviewed data from pediatric stud-
ies, and specifically addressed how pediatric intensivists
should incorporate general recommendations (which were
mostly based on the adult critical care literature) into their
practice. Although it was concluded that “the literature is
inadequate to support recommendations regarding glycemic
control in pediatric patients”, it was recognized that there
was associative data on hyperglycemia and poor outcomes in
a number of pediatric critical care subpopulations. In addi-
tion, there is contrasting data from RCTs regarding direct
benefits of glycemic control in critically ill children. In a
relatively short time period there has been a substantial phil-
osophical and practical shift adopted by many adult subspe-
cialty critical care practices. Data in pediatric critical care
has been slower to come, and due to the paucity of data
(which may be conflicting) it has been a challenge for
pediatric intensivists to develop a data-based approach to
glycemic control.
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Incidence and Associations of Hyperglycemia
in Pediatric Critical Care

Soon after studies in glycemic control in adult ICUs were
published, a number of studies were presented evaluating the
incidence of hyperglycemia in pediatric critical care. Rates
of hyperglycemia range from as low as 14 % to near 100 %
of patients in pediatric ICUs [16—24]. This vast variability is
likely due to several factors such as the definition of hyper-
glycemia and the population studied. There is yet to be a
“consensus” on how critical illness hyperglycemia is defined
in adult or pediatric critical care. Thresholds to define hyper-
glycemia in pediatric studies include values from 100
through 200 mg/dL. When given, rationale for these cutoffs
included definitions of hyperglycemia and glucose intoler-
ance used to define diabetes and glucose intolerance by the
American Diabetes Association (i.e. a non-fasting BG cutoff
of 140 mg/dL) and BG levels which surpasses the “renal
threshold” and result in glucosuria (i.e. ~200 mg/dL) [25].
Most descriptive studies have been retrospective, and rely on
routine, non-standardized glucose testing. In presenting the
incidence of hyperglycemia, the denominator given most
often is any patient who received a BG evaluation.
“Hyperglycemic patients” (i.e. the numerator) are most fre-
quently defined as any patient who had at least one BG
greater than their threshold. The lower BG threshold used to
define hyperglycemia, the higher the incidence will be, and
most likely the more times a patient’s BG was checked, the
likelihood of a high BG increases. With these caveats, stud-
ies by Faustino and Apkon, Wintergurst et al., and Hirshberg
et al. all found that one half to almost two-thirds of all
patients in a pediatric medical/surgical intensive care (50, 61,
and 56 % respectively) had at least one BG reading of
>150 mg/dL [19, 20, 23]. Depending on the BG threshold to
define hyperglycemia, rates in general PICUs range from
about 10-80 % of patients (Fig. 8.1a). To date, there has been
no prospective study in which BGs are systematically
checked in all PICU patients to define the true incidence of
hyperglycemia in pediatric ICUs.

In studies where patients that are more critically ill (i.e.
higher illness severity or more organ failure) are evaluated,
the incidence of hyperglycemia increases (Fig. 8.1b). Studies
have shown that nearly 50-75 % of patients on mechanical
ventilation (MV) and 90 % on MV and/or vasopressors [22,
24,26, 31], 72 % of patients with septic shock [24] and 90 %
of patients with meningococcal sepsis had BGs >126—
150 mg/dL [18]. When looking in cardiac ICUs, rates of
hyperglycemia vary between 57 and 98 %, again depending
on BG threshold and patient condition (Fig. 8.1c) [28-30,
32-34]. In other specific high risk PICU subpopulations
rates are also high, for example 88 % in traumatic brain
injury and 57 % in burn patients [35-38].

Taken together, these studies support an intuitive
hypothesis that if patients are “more” critically ill, their
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Fig.8.1 Relationship of hyperglycemia incidence and BG threshold in
pediatric critical care. The incidence of hyperglycemia and defining BG
was obtained from published studies and plotted. Studies were divided
into three categories: (a) General pediatric medical/surgical PICU eval-
uating all admissions, (b) Patients with shock or specific organ failure
(i.e. requiring mechanical ventilation or vasopressors), (¢) Patients in
cardiac ICUs and/or post-operative from cardiac surgery (Data sources:
(a) [19-21, 23, 26]; (b) [16, 17, 22, 24, 26, 27]; (c) [27-30])

likelihood of having a more robust stress response is greater,
and thus it is reasonable that their BG would become (more)
elevated. From studies of a practice group that initiated a
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standard protocol to screen for hyperglycemia in what were
deemed “high risk” patients (defined as those who were
receiving mechanical ventilation, vasopressors, or other vital
organ support measures) and required to consecutive BG
readings of >140 mg/dL to define hyperglycemia, ~50 % of
patients who are mechanically ventilated and not receiving
vasopressors and ~90 % of patients who are receiving both
vasopressor support and are mechanically ventilated develop
hyperglycemia [26, 31]. In further evaluation of patients not
deemed “high risk” (i.e. no organ failure/support), hypergly-
cemia was rare (<6 %) [26]. This suggests that in pediatric
patients, there is a strong positive relationship with organ
failure and hyperglycemia. Taking this into account, the vari-
ability of incidence of hyperglycemia in pediatric ICUs is
likely strongly influenced by the unit’s case mix of acuity
and illness severity [31].

In addition to reporting incidences, many retrospective
and descriptive studies have documented an association
between hyperglycemia and poor outcome. A common
theme has been a strong positive association of hyperglyce-
mia and morbidity and mortality. In general, it has been
found (similar to adult literature) that there is a positive asso-
ciation between hyperglycemia and ventilator days, ICU
length of stay, use of high frequency ventilation, infections,
inotrope use and renal insufficiency/failure [16-24, 28, 30,
31, 37, 38]. In general medical/surgical PICU populations,
mortality rates are up to five to six times higher in those with
hyperglycemia. In septic shock patients with respiratory fail-
ure, mortality is 2-3x higher in groups with hyperglycemia
than without. In a study by Cochan et al., a BG of >300 mg/
dL in children with TBI is predictive of non-survival [36].
Taken together, hyperglycemia exists in a substantial amount
of patients in pediatrics ICUs. There are strong correlations
of higher instances of hyperglycemia and illness severity,
organ failure and poor outcomes, including mortality. It has
been such studies which have prompted prospective studies
of glycemic control in pediatric critical care, and initiating
standard approaches to glycemic control by some pediatric
intensivists.

Hypoglycemia in the PICU

The practice of glycemic control in critically ill patients has
highlighted physicians’ concern for hypoglycemia. Surveys
of pediatric intensivists showed that hypoglycemia was con-
sidered more dangerous than hyperglycemia [39, 40]. In fact,
the fear of hypoglycemia was identified as a barrier to glyce-
mic control in critically ill children [40]. Hypoglycemia is
physiologically defined as the concentration of glucose in the
blood or plasma at which the individual demonstrates a
unique response to the adequate delivery of the glucose to a
target organ, particularly the brain [41]. Counter-regulatory
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hormones such as glucagon, epinephrine, growth hormone
and cortisol are usually activated in response to hypoglyce-
mia once blood glucose concentration decreases to 60—80 mg/
dL [42]. Hypoglycemic symptoms do not occur until blood
glucose concentration is approximately 50 mg/dL and cogni-
tion does not appear depressed unless blood glucose concen-
tration is approximately 40 mg/dL. Hypoglycemia has
variable effects on the developing brain in preclinical models.
Compared with adult rats, the brains of newborn rats are more
resistant to neuronal injury from insulin-induced hypoglyce-
mia [43]. The cause of hypoglycemia may also be important.
During prolonged fast, the body produces ketones that the
brain can use as alternative source of energy in the absence of
glucose. Insulin inhibits ketogenesis and deprives the brain of
both glucose and ketones, potentially resulting in worse out-
comes with insulin-induced hypoglycemia [44]. The duration
and frequency of the hypoglycemic episodes also affects the
impact of hypoglycemia on the brain [10, 45]. Because of the
difficulty in using a blood marker, i.e. blood glucose concen-
tration, to diagnose symptomatic neuroglycopenia, pediatric
intensivists use different blood glucose thresholds to define
hypoglycemia. Values ranging from 40 to 80 mg/dL are typi-
cally used in clinical practice [39, 45, 46]. Observational and
interventional studies usually report hypoglycemia as
<60 mg/dL and severe hypoglycemia as <40 mg/dL [10, 27,
47]. Current convention is the BG value of <40 mg/dL is
defined as “severe” hypoglycemia and <60, but greater or
equal to 40 mg/dL is “moderate” hypoglycemia.

Hypoglycemia is not uncommon in critically ill children. In
children with spontaneous or non-insulin induced hypoglyce-
mia, 7.5-11.7 % of them have at least one blood glucose con-
centration <60 mg/dL [20, 45, 48]. The prevalence of severe
spontaneous hypoglycemia with blood glucose concentration
<40 mg/dL is 2.2-3.2 % [45, 48] of all patients in the pediatric
intensive care unit but can be as high as 25 % in selected
patients undergoing glycemic control with insulin [27].

Even in the absence of inborn errors of metabolism and
insulin-secreting tumors that predispose children to hypogly-
cemia, critically ill children are at risk of hypoglycemia.
Hypoglycemia is likely a reflection of the body’s overall
inability to regulate blood glucose concentration [45, 49].
This may explain why children <1 year old, [20, 48] with
higher severity of illness [48] and requiring more therapeutic
interventions, [45, 48] who tend to be hyperglycemic, are
also likely to have episodes of hypoglycemia. Vriesendorp
et al. proposed that critically ill patients have relatively insuf-
ficient gluconeogenesis analogous to relative adrenal insuf-
ficiency [50]. The gluconeogenic pathways are overstressed
because of the underlying illness such that they are unable to
produce additional glucose to maintain euglycemia when
faced with added stress. Additional stress may include side
effects of certain drugs, such as octreotide and beta-blockers,
or human error [45, 51]. Abrupt discontinuation of high
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glucose containing parenteral nutrition or renal replacement
therapy solutions without glucose supplementation may lead
to hypoglycemia. Impaired gluconeogenesis may also result
from unrecognized renal or hepatic insufficiency.

The outcomes of hypoglycemia in critically ill children
depend on the cause, severity and the frequency of the events.
Spontaneous hypoglycemia is associated with increased
mortality, [45] prolonged hospital stay [20, 23] and increased
risk of nosocomial infections [20]. Compared with children
with no hypoglycemia, the odds of mortality ranges from
2.7 in those with blood glucose concentration <60 mg/dL to
4.5 in those with blood glucose concentration <40 mg/dL
[45]. Children with recurrent hypoglycemia have worse out-
comes than those without or with a single episode of hypo-
glycemia. Depending on the glucose threshold, the odds of
mortality in children with recurrent hypoglycemia are 4.8—
6.3 compared with 1.2-3.7 odds in those with a single epi-
sode of hypoglycemia [45].

Insulin-induced hypoglycemia seems to have better out-
comes compared with spontaneous hypoglycemia. In the
randomized controlled trial on glycemic control by
Vlasselaers et al., 25 % of children in the insulin-treated
group developed severe hypoglycemia compared with 1 % in
the control group [27]. The odds of mortality are not
increased in the presence of severe hypoglycemia, and in fact
this group in whom BG were more tightly controlled had less
mortality. Insulin-induced hypoglycemia is also not associ-
ated with changes in neurocognitive development when chil-
dren were tested 4 years after the hypoglycemic event [52].
Similar findings are noted in adults. In the NICE-SUGAR
trial, the hazard ratio of mortality is significantly lower in
patients with insulin-induced hypoglycemia (1.7 vs. 3.8 in
adults with spontaneous hypoglycemia) [10]. In adults with
acute myocardial infarction, hypoglycemia is a predictor of
mortality in patients not treated with insulin but not in those
treated with insulin (odds ratio of mortality: 2.3 vs. 0.9) [53].

The difference in outcomes between spontaneous and
insulin-induced hypoglycemia suggests that hypoglycemia
is merely a marker of the underlying disease [10, 45, 49].
The better outcomes in critically ill patients with insulin-
induced hypoglycemia, compared with animal studies, may
reflect the shorter duration that these patients are hypoglyce-
mic. While critically ill children may have unrecognized
hypoglycemic symptoms, they are unlikely to be hypoglyce-
mic for prolonged periods of time because their blood glu-
cose concentrations are monitored closely [45].

Glycemic Variability
Recent evidence suggests that extreme fluctuations in blood

glucose concentrations in critically ill patients are harmful,
independent of the actual blood glucose concentrations or

the presence of hypoglycemia. It has been postulated that
the contrasting results between the Leuven and the NICE-
SUGAR trials may be partly explained by differences in
glycemic variability [54]. The association between glyce-
mic variability and mortality was initially reported by Egi
et al. [55] and Wintergerst et al. in 2006 [23]. Egi et al.
reported that in critically ill adults whose blood glucose
concentration was strictly controlled with insulin infusion,
both the mean and standard deviation of blood glucose con-
centrations are independently associated with mortality
[55]. Subsequent studies have confirmed this association in
adults [56]. Wintergerst et al. reported that glycemic vari-
ability is also associated with mortality and increased hospi-
tal stay in critically ill children [23]. Using a glucose
variability index calculated as a time-weighted change in
blood glucose concentration, glucose variability had the
strongest association with mortality compared with maxi-
mal and minimal blood glucose concentrations. Other stud-
ies support this association in children. Hirshberg et al.
reported that critically ill children with both hyperglycemia
and hypoglycemia have higher odds of mortality and noso-
comial infection, and longer hospital stays compared with
children with isolated hyperglycemia or hypoglycemia [20].
Using the standard deviation of the blood glucose concen-
trations of each critically ill child, Rake et al. reported that
glycemic variability is positively correlated with mortality
rates [57].

Similar to hypoglycemia, the increased mortality associ-
ated with significant glycemic variability may represent the
body’s inability to maintain blood glucose allostasis i.e.,
physiologic adaptation to change [57]. Glycemic variability
during the acute phase of illness is likely adaptive that allows
the body to respond to stress. However, glycemic variability
during the chronic phase of illness may be maladaptive and
represent secondary damage to the systems controlling blood
glucose concentration. Rake et al. demonstrated that among
survivors, glycemic variability decreases during the late
phase of critical illness [57]. In contrast, blood glucose con-
centration was persistently variable among non-survivors.
Alternatively, fluctuations in blood glucose may result in
increased oxidative stress and endothelial dysfunction lead-
ing to worse patient outcomes [54].

Glycemic Control Protocols in the PICU

The efficacy of glycemic control in critically ill children is
unclear. The study by Vlasselaers et al. demonstrated a sig-
nificant mortality benefit in controlling blood glucose con-
centrations to age-adjusted normal values [27]. In contrast,
the study by Agus et al. did not detect any significant benefit
with glycemic control in post-operative cardiac patients [47].
The results of trials in adults are also conflicting. The initial
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Table 8.1 Comparison of glycemic control protocols in children

BG target range

Year published Protocol type (in mg/dL)
Thompson 2008 Computer 80-110
et al. [62]
Preissig et al. [26] 2008 Paper 80-140
Vlasselaers 2009 Paper 50-80 (<1 y/o)
etal. [27] 70-100 (1-16 y/o)
Verhoeven 2009 Paper 72-145
et al. [63]
Faraon-Pogecaunu 2010 Paper 90-119
et al. [60]
Branco et al. [64] 2011 Paper 60-140
Chimaet al. [65] 2012 Paper 100-200
Agus et al. [47] 2012 Computer 80-110
Hebson et al. [33] 2013 Paper 80-140

M.S.D. Agus et al.

Time to reach ~ Percentage of BG Percentage of

Number of BG target range measurements in  patients with BG
patients (in hours) range <40 mg/dL
48 12 48 20

74 54 N/A 4

349 N/A N/A 25

50 5 N/A 0

42 10 33 22

44 9.5 73 20

196 N/A N/A 1

444 6 N/A 3

44 6.1 N/A 0

Hebson et al. used in the cardiac intensive care unit the protocol initially reported by Preissig et al.

BG blood glucose concentration, N/A not available

trial by van den Berghe et al. [1] demonstrated mortality ben-
efit with glycemic control while the NICE-SUGAR trial [10]
demonstrated increased mortality in the intervention group.
Despite the differences in the results of pediatric and adult
trials, glycemic control continues to be practiced in critically
ill children [46].

Safe implementation of glycemic control requires the use
of protocols. An optimal protocol should include an explicit
algorithm that determines insulin dosing and minimizes
interpretation by the bedside clinician, frequent monitoring
of blood glucose concentration, provision for dextrose sup-
plementation or for stopping insulin if glucose source inter-
rupted, and standardize approach to the management of
hypoglycemia [15]. Ideally, a protocol should incorporate
patient characteristics and caloric intake to individualize
insulin dosing recommendations. Because dosing algorithms
are usually complex, computerized protocols are preferred.
Computerized protocols have been shown to be more effec-
tive in achieving target blood glucose concentrations, [58,
59] associated with less hypoglycemic events, [58, 59] better
protocol compliance [60] and higher nurse satisfaction [61]
compared with paper-based protocols.

A number of protocols have been developed for control-
ling blood glucose concentrations in critically ill children
(Table 8.1). In most of the protocols, the recommended insu-
lin infusion rate is adjusted based on the rate of change in the
blood glucose concentration and the current insulin infusion
rate [60]. Computerized protocols tend to have more com-
plex insulin dosing algorithms that are difficult to replicate
on paper [47, 62]. Because of uncertainty in the optimal
blood glucose target for children, different ranges are used.
The performance and the risk of hypoglycemia differ per
protocol.

Of the existing protocols there are two main types: those
that recommend an incremental response to change in blood
glucose within different ranges, and those that change the
algorithm’s sensitivity to glucose changes. Whichever type
of mathematical approach an algorithm employs, the recom-
mendations can be implemented either by written rules for
making the incremental adjustments or by equations which
continuously calculate incremental adjustments. A benefit of
the mathematical algorithm approach is that weight-specific,
glucose-concentration specific recommendations can be
made for glucose rescue from hypoglycemia.

A critical determinant of the success of any protocol is the
quality and frequency of the data that are input into it. Blood
glucose concentrations are ideally measured from an arterial
source, since there is some arterio-venous decrement due to
glucose extraction at the tissue level. Central venous blood
may also be a reliable and stable source for measuring glu-
cose. Capillary blood should be reserved for short-term use
only due to potential for poor peripheral perfusion in criti-
cally ill children. When drawing blood from an intravascular
catheter, one should take extreme care to waste adequate
amounts of blood, 1-2 mL, prior to collecting the sample
that is to be tested. This may be achieved at little cost to the
patient by using a closed blood drawing system, several of
which are on the market.

Blood glucose should be monitored at a standard interval
of 1-2 h during an intravenous insulin infusion. This can be
spaced to some extent if insulin dose and carbohydrate sup-
ply are not changed in that period. Adult protocols that are
based upon every 4 h blood glucose checks may have severe
hypoglycemia rates of 10 % or more. There remains much
debate as to what devices are acceptable for use to measure
blood glucose. The most accurate devices are in the hospital
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Table 8.2 Factors leading to hypoglycemia in the ICU during insulin
infusion
Risk factors
Transport off ICU
Sick patient or neighbor
Stable trajectory
Final common pathways
Feeds (PN or EN) discontinued, insulin continued

Titrated medication infusions with dextrose-containing fluid as a
diluent

Lack of adequate frequency of BG checks
Variable sampling techniques

central laboratory, which measure serum concentrations.
Blood gas machines are also particularly reliable; some ICUs
have the benchtop machines in the ICU, others use a point-
of-care blood gas device. FDA-approved hospital glucose
meters have become increasingly reliable in recent years.
After taking into account the risk of performing glucose con-
trol in the ICU without a glucose measurement device at the
bedside, we believe the newest generation (after 2011) are
acceptable for use in the PICU.

Continuous glucose monitoring devices have also made
significant technological progress in the last 5 years, how-
ever, not enough to warrant using them to directly guide
insulin dosing. Among FDA approved devices, the most
commonly available one is the subcutaneous sensor which is
designed for use in ambulatory diabetics. While not FDA
approved for this indication, these sensors have been suc-
cessful in the context of clinical trials to significantly reduce
the incidence of hypoglycemia when on an insulin infusion.
The most appropriate use is as a hypoglycemia alarm device.
Through conducting clinical trials in this field, we have
learned that there are identifiable risk factors for hypoglyce-
mia (Table 8.2) which the continuous monitor has helped to
address.

Randomized Controlled Trial in Glycemic
Control in Pediatric Critical Care

The first pediatric randomized controlled trial of 700 criti-
cally ill pediatric patients was completed in a single center in
Leuven, Belgium, which established that insulin infusion
titrated to a goal of 50-80 mg/dL in infants and 70-100 mg/
dL in children, compared with insulin infusion only to pre-
vent BG greater than 215 mg/dL, improved short-term out-
comes. The absolute risk of mortality was reduced by 54 %
(conventional 5.7 % vs. intervention 2.6 %, p=0.038), and
insulin therapy also reduced the ICU length of stay and
C-reactive protein (the primary outcome variable). The study
was notable for its first proof of principle that lower ranges
of glycemic control produce clinical benefit in children.

It was also remarkable for its low target BG ranges in the
intervention groups, which were described as “age-adjusted
normoglycaemia” (50-80 mg/dL in <1 year old, 70-100 mg/
dL in >1 year old). Although several outcomes in this trial
were favorable, there were extremely high rates of severe
hypoglycemia (<40 mg/dL): 44 % in those <1 year old and
25 % overall. In light of this, the protocol is unlikely to be
replicated outside Leuven, and the findings of clinical benefit
cannot be widely applied. Of note, the 4-year follow-up
study assessed neurocognitive outcomes in participants in
the trial and did not identify any differences in cognitive per-
formance between those enrolled in the tight control versus
conventional therapy arm.

The second published randomized clinical trial in the
field, called SPECS (Safe Euglycemia in Cardiac Surgery)
was conducted in two centers in a relatively homogeneous
population of 980 post-operative cardiac surgical patients
less than 3 years of age. Subjects were randomized to
80-110 mg/dL versus standard care, which was essentially
no insulin. Although subjects in the TGC arm of the trial
reached target range more quickly than the standard care
arm, stayed in range longer, and had a lower time-weighted
blood glucose average, outcomes were identical between
the two groups. It is notable that the differences in the glu-
cose profiles across the two groups became indistinguish-
able after 48 h, raising the question of whether the exposure
to glucose control was too brief to affect a difference in
outcomes. When analyzing the entire cohort, no differ-
ences in outcomes were noted. Post hoc analyses are
reported to be underway which may identify subgroups
that did derive benefit, but these have not yet been
published.

Three other major trials are underway at the time of writ-
ing this chapter, which may help us understand more about
controlling blood glucose in critically ill children. Control of
Hyperglycaemia In Paediatric Intensive Care (CHiP;
ISRCTN61735247) is a 1,384-patient study of cardiac, med-
ical and surgical ICU patients, randomizing to either 72-126
or 180-215 mg/dL with primary outcome of ventilator-free
days at 30 days. Pediatric ICUs at Indiana and Emory-
Children’s Center Glycemic Control: The PedIETrol Trial
(NCTO01116752) is a 1,004-patient trial of 80—140 versus
190-220 mg/dL including cardiac, medical and surgical ICU
patients, where the primary outcome is recovery of organ
function specified as PELOD score at 6 days. Heart And
Lung Failure — Pediatric INsulin Titration trial (HALF-
PINT; NCT01565941) is a 30-center multi-center trial of
80-110 vs 150-180 mg/dL with the primary outcome of
ICU-free days, or 28-day hospital mortality-adjusted ICU
length of stay. As the results are published of these three
major trials and possibly others we will be able to generate
more definitive recommendations about glycemic control in
specific situations.
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Conclusion

The past decade has shown rapid change in how hypergly-
cemia is regarded and managed in all disciplines of criti-
cal care. In adult critical care there is a strong body of
evidence that, at least in some patients, benefit can come
from strict management of hyperglycemia using insulin.
Although there are strong associations of poor outcome
and hyperglycemia and hypoglycemia in pediatric critical
illness, is not yet clear which patient populations, if any,
will benefit from routine glycemic control. Data to base
best practice will only come through the implementation
of carefully planned prospective studies.
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Introduction

Abstract

Hypoglycemia is increasingly recognized as a significant risk for morbidity and mortality
in critically ill and injured children, especially with the recent focus on “tight glucose con-
trol” in the pediatric intensive care unit. The lack of adequate energy support in critically ill
infants and children with low metabolic reserves is a significant and often underappreciated
risk factor, though a variety of other etiologies may be involved. There is no one blood
glucose value that defines “hypoglycemia.” Rather, hypoglycemia is considered to repre-
sent a spectrum of clinical signs and symptoms that occur within a relatively broad range of
blood glucose values that resolve when treated with exogenous glucose. Hypoglycemia is
clinically important, as glucose is the most important energy fuel of the body, especially for
the brain. As such, glucose homeostasis is normally tightly regulated. Treatment of the
underlying disease, early enteral nutrition, basic glucose infusion, avoidance of excessive
control of transient stress hyperglycemia may be all important factors to maintain glucose
homeostasis and the lowest risk of occurrence of hypoglycemia for the individual patient.
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stress-related hyperglycemia in critical care settings [1-3].
However, hypoglycemia in the critical care setting may be
even more deleterious, especially in critically ill infants and

Glucose is the principal source of energy for the body —
hence, the concentration of blood glucose is tightly regulated
under normal conditions. During the last several years, there
has been a growing emphasis on the recognition of
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children. Hypoglycemia has been vastly underappreciated as
a potentially harmful metabolic disorder, and only recently
has greater attention focused upon the risks of hypoglycemia
and its harmful effects that occur concomitant with the
aggressive treatment of hyperglycemia in critically ill
patients using so-called “tight glucose control” [4, 5]. In
truth, the incidence of iatrogenic hypoglycemia in the critical
care setting has increased with the emphasis on tight glucose
control [4-6]. The body composition, metabolic reserves,
stress response, and energetic requirements of children differ
significantly from adults, making any comparisons difficult
at best [7, 8]. Hypoglycemia has a wide spectrum of etiolo-
gies and clinical presentations to be considered in the
Pediatric Intensive Care Unit (PICU).
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Definition

Hypoglycemia is generally defined as a blood glu-
cose <45 mg/dL, regardless of whether signs or symptoms of
hypoglycemia are present [9-15]. Of note, the concentration
of glucose in serum and plasma is typically 10-15 % higher
than the concentration of glucose in whole blood [13].
Hypoglycemia also can be defined as the glucose concentra-
tion associated with clinical signs that resolve when dextrose
is administered [16]. There is a broader range of blood glu-
cose values to be considered critical in neonates, depending
upon the presence of coexistent hypoxemia or hypoperfu-
sion, all of which contribute to a greater risk for permanent
brain damage [9, 12]. No clear current evidence exists in the
literature about the best safe or “normal” blood glucose value
to be maintained in neonates, which can avoid neurologic
damage due to hypoglycemia [17]. Blood glucose values less
than 70-80 mg/dL, particularly in the context of critical ill-
ness, should be viewed with alarm, with the goal of avoiding
any further decrease in the blood glucose and loss of
homeostasis.

Pathophysiology

Glucose and free fatty acids are the basic energy providers of
the human organism. The most important metabolic cell fuel
is glucose, especially in the central and peripheral nervous
system, brain cells, renal medulla, and red blood cells. The
brain cannot use free fatty acids and derives almost all of its
energy requirements from glucose metabolism. This is one
reason why neonates, with a proportionally larger brain in
relation to body weight, have higher glucose requirements
(8-10 mg/kg/min in preterm, 4—6 mg/kg/min in term infants
compared with 1-2 mg/kg/min in older children [18].
Glucose homeostasis is normally tightly regulated. The
concentration of glucose in the body at any one point in time
reflects a dynamic balance between glucose input (via both
dietary intake and endogenous glucose synthesis — glycoge-
nolysis and gluconeogenesis) and glucose utilization by the
tissues (via glycolysis and glycogen synthesis). The liver and
muscle tissue both store glucose as glycogen, though only
the liver is capable of releasing this storage pool of glucose
into the bloodstream (glucose derived from glycogen stores
in muscle tissue is used locally). The liver also synthesizes
glucose from glycerol (generated via lipolysis), lactate, and
amino acids via gluconeogenesis and is therefore especially
important in regulating glucose homeostasis. Insulin is the
primary hormone that regulates glucose homeostasis by (i)
stimulating glucose uptake by muscle and adipose tissue; (ii)
promoting glycogen and protein synthesis; and (iii) inhibit-
ing lipolysis and glycogenolysis. The counterregulatory hor-
mones, including growth hormone, cortisol, glucagon, and
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epinephrine directly oppose these effects and are therefore
important in regulating glucose homeostasis as well.

Generally, within 2-3 h of fasting, insulin levels are sup-
pressed and the counterregulatory hormones are released,
stimulating glycogenolysis. Hepatic glycogen stores are rap-
idly depleted — infants, in particular, have a relatively limited
supply of glycogen stores and are therefore particularly at
risk for hypoglycemia during fasting. Glucose produced via
glycogenolysis in the muscles is not released systemically, as
muscles lack the enzyme glucose-6-phosphatase. The
counterregulatory hormones also stimulate gluconeogenesis.
The substrates for gluconeogenesis are derived from the
breakdown of fats (lipolysis) and proteins. Glycerol (from
lipolysis) is the major source of substrate for gluconeogene-
sis. Glucose may also be synthesized from recycled sub-
strates, e.g., lactate and alanine. As glucose supplies are
further limited, the brain becomes dependent upon ketones
as an alternative energy source. With few exceptions then,
the vast majority of cases of hypoglycemia in the pediatric
age group occur during fasting.

Differential Diagnosis

The differential diagnosis of hypoglycemia in infants and
children is broad (Table 9.1) and includes inborn errors of
metabolism, toxic ingestions (e.g., ethanol, salicylate, oral
hypoglycemic agents), malnutrition, acute illness (e.g., sep-
sis, congestive heart failure), liver disease, and neoplasia
(e.g., Wilm’s tumor, nesidioblastosis, islet cell adenoma)
[19]. As discussed above, neonates and infants are at risk for
hypoglycemia due to relatively limited glycogen and fat
stores. These risks are compounded in neonates born prema-
turely or in those neonates who are small for gestational age,
whose capacity for gluconeogenesis is relatively limited due
to the delayed maturation of hepatic enzyme systems and
limited substrate availability. Other common causes of hypo-
glycemia during the neonatal period include infants born to
diabetic mothers (maternal hyperglycemia leads to hyperin-
sulinism, as glucose readily crosses the placenta and insulin
does not), erythroblastosis fetalis (hyperinsulinism second-
ary to islet cell hyperplasia), and neonatal sepsis. Critically
ill neonates and infants who are receiving the bulk of their
nutritional needs via parenteral nutrition may develop hypo-
glycemia if the infusion of glucose is suddenly interrupted.
Less common causes of hypoglycemia in this age group
include nesidioblastosis (hyperinsulinism), Beckwith-
Wiedemann Syndrome (characterized by macroglossia,
omphalocele, macrosomia, and hyperinsulinism secondary
to islet cell hyperplasia), and inborn errors of metabolism.
Hyperinsulinism is usually characterized by (i) macroso-
mia (large for age infant); (ii) severe and persistent non-
ketotic hypoglycemia; (iii) inappropriately elevated insulin
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Table 9.1 Differential diagnosis of hypoglycemia in children

Decreased glucose availability
1. Decreased glucose intake
Fasting
Malnutrition
Decreased oral intake (e.g., due to illness)
2. Impaired absorption via the GI tract
Diarrhea
Intestinal disaccharidase deficiency
Malabsorbtion syndromes (primary or secondary)
3. Decreased endogenous glucose production
Glycogen storage diseases (GSD)
GSD Type I [glucose-6-phosphatase deficiency]
GSD Type III [debranching enzyme deficiency]
GSD Type IV [hepatophosphorylase deficiency]
Glycogen synthetase deficiency
Hereditary fructose intolerance
Fructose 1,6-diphosphatase deficiency
Galactosemia
Glucagon deficiency
Ketotic hypoglycemia
Inborn errors of metabolism (especially fatty acid oxidation defects)
Liver diseases:
Hepatitis
Cirrhosis
Acute fulminant hepatic failure
Reye syndrome
Increased Glucose Utilization

. Hyperinsulinism
Congenital hyperinsulinism, subtypes diffuse and local
Infants of mothers with gestational diabetes, with altered fetal growth
Islet cell adenoma
Nesidioblastosis
Beckwith-Wiedemann syndrome
Heterozygous mutation in pancreatic -cell glucokinase
Exogenous insulin (e.g., diabetic child)
2. Toxic ingestions
Ethanol
Oral hypoglycemic agents
Salicylates
Beta-adrenergic antagonists (Beta blockers)
Quinolones
Quinine
3. Miinchhausen syndrome (deliberate administration of oral
hypoglycemiants or insulin)
4. Critical Illness (multifactorial)
Respiratoy distress
Sepsis/Shock
Trauma/Burns
Surgery

levels (classically, glucose/insulin ratio<4.0); (iv) need for
excessive glucose infusion rate (typically well above
8 mg/kg/min) in order to maintain normal blood glucose con-
centrations; and (v) an increase in blood glucose of greater
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than 30 mg/dL above baseline 30 min after administration of
glucagon. Importantly, infants with hyperinsulinism may be
at a greater risk of neurologic injury during episodes of hypo-
glycemia, as the brain is robbed of both its primary
(i.e., glucose) and alternative (i.e., ketones) energy source.
For example, Thomas et al. [20] reported a mortality rate of
2.5 % in 165 infants with hyperinsulinism with severe neuro-
logic disability in 52 % of survivors. Treatment options for
these infants include diazoxide, octreotide, and subtotal or
near-total pancreatectomy [9, 13, 20, 21].

Fatty acid metabolism is essential in order to provide
substrates for gluconeogenesis. Several disorders of fatty
acid metabolism may therefore present with hypoglycemia.
Carnitine is required for the transport of long-chain fatty
acids across the mitochondrial membrane — carnitine palmi-
toyl transferase (CPT) deficiency, as well as short chain,
medium chain, and long chain acyl CoA dehydrogenase
deficiency all present with nonketotic hypoglycemia and
elevated free fatty acids. Glycogen storage disease (GSD)
type I (Von Gierke’s Disease) is due to a defect of the
enzyme glucose-6-phosphatase and is characterized by fail-
ure to thrive, hepatomegaly (often massive), profound hypo-
glycemia, hyperuricemia, lacticacidosis, and hyperlipidemia.
Children with GSD type III (Cori’s Disease, due to a defect
in the debranching enzyme) and GSD type IV (due to a
defect in the branching enzyme) typically present with less
severe hypoglycemia. Galactosemia (resulting from defi-
ciency in galactose-1-phosphate uridyl transferase) com-
monly present with jaundice, hypoglycemia, and gram
negative sepsis. Hereditary fructose intolerance (resulting
from deficiency in fructose-1-phosphate aldolase) produces
a clinical syndrome characterized by symptomatic, post-
prandial hypoglycemia (these children often develop an
aversion to sweet foods!). Other inborn errors of metabo-
lism, as well as deficiencies in counterregulatory hormones
(e.g., hypopituitarism, Addison’s disease, etc.) also pro-
duced hypoglycemia, though fortunately most of these
disorders are relatively rare.

The most common cause of hypoglycemia in children
from 1 to 5 years of age is ketotic hypoglycemia, a disorder
that is characterized by recurrent hypoglycemic episodes
during intercurrent illness (classically presents as seizure or
altered mental status during the morning, i.e., following a
prolonged fast) [9, 13, 22, 23]. At the time of hypoglycemia,
there is associated ketonuria and ketonemia with low insulin
concentrations. These children have hypoalaninemia
(presumed to be secondary to a low lean muscle mass), and
alanine supplementation has been shown to improve symp-
tomatology [9, 13, 22—-24]. Most children outgrow this disor-
der, and for this reason, some authors feel that ketotic
hypoglycemia reflects one extreme of the body’s normal
response to fasting [13, 25]. Hypoglycemia may also occur
in the context of children with diabetes mellitus, especially if
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insulin is administered in the face of increased glucose needs
or poor oral intake (e.g., acute illness, diarrhea, etc.).
Hypoglycemia may also be the presenting feature of
Miinchhausen Syndrome by proxy (a low C-peptide level
with normal or high insulin level suggests the presence of
exogenous insulin) [26]. Finally, as discussed above,
hypoglycemia can, and often does, occur during manage-
ment of stress-hyperglycemia with so-called “tight glucose
control” [5].

Liver disease (hepatitis, Reye syndrome, cirrhosis, acute
liver failure) causes hypoglycemia due to decreased glyco-
gen stores and impaired function of hepatic gluconeogenesis.
Large tumors have caused hypoglycemia in small children
due to the increased glucose needs of the tumor itself. Finally,
several toxic ingestions classically present with hypoglyce-
mia, including salicylates, alcohol, and beta blockers.

Clinical Manifestations

Critically ill children with hypoglycemia may present with a
broad spectrum of symptoms and signs, depending on the
underlying disease, glucose level, number and duration of
the hypoglycemic event. Also the presence of hemodynamic
disturbances, hypoxia, ischemia, anemia and the capacity of
metabolic adaptations may influence the clinical syndrome.
Signs and symptoms are relatively non-specific and gener-
ally reflect the effects of low blood glucose on the release of
counterregulatory hormones, particularly epinephrine. These
signs and symptoms include irritability, inactivity, hypother-
mia, diaphoresis, tachycardia, tachypnea, and weakness.
Neurologic symptoms include mild to severe alteration of
consciousness, from lethargy to irritability up to coma and
seizures. Apnea and respiratory depression are also seen in
the younger child and infant. Severe glucose deficiency leads
to brain energy failure, muscle weakness and organ impair-
ment, including heart failure [16]. Seizures are the most
common neurologic presentation of hypoglycemia in chil-
dren [27]. The blood glucose threshold at which seizures
occur is highly variable, though a blood glucose level below
40 mg/dL would have a high likelihood of seizures. Early
recognition of hypoglycemia requires a high index of suspi-
cion. As a general recommendation, blood glucose should be
immediately evaluated in any infant or child presenting with
either a seizure or altered mental status. In addition, several
studies suggest that blood glucose should be measured in any
critically ill or injured pediatric patient. Rapid, bedside glu-
cose measurement should be performed, though glucose
should be measured in the laboratory also, as the bedside
tests may frequently underestimate the blood glucose value.
An extra 3 mL red top should be obtained at this time as well.
Therapy should be instituted if the bedside measurement
reports a low blood glucose (treatment holds minimal risk

B. von Dessauer and D.S. Wheeler

Table 9.2 Emergency evaluation of hypoglycemia

—_

. Obtain rapid bedside blood glucose and treat appropriately
2. Send confirmatory blood glucose sample to the laboratory

3. Draw extra 3 mL red top. If laboratory glucose measurement
confirms hypoglycemia, send blood sample for:

Insulin

Cortisol

Growth hormone
T4, TSH

Free fatty acids
Ketones

4. Send first voided urine for urinalysis (hypoglycemia without
ketosis suggests hyperinsulinism)

and further delays in management may be associated with
dire consequences). If the laboratory glucose measurement
confirms the bedside measurement, the reserved red top
should be sent for further studies (Table 9.2).

Management

The treatment of choice for symptomatic hypoglycemia is
the immediate parenteral administration of glucose (0.5 g/kg
of dextrose as either 2—4 mL/kg 10 % dextrose or 1-2 mL/kg
25 % dextrose). Further treatment consists of administration
of 6-8 mg/kg/min glucose (which is generally accomplished
by infusion of a 10 % dextrose solution at 1.5 times mainte-
nance rate):

Glucose infusion rate (mg / kg / min)
= [mL/hx % dextrose] /[ weight (kg)x6 |

Further management is of course dictated by the ensuing
diagnostic work-up and serial measurements of blood glu-
cose. Higher dextrose concentrations are occasionally
required, though central venous access is recommended if a
concentration higher than 12.5 % dextrose is needed to main-
tain blood glucose concentrations at a safe range.

Hypoglycemia absolutely must be avoided in critically ill
infants and children because of a strong association with
higher morbidity and mortality. Unfortunately, hypoglyce-
mia is often difficult to diagnose in the critically ill patient
based on symptoms, as the patient is often sedated and on
mechanical ventilation [28]. Previous malnutrition or pro-
gressive nutritional deterioration during critical illness is a
frequent feature in PICU and certainly increases the risk of
complications from hypoglycemia [29, 30]. “Tight glucose
control” has been widely applied in the PICU setting [31-33]
with relatively little evidence of either its safety or efficacy.
Given their lower glucose reserves, newborns, infants and
children may be at even greater risk of hypoglycemia while
using “tight glucose control” [34].
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Blood glucose should be checked in every critically ill

child with sepsis, and if there is evidence of hypoglycemia it
should be corrected soon as possible. Glucose supplementa-
tion at 1-2 mg/kg/min should be initiated, even if it causes a
transient hyperglycemia [35, 36]. Early enteral nutrition is an
important factor to stabilize blood glucose levels [37]. Early
enteral feeds provide sufficient energy, avoiding glycoge-
nolysis or gluconeogenesis, sparing muscle breakdown and
reducing the risk of hypoglycemia due to storage depletion
in absence of new enough external supply.
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Kusum Menon

Abstract

Proper functioning of the hypothalamic-pituitary-adrenal axis is necessary for normal
homeostasis in children, especially under conditions of stress, such as in critical illness.
Disturbances of this axis have been classified collectively under the heading of adrenal
insufficiency. Although the majority of literature has focused on children with septic shock,
more recent evidence suggests that adrenal insufficiency occurs in a much broader group of
critically ill children. Its etiology in pediatric critical illness remains unclear but is most
likely multi-factorial. Several studies have suggested possible diagnostic criteria for adrenal
insufficiency in pediatric critical illness; however, to date none of these biochemical defini-
tions have been validated by a therapeutic trial. Similarly, current management of this con-
dition in critically ill children remains based primarily on an empiric, best practice approach.
Future large scale studies are needed to determine the definitive management of this

condition.

Keywords
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Introduction

Critically ill children with fluid and/or vasopressor depen-
dent shock are at significant risk for a poor outcome, with
ICU mortality approaching up to 30 % in some series [1]. As
a result, pediatric intensivists continuously struggle with the
clinical question of how to improve the outcomes of these
critically ill children. Many clinicians believe that adrenal
dysfunction plays an important role in the pathogenesis of
fluid and/or vasopressor dependent shock. Adrenal insuffi-
ciency is the term used for this condition characterized by
inadequate cortisol (either quantity or lack of effectiveness at
the receptor level) to meet the physiologic requirements of
the patient. Clinically this results in severe hypotension that

K. Menon MD, MSc

Department of Pediatrics, Children’s Hospital of Easter Ontario,
401 Smyth Road, Ottawa, ON K18 3H2, Canada

e-mail: menon@cheo.on.ca

D.S. Wheeler et al. (eds.), Pediatric Critical Care Medicine,
DOI 10.1007/978-1-4471-6416-6_10, © Springer-Verlag London 2014

may be resistant to fluid and/or vasopressor therapy, which
may in turn increase mortality [2—4]. The requirement for
significant fluid resuscitation and vasopressor support in
patients with unrecognized adrenal insufficiency may result
in prolonged mechanical ventilation [5] and a subsequent
need for ongoing invasive monitoring and vascular access.
This in turn has significant implications for both patient mor-
bidity and resource utilization.

Historical Perspective

The association of adrenal disease with fatal outcomes was
first reported in 1855 by Addison in 12 patients who died with
chronic suprarenal failure [6]. Subsequently, a British derma-
tologist, Dr. Graham-Little, described acute adrenal hemor-
rhage leading to circulatory collapse in 1901. This
phenomenon was then formally reported in the medical litera-
ture by Waterhouse in 1911 [7] followed by a comprehensive
review of the subject in 1918 by the Danish pediatrician,
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Friderichsen [8]. Hemorrhage into the adrenal glands was
believed to be the main mechanism of adrenal dysfunction in
septic shock until the 1980’s when evidence began to emerge
that the clinical syndrome described by Waterhouse and
Friderichsen was not always caused by adrenal hemorrhage.
Subsequently, researchers also began to describe non-septic,
critically ill patient populations in which this clinical syn-
drome occurred [9-12]. In the last decade, the focus has
shifted from identification of the clinical syndrome associated
with adrenal insufficiency to better defining its diagnosis and
determining its treatment in critically ill children [12-15].

Normal Adrenal Anatomy and Function
Adrenal Gland

The adrenal gland comprises two retroperitoneal organs
located above the kidneys at the level of the 12th thoracic rib.
The adrenal gland is divided into two distinct areas, the cor-
tex and the medulla. The cortex is part of the neurohormonal
system and is controlled by hormones from the anterior pitu-
itary and hypothalamus. The medulla is considered part of
the sympathetic nervous system and is stimulated by pre-
ganglionic fibers originating in the thoracic spinal cord.

The cortex comprises the outer layer of the adrenal gland
and consists of three zones: the zona glomerulosa, the zona
fasciculata and the zona reticularis. The cells of the zona glo-
merulosa produce mineralocorticoids (e.g., aldosterone), the
zona fasciculata produces glucocorticoids (e.g., cortisol) and
the zona reticularis is responsible for the production of
androgens (e.g., testosterone).

The medulla forms the inner layer of the adrenal gland
and is responsible for the production of catecholamines
(dopamine, norepinephrine and epinephrine) from tyrosine.

The adrenal gland derives its blood supply from the supe-
rior, middle, and inferior adrenal arteries which branch off of
the inferior phrenic artery, the abdominal aorta, and the renal
artery, respectively. Along with the thyroid gland, the adre-
nal gland has the largest per gram blood supply of any organ
in the body which makes it more vulnerable to changes in
cardiac output and blood pressure.

Hypothalamic-Pituitary Adrenal Axis

The hypothalamus produces corticotrophin releasing hor-
mone (CRH), which in turn stimulates adrenocorticotropic
hormone (ACTH) to be produced and released from the ante-
rior pituitary. ACTH then stimulates the adrenal cortex to
produce cortisol. Under normal circumstances, 30-40 mg
per day of cortisol is produced. Cortisol has a half-life of
70-120 min and is metabolized by the liver and excreted by
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the kidney. Cortisol secretion exhibits a diurnal variation
with peak levels occurring early in the morning (at approxi-
mately 8 am) and the nadir being reached between midnight
and 4 am, or 3-5 h after the onset of sleep. Diurnal variation
in secretion is not present at birth but begins anywhere from
2 weeks to 9 months of age [16].

Actions of Cortisol

Cortisol is an important modulator of the body’s stress
response [17] and plays a significant role in maintaining glu-
cose homeostasis [18] and in the modulation of the body’s
inflammatory response [17, 18]. Cortisol induces proteolysis
and lipolysis in order to generate substrates for gluconeogen-
esis, decreases peripheral utilization of glucose and increases
blood glucose levels [17]. Cortisol exerts its anti-
inflammatory effects via inhibition of phospholipase A, and
its subsequent activation of the arachidonic acid cascade as
well as by directly blocking the production of cytokines [17].

Perhaps the most important action of corticosteroids for
intensive care physicians is their effect on the cardiovascular
system to promote hemodynamic stability. They are thought
to exert immediate effects through their non-genomic actions
and delayed effects (several hours) through their genomic
actions viamodification of protein translation. Corticosteroids
decrease the re-uptake of norepinephrine by inhibiting the
catechol-0-methyltransferase enzyme involved in catechol-
amine metabolism. This leads to increases in the plasma con-
centration of norepinephrine by decreasing the lysosomal
degradation of adrenergic receptors [19]. Physiologic doses
of glucocorticoids may also increase cytosolic calcium avail-
ability in myocardial and vascular smooth muscle cells [20].
Steroids inhibit prostacyclin production and the induction of
nitric oxide synthase, limiting the pathologic vasodilatation
associated with the inflammatory response [21]. In addition,
steroids help maintain capillary integrity through preserva-
tion of the endothelial glycocalyx [21]. Therefore lack of
corticosteroids, i.e. adrenal insufficiency, may lead to signifi-
cant hemodynamic instability from decreased myocardial
contractility, vasodilatation and/or capillary leak syndrome
[3, 4].

Normal Response to Stress

The body normally increases its cortisol levels in times of
stress by the following mechanisms: increase in ACTH pro-
duction, decreased extraction of cortisol from the blood, rel-
ative resistance to negative feedback by cortisol at the
pituitary level, reduced hepatic degradation of cortisol and a
shift in adrenal steroid synthesis away from androgens and
mineralocorticoids to glucocorticoids. There are also non
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ACTH driven pathways for the stimulation of cortisol pro-
duction through cytokines and vasoactive substances. Finally
there is increased demargination of free cortisol from CBG
resulting in an increase in the biologically active form [22].

Adrenal Insufficiency

Acute adrenal insufficiency is a clinical condition associated
with hypotension that can be resistant to fluid and vasopres-
sor therapy and, if untreated, can result in increased mortal-
ity [3, 23]. In addition to severe hypotension, acute adrenal
insufficiency may be associated with other non-specific find-
ings such as hypoglycemia, hyponatremia, hyperkalemia and
neutropenia making it difficult to diagnose clinically. Adrenal
insufficiency occurs when there is inadequate cortisol (either
quantity or lack of effectiveness at the receptor level) to meet
the physiologic requirements of the patient. It has been tradi-
tionally classified as primary, secondary or tertiary adrenal
insufficiency by endocrinologists. Others have classified it as
either congenital or acquired. In addition, over the last
5 years intensive care physicians have developed the concept
of relative or critical illness related corticosteroid insuffi-
ciency (CIRCI) [24] versus absolute adrenal insufficiency.

Primary Adrenal Insufficiency

Primary adrenal insufficiency is due to impairment of the
hypothalamic-pituitary-adrenal axis at the level of the adre-
nal gland. In children this is most often due to one of a group
of congenital adrenal defects, of which the most common is
the CYP21 deficiency. The inability of these infants to pro-
duce cortisol and/or aldosterone can lead to shock and vascu-
lar collapse in the newborn period. Acquired causes of
primary adrenal insufficiency include hemorrhage in the
newborn period, infection and autoimmune adrenalitis, the
latter two of which are extremely uncommon in children.

Secondary Adrenal Insufficiency

Secondary adrenal insufficiency is due to ACTH deficiency
which can also be classified as congenital or acquired.
Congenital lesions may involve the pituitary alone or occur
with other midline defects. It is important to note that pitu-
itary lesions may also result in deficiencies of other hor-
mones including growth hormone and thyrotropin and
therefore global pituitary function must be tested in such
patients. The most common causes of acquired secondary
adrenal insufficiency include craniopharyngiomas, surgical
removal of midbrain tumours, cranial radiation and traumatic
brain injury [25, 26].

m

Tertiary Adrenal Insufficiency

Tertiary adrenal insufficiency implies a deficiency in hypo-
thalamic production or secretion of CRH. This may occur
following head trauma or cranial radiation but is most com-
monly caused by prolonged administration of systemic glu-
cocorticoids following by a rapid wean or abrupt cessation.
It is important to note that tertiary adrenal insufficiency has
been seen following long-term administration of even topical
and inhaled glucocorticoids and thus must be considered in
such cases [27-29]. The minimum dose required to cause
adrenal insufficiency in any given patient is unknown and
therefore adrenal insufficiency must be considered in any
patient who has been on glucocorticoids in the month prior
to their critical illness as well as any patient who has been on
the equivalent of 1 mg/kg/day or more of prednisone for
more than 1 week within the preceding 6 months [30, 31].

Relative and Absolute Adrenal Insufficiency

Relative adrenal insufficiency is a termed that has been coined
by intensive care physicians to describe the condition whereby
patients with fluid and/or vasopressor dependant shock
respond to corticosteroid therapy, despite what have tradition-
ally felt to be adequate levels of cortisol. Relative adrenal
insufficiency or critical illness related corticosteroid insuffi-
ciency (CIRCI) is thought to result from inadequate steroid
activity at the cellular level, while the plasma cortisol level
itself may actually be high, low or normal. Absolute adrenal
insufficiency is defined as a cortisol level that would be con-
sidered too low under any circumstances. Some authors have
defined relative adrenal insufficiency as an increment in corti-
sol less than 9 pg (micrograms)/dL following ACTH stimula-
tion testing (see below) [14, 32, 33] versus a peak cortisol level
less than 18 pg (micrograms)/dL [34]. Similarly, absolute
adrenal insufficiency has been defined as a basal cortisol level
less than 5 pg (micrograms)/dL [34], while others have defined
it as a basal cortisol level less than 7 pg (micrograms)/dL [35].
Currently there is no consensus on the definition of adrenal
insufficiency in critical illness; however, most experts would
agree that a critically ill patient with a random cortisol level
less than 5 pg (micrograms)/dL and/or an increment in cortisol
post ACTH stimulation less than 9 pg (microgram)/dL is at
risk for the clinical manifestations of adrenal insufficiency.

Adrenal Insufficiency in Critical lliness

Definition of Adrenal Insufficiency

There is considerable controversy in the literature regarding
the definition of adrenal insufficiency in critically ill children
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Fig.10.1 Pathogenesis of
adrenal insufficiency in pediatric
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and adults. A Canadian survey of pediatric endocrinologists
and pediatric intensivists [12] found that there is no consen-
sus on the definition of adrenal insufficiency in pediatric
critical illness. Several studies have assessed the issue of
adrenal insufficiency in critically ill children, five of which
[12, 14, 32, 36, 37] have linked their definition of adrenal
insufficiency (increment <7-9 pg (microgram)/dL, peak
<18 pg (microgram)/dL)) to a clinically significant adverse
outcome such as hypotension [12, 14, 32, 36] or mortality
[37]. An increment of less than 9 pg (microgram)/dL is cur-
rently the most commonly accepted definition by critical
care physicians and experts in the field [12, 14, 32, 37-40].

Prevalence of Adrenal Insufficiency in Pediatric
Critical lliness

The reported prevalence of adrenal insufficiency in pediatric
critical illness varies from 14 to 77 % [10, 12, 14, 32, 34, 36,
37, 40, 41]. There are several possible reasons for this
observed variation. The first is that these studies were con-
ducted on diverse populations of critically ill children includ-
ing those with septic shock [32, 34, 36, 37, 41], acute
respiratory distress syndrome [40], trauma, post-operative
general surgical conditions and other medical illnesses [10,
12]. Even within the septic shock population, however, the
prevalence has varied from 9 % [34] to ~30 % [12, 14, 32] to
77 % [37]. This is likely due to the use of different defini-
tions and tests for the diagnosis of adrenal insufficiency with
a resulting variation in its reported prevalence.

Fluconazole
Etomidate
Aminoglutethimide

Stimulation
Inhibition

Decreased number/affinity
of glucocorticoid receptors

Possible Mechanisms for Adrenal Insufficiency
in Critical lliness

Mechanisms for adrenal insufficiency in critical illness may
be broadly classified as primary, secondary or peripheral
(Fig. 10.1). Primary adrenal insufficiency is uncommon and
may be caused by blockage of corticosteroid synthesis by
drugs (etomidate [42], fluconazole [43], exogenous steroids)
or cytokines, destruction of the adrenal gland by infection/
ischemia/hypoxia/infiltrate [44] and/or reduced secretory
reserve [45]. Mechanisms for secondary adrenal insuffi-
ciency include inhibition of ACTH/CRF production by cyto-
kines [46, 47], drugs (glucocorticoids, opiates, diazepam,
anti-depressants) or destruction of the pituitary/hypothala-
mus by ischemia/infection/hypoxia/trauma. Peripheral
causes of adrenal insufficiency may include increased
metabolism of cortisol (rifampin [48], phenytoin, phenobar-
bital), decrease in the number/affinity of glucocorticoid
receptors [49] and decreased demargination of cortisol from
CBG and albumin.

Diagnosis of Adrenal Insufficiency
in Critical lliness

The simplest and quickest method used for the diagnosis of
adrenal insufficiency in critically children is the measure-
ment of random cortisol levels. However, multiple studies
have shown that random levels alone [2, 36, 50, 51] are inad-
equate for the detection of adrenal insufficiency (sensitivity
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83 %, specificity 81 %) [41, 52-54]. The most commonly
used test in the past has been the high dose short ACTH test
in which the patient has a baseline cortisol level drawn fol-
lowed by an injection of 100-250 pg (micrograms)/1.73 m
[2] of ACTH. A cortisol level is then repeated at 30 and
60 min to determine the patient’s response to the ACTH
stimulus. More recently, investigators have described a low
dose ACTH stimulation test using 1 pg (microgram) of
ACTH [55-59] based on the rationale that low dose ACTH
testing produces levels of ACTH similar to that produced in
most stressful situations and thus better mimics physiologic
conditions than the high dose test [57]. Furthermore, the total
stored pool of endogenous ACTH in the pituitary is 600 pg
(micrograms). Therefore the conventional dose of 250 pg
(micrograms) of ACTH results in a large, supraphysiologic
adrenal stimulus. There is evidence to show that the low dose
ACTH stimulation test (1 pg (microgram)) has greater sensi-
tivity in the detection of secondary adrenal insufficiency than
the high dose test in non critically ill children with pituitary
disease when compared to the gold standard insulin toler-
ance test (sensitivity 94.7 % vs 12.5 %, specificity 90 % vs
100 %) and the overnight metapyrone test [60] (sensitivity
100 % vs 21 %, specificity 68 % vs 100 %). Given that the
mechanism of adrenal function in critically ill patients may
involve any or all components of the hypothalamic-pituitary-
adrenal axis, it is important to use a diagnostic test that does
not exclude patients with secondary adrenal insufficiency
(i.e., adrenal insufficiency secondary to pituitary disease).
Many of the recent pediatric critical care studies [12, 14, 37,
41] on adrenal insufficiency in critically ill children (in
which an ACTH stimulation test was performed), have used
a low dose stimulation test and one study showed that the
low dose test had a sensitivity of 100 % and a specificity of
84 % when compared to the high dose test [12]. Finally, the
1 pg (microgram) test has been shown to be repeatable and
reproducible on a daily basis [59] whereas the repeatability
of the high dose test remains unproven.

Measurement of Cortisol Levels

The most commonly used assays for cortisol in clinical prac-
tice currently measure total hormone concentration.
However, approximately 10 % of cortisol exists in the free,
bioactive form in vivo with the remaining 90 % being pri-
marily bound to cortisol-binding globulin (CBG) and albu-
min. Total protein, including CBG and albumin, decrease in
critical illness [61] and a recent adult study suggested that
glucocorticoid secretion actually increases in critical illness,
but that this increase is not discernable when only the total
cortisol is measured [62]. However, a more recent pediatric
study found that CBG and albumin levels did not differ in
pediatric survivors and non-survivors of septic shock (and
were within normal limits in 86 % of these patients) and that
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therefore total cortisol levels correlated well with bioactive
free cortisol levels on admission to the PICU [42].
Zimmerman et al. [63] found that critically ill children had
low free cortisol levels ranging from 0.8 to 0.2 pg (micro-
grams)/dL, but did not exhibit clinical correlates of adrenal
insufficiency. Therefore the utility of total versus free corti-
sol measurements remains undetermined and is further ham-
pered by the limited availability of free cortisol measurements.
In order to circumvent this, some investigators have sug-
gested estimating this value using a free cortisol index (FCI)
and calculated free cortisol (cFC) [64] while others have sug-
gested that cFC does not provide essential information for
identification of patients who would benefit from corticoste-
roid treatment in septic shock [65]. Furthermore, normative
data for these values are not available in children. It is not
clear whether the increment in total cortisol level post ACTH
stimulation is affected by the serum protein level or not
although one study suggested that it is [62]. In the end, clini-
cians are best advised to remember that serum protein levels
may affect total cortisol levels in critically ill children and to
consider repeating testing when the protein levels have
normalized.

Risk Factors for Adrenal Insufficiency

Our understanding of how to identify critically ill children
who may be at risk of adrenal insufficiency remains unclear.
Risk factors discussed in the literature include the use of flu-
conazole [43], etomidate [66] presence of septic shock [67],
prior use of inhaled or systemic steroids [27, 68—72], older
age and the diagnosis of trauma [12]. Although younger
infants do not appear to be at increased risk, prematurity is a
definite risk factor for adrenal insufficiency and therefore
hypotensive premature infants should be treated with stress
doses of hydrocortisone [73-75]. It is important to note that
while the majority of pediatric literature to date has focused
on patients with septic shock [36, 76—79], emerging evidence
suggests that the problem of adrenal insufficiency is not lim-
ited to sepsis but may be seen in a variety of other medical
and surgical conditions [1, 12, 33]. Illness severity does not
appear to be a risk factor [12, 37, 41] and congenital heart
surgery patients appear to have a significantly lower risk of
developing adrenal insufficiency [12].

Pharmacokinetics of Corticosteroids
in Critical lliness

Adrenal insufficiency in critical illness may result from a
variety of different causes some of which may result in both
glucocorticoid and mineralocorticoid deficiency. As a result,
hydrocortisone has been the most commonly recommended
steroid for the therapy of acute adrenal insufficiency as it has
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Table 10.1 Comparison of corticosteroids

Corticosteroid Glucocorticoid effect

Short acting

Hydrocortisone 1.0 1.0
Cortisone 0.8 0.8
Intermediate acting

Prednisone 3.5 0.8
Prednisolone 4.0 0.8
Methylprednisolone 5.0 0.5
Long acting

Dexamethasone 30 0

equivalent glucocorticoid and mineralocorticoid properties.
A comparison of pharmacokinetic properties of different
available corticosteroids is shown in Table 10.1.

In the most recent randomized controlled trials [38, 39,
78, 80], four different corticosteroid dosing regimens were
used with only one study using a mineralocorticoid (fludro-
cortisone) in addition to hydrocortisone. Treatment duration
and weaning protocols in the studies also differed. The most
recent pediatric RCT [78] used a “low dose hydrocortisone”
of 5 mg/kg/day till reversal of shock, which contrasts with
the up to 50 mg/kg/day of hydrocortisone recommended by
the 2007 American College of Critical Care Medicine guide-
lines for the management of pediatric and neonatal shock
[81]. The two studies on pediatric steroids in sepsis currently
underway (www.clinicaltrials.gov) utilize different doses of
hydrocortisone (25 mg/m [2] q6h versus 2 mg/kg q8h) for
differing durations of time (48 h versus 7 days).

Pharmacokinetic studies in healthy adult volunteers or
non-critically ill adults with adrenal insufficiency suggest
that cortisol levels vary considerably from 26 to 301 pg
(micrograms)/dL, peak in 30 min and return to baseline in
3—4 h following 20—40 mg of intravenous hydrocortisone
[82, 83]. There is very little information on cortisol levels
following hydrocortisone administration in critically ill
patients. However, studies have demonstrated that many crit-
ically ill children and adults may have cortisol levels well
above 200 pg (micrograms)/dL [12, 38, 39]. Therefore ther-
apy with 1-2 mg/kg of hydrocortisone in these patients may
not be adequate and/or beneficial. Given that cortisol levels
appear to return to baseline in 3—4 h, consideration should be
given to administration of hydrocortisone by continuous
infusion using a dose of 4-8 mg/kg/day [33]. The consider-
able variation and lack of consensus in dosing as evidenced
by two recent surveys [15, 84] is a major issue in this field
and needs to be addressed.

Adverse Effects of Corticosteroids
in Critical lliness

There is only one reported study that documented adverse
events associated with the use of low dose hydrocortisone

Mineralocorticoid effect

K. Menon

Equivalent dose (mg)  Duration of action HPA axis (h)

20 12

25 12

6 12-36
5 12-36
4 12-36
0.7 >48

(4-5 mg/kg/day) in critically ill children [78]. This ran-
domized controlled trial of only 38 patients did not find a
significant difference in the incidence of secondary infec-
tions and significant gastrointestinal bleeding between
those who did and did not receive hydrocortisone [78]. A
retrospective chart review [85] and systematic review [86],
however, suggested that hyperglycemia and infection may
be associated with the use of stress doses of corticosteroids.
In larger trials of critically ill adult populations, the use of
stress dose corticosteroids has been associated with statisti-
cally significant adverse events including impaired wound
healing, hypernatremia [39, 80], hyperglycemia [38, 39],
gastrointestinal bleeding [39, 80] and potentially life-
threatening infections [39]. In a case control study of
10,285 critically ill adults, a mean dose of 900 mg of hydro-
cortisone over 3 days was associated with an increased use
of diuretics, insulin, protracted weaning from mechanical
ventilation and the need for tracheostomy [87]. Given the
lack of information in the PICU population, it is difficult
for the bedside clinician to make an educated decision
regarding the risk versus benefit of administering low dose
corticosteroids to a fluid and/or vasopressor dependent
pediatric patient in shock.

Management of Adrenal Insufficiency
in Pediatric Critical lliness

Based on a limited body of evidence, the 2007 update from
the American College of Critical Care Medicine [81] states
that “...children are more likely to have absolute adrenal
insufficiency (than adults) defined by a basal cortisol <18 pg/
dL and a peak ACTH stimulated cortisol concentration
<18 pg/dL. The committee only recommends hydrocortisone
treatment for patients with absolute adrenal insu